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Preface 

This monograph has its origins in a two-day meeting with the same title held 

in London, England in the spring of 1987. The idea for the meeting came from 

members of the UK Mineral and Rock Physics Group. It was held under the 

auspices of, and made possible by the generous support of, the Mineralogical 

Society of Great Britain and Ireland. Additional financial assistance was 

provided by ECC International ple and the Cookson Group plc. 

The aims of the London meeting were to survey the current state of 

knowledge about deformation processes in non-metallic materials and to bring 

together both experts and less experienced Earth scientists and ceramicists who 

normally had little contact but shared common interests in deformation 
mechanisms. This monograph has similar aims and, indeed, most of its 

authors were keynote speakers at the meeting. Consequently, most of the 

contributions contain a review element in addition to the presentation and 

discussion of new results. In adopting this format, the editors hope that the 

monograph will provide a valuable state-of-the-art sourcebook, both to active 

researchers and also to graduate students just starting in the relevant fields. 

This book is the first of a new series of monographs published by Unwin 

Hyman, as part of an arrangement made with the Mineralogical Society 

through its Publications Manager, Dr David Price. The intention of the series 

is to address active areas of geological and materials research that are not well 

covered by existing textbooks; a situation that certainly exists for this first 

topic area. We express our sincere thanks to those who made the book 

possible. In particular, we thank the authors and other participants in the 

original very successful meeting, numerous colleagues who kindly assisted us 

by providing constructive reviews of the papers, the Mineralogical Society and 

industrial sponsors mentioned above for their financial support, and Roger 

Jones of Unwin Hyman for his patience and forbearance. 

David Barber & Philip Meredith 
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An introduction 
David J. Barber & Philip G. Meredith 

Most of the chapters comprising this monograph are based on oral presen- 

tations delivered at the meeting held in London in April 1987, to which we 

refer in the Preface. The additional contributions were judged to be needed 

in order to make the monograph more comprehensive and self-sufficient. In 

particular, there are two overviews written by the individual editors, which are 

intended to give the necessary frameworks and references to relevant previous 

work in the two broad and rather poorly defined fields of fracture and ductile 

deformation, respectively. These overviews by Meredith and Barber also give 

limited introductions to current problems in these fields and provide links to 

and between the contributed chapters, which are also grouped under these 

headings. 

The contributors represent a fairly wide cross-section of Earth and materials 

scientists, who are concerned with various aspects of the deformation of non- 

metals, whether to do with theory, experimental testing, or naturally occurring 

deformation, and who address problems concerned with solids ranging from 

single mineral phases to rocks, synthetic aggregates, ceramics, etc. The term 

‘deformation processes’ embraces a very large spectrum of régimes, size scales, 

and timescales (earthquakes and plate tectonics are extreme examples), and no 

monograph based on a two-day meeting can hope to be fully comprehensive 

or even representative of present-day research activity in this diverse field. 

However, we concentrate on the microprocesses and micromechanisms which 

can be important in controlling events on much larger scales, and endeavour 

to illustrate both the current state of the art and some of the problems that 

remain to be solved. 

It will be tempting for readers to see the book as being in two parts, and 

the papers in these parts as being completely separate and unconnected. His- 

torically speaking, the divide between the study of fracture behaviour and 

plastic behaviour has been very large, with developments in both fields tending 

to occur in ignorance of what has been happening in the other. However, as 

investigations of deformation processes have broadened in scope and depth, 

it has become apparent that the distinctions between forms of behaviour that 

were once respectively termed ‘brittle’ and ‘plastic’ (or ‘ductile’) can be very 

artificial and misleading. It is recognized that the response of even a model 

solid to an applied stress can be very sensitive to various environmental param- 

eters, in addition to being influenced by the rate of deformation and such obvi- 

ous state variables as temperature and pressure. (Probably the first example 
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noted was the marked change in plasticity of single crystals of halite, NaCl, 

under the influence of water, an effect now interpreted in terms of the blunting 

or removal of stress-concentrating surface defects.) Mostly as a result of our 

growing appreciation of environmental and strain-rate sensitive effects, the 

phenomenological terms ‘brittle’ and ‘ductile’ have become words of ill 

repute. 

Awareness of progress in ‘parallel’ topics in science often assists under- 

standing and interpretation of, or at least provides a stimulus for, the use of 

relevant new approaches and methods. It is clear that since research on the 

micromechanisms of both brittle and ductile deformation in non-metals gath- 

ered pace, it has benefitted from the methods and been inspired by the findings 

of similar research on metals, and the large volume of literature on that sub- 

ject. Without wishing to diminish the value of received knowledge in this case, 

differences in the behaviour of metals and non-metals (in creep, for example) 

are now recognized, and it is increasingly necessary that those researching on 

non-metallic systems be aware of activities in the related non-metals fields, 

whether these be geologically or commercially important. One hopes that this 

monograph, which has an interdisciplinary flavour, will make this task easier. 

For those coming new to the deformation behaviour of non-metals, it must 

be emphasized that this monograph is no substitute for several good basic text- 

books, and was never intended to fulfil such a function. We assume that our 

readers will be postgraduate students and researchers of greater years and 

experience. The latter will perhaps include both scientists to whom deforma- 

tion processes are relevant but somewhat peripheral to their main interests, 

and those who are participants in such research, and will, we hope, find this 

monograph a useful update, stimulus, and source of references. 

The level at which the chapters are written therefore assumes the reader to 

be familiar with crystals and polycrystals (either rocks or ceramics), crystal- 

lography, and basic mineralogy, and the principles underlying effects such as 

diffusion, exsolution, etc. Most undergraduate courses at least give an intro- 

duction to crystal defects, including the role of dislocations in plastic deforma- 

tion, and stress-concentrating flaws in fracture. For any reader who has missed 

out On one or more of these topics, textbooks which provide suitable coverage 

include Battey (1975), Hull (1965), Kelly & Groves (1970), Putnis & McConnell 

(1980), Wyatt & Dew-Hughes (1974), Jaeger & Cook (1976), and Lawn & 

Wilshaw (1975). Our authors also tacitly assume that readers have some famil- 

iarity with modern laboratory methods of characterizing materials, especially 
optical petrography, X-ray diffraction, electron probe micro-analysis, and 
electron microscopy. Here again there is no shortage of suitable books to assist 
those who feel that their background knowledge is in need of some reinforce- 
ment. Appropriate and useful texts are Cullity (1978), Goldstein e¢ a/. (1981), 
Thomas & Goringe (1979), Goodhew & Humphreys (1988), and Phillips 
(1971). We imagine that most serious students and researchers will have their 
own favourite sources for such information. 
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The transmission electron microscope (TEM) features quite strongly in sev- 

eral of the papers. However, TEM has only recently become an important tool 

in the Earth sciences, so that many researchers and students are still unfamiliar 

with its application and potential benefits. Those who lack background in the 

application of TEM methods to microstructural analysis, and to the deforma- 

tion of non-metals in particular, should perhaps start by consulting the books 

by Wenk (1976), and Nicholas & Poirier (1976). We assume that materials sci- 

entists and ceramicists will universally have some acquaintance with TEM. 

Most materials scientists are somewhat unfamiliar with both the methods and 

the terminology used by geologists studying deformation in the field, and here 

there is a difficult gap to bridge. However, the overcoming of such problems 

can bring considerable benefits to workers in the separate disciplines, and in 

editing this monograph we have endeavoured to see that problems resulting 

from somewhat different approaches and terminologies in the separate disci- 

plines do not make crossing this gap unduly difficult. Nonetheless, materials 

scientists interested in learning more about the basis of structural geology and 

aspects of rock deformation could start by consulting texts such as Hobbs, 

Means & Williams (1976), Paterson (1978), Ramsay (1967), and Atkinson 

(1987). 
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CHAPTER ONE 

Fracture and failure of brittle 

polycrystals: an overview 
Philip G. Meredith 

1.1. Introduction 

The brittle failure of many solids at low homologous temperatures is often 

attributed to the concept of a critical stress being applied to the material. 

Traditionally, this failure process has been studied by means of experimentally 

determined stress—strain relations, with the critical applied stress, or ‘fracture 

strength’, normally defined as the peak stress sustained by the material under 

the particular conditions of the experiment. This continuum, strength-of- 

materials approach has been successful in identifying a number of important 

brittle phenomena, such as dilatancy, stick-slip, and the mechanical rdéle 

of pressurized pore fluids (for a comprehensive review of brittle phenomena 

associated with rock deformation, see Paterson 1978), but has met with only 

limited success when attempts have been made to extrapolate results outside 

of the confines of laboratory testing conditions (e.g. to engineering structures 

or to mechanics of the Earth’s crust). This arises in part from an emphasis 

on phenomenological aspects of macroscopic deformation and failure at the 

expense of micromechanical aspects of fracture, and in part from the rate, 

size, and environment dependence of the brittle failure process. 

The aim of this chapter is to provide an overview of some recent develop- 

ments in the understanding of fracture and brittle failure in polycrystalline 

materials, and hence also to set the scene for following chapters which deal in 

more detail and in greater depth with specific aspects of brittle failure and the 

transition from brittle to ductile behaviour. 

One of the most important advances in our understanding of the micro- 

mechanics of fracture has been through the development of the concept of 

‘fracture mechanics’, and its application in describing crack propagation in 

brittle materials. Fracture mechanics concerns the study of localized stress 

concentrations caused by pre-existing ‘flaws’ in imperfect solids, and the con- 

ditions for the extension and propagation of such flaws to become macro- 

cracks. It thus recognizes the crucial rdle in the failure process played by the 

pre-existing microcracks and pores that are ubiquitous in polycrystalline 
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aggregates such as ceramics and rocks (a review of microcracks in rocks has 

been provided by Kranz 1983). Hence, the first order ‘critical stress’ criterion 

for brittle fracture is replaced by the second order concept of a ‘critical stress 

concentration’. In his pioneering study of cracks in stressed solids, Griffith 

(1920) invoked an energy criterion to determine whether a crack will tend to 

close, remain the same length, or propagate. Irwin (1958) developed this idea 

further, and showed that by measuring the force required to cause unstable 

propagation of a crack of known length and well defined geometry, it was pos- 

sible to determine the resistance to fracture or ‘fracture toughness’ of the 

material. Fracture toughness is considered to be an intrinsic material property, 

and can therefore be used to predict failure for widely different geometries and 

on a much larger scale than that used for its determination. 

Failure under many applied stress conditions, however, is not caused by the 

propagation of a single macrocrack, but by the nucleation, growth, and inter- 

action of arrays of microcracks. In particular, under compressive loading 

brittle materials can fail progressively, accumulating microcrack damage until 

a critical level is reached, resulting in macroscopic failure. In recent years a 

new body of theory, known as ‘damage mechanics’, has been developed in an 

attempt to provide complete constitutive relations to describe the mechanical 

behaviour of brittle materials in complex stress states that induce microcrack 

damage. The aim of this approach is to link the macroscopic with the micro- 

scopic by providing a continuum description of brittle failure, based on the 

mechanics of the growth of individual cracks. 

1.2 Linear elastic fracture mechanics (LEFM) 

Introductory texts describing the theory of fracture mechanics have been pro- 

vided by Knott (1973) and Lawn & Wilshaw (1975); and the application of 

fracture mechanics analyses to specific crack configurations can be studied in 

the compilations of Sih (1973), Tada er al. (1973), and Rooke & Cartwright 

(1976). Hence, only a brief resumé is provided here, and the reader is referred 

to the above texts for more detailed information. 

1.2.1 Fracture energy 

Fracture mechanics theory was developed from the pioneering work of Griffith 
(1920, 1924), who formulated a criterion for the extension or closure of an iso- 
lated elliptical crack in a stressed solid (see also Jaeger & Cook 1976, Murrell 
1964 and this volume). For a static crack in an elastic-brittle solid, the total 
energy (U) is given by 

U=(-Up+ Us) + Us Une UG (let) 
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where U,, is the total mechanical energy of the system, comprising the poten- 

tial energy of the applied load (— U,) and the elastic strain energy stored in 

the solid (U-), and U, is the surface energy. The mechanical energy term 

favours crack extension, and the surface energy term opposes crack extension 

since cohesive molecular forces must be overcome in creating new crack sur- 

face area. Equilibrium is achieved by balancing the two terms in (1.1) with 

respect to any incremental change in crack surface area (A), such that 

dU/dA =dUm/dA + dU, dA = —Go+ Gr=0 (1.2) 

G- is defined as the ‘mechanical energy release rate’ (Irwin 1958) and 

characterizes the crack driving force for unstable crack extension; and Gr 

(‘energy rate resistance’) characterizes the crack extension resistance forces 

associated with the creation of new crack surfaces. In an ideally brittle solid 

Gr is equal to twice the surface free energy (y), since crack growth involves 

the creation of two new surfaces. 

Mai & Lawn (1986) point out that equation (1.2) merely defines when a 

crack is on the verge of extension, and is a sufficient condition for failure only 

when the equilibrium state is unstable. Many equilibrium geometries are not 

unstable, however, and in these cases crack extension can occur in a stable 

manner with increase in applied load (examples given in Sih 1973, Tada et al. 

1973, Rooke & Cartwright 1976). Instability depends on the second derivative 

of energy (d*U/dA?’). In terms of (1.2), a crack system is unstable, neutral, 

or stable depending on whether dG,/dA is greater than, equal to, or less than 

dGr/dA respectively (Mai & Lawn 1986). This is an important point since, 

as we Shall see later, the fracture energy of real materials is rarely, if ever, 

independent of crack length (cf. crack surface area). 

1.2.2 Stress intensity analysis 

Lawn & Wilshaw (1975) present a means whereby the crack driving force can 

be determined from analysis of the manner in which the presence of a crack 

modifies the stress and displacement fields in a linear elastic solid. The stress 

field in the immediate vicinity of a crack tip is analysed using classical linear 

elasticity theory, with the simplifying approximations that: (1) any region of 

inelastic behaviour is negligibly small compared with the length of the crack 

and the dimensions of the cracked body; (2) the crack tip is atomically sharp; 

and (3) the crack walls remain traction free at all stages of loading. With these 

assumptions, the general expression for the near-field stress distribution in 

polar co-ordinates is given by 

oi = Km(2ar) 7 fij(9) (13) 

where i and / define the components of the stress tensor, r and @ are the radial 
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distance from the crack tip and the angle measured from the plane of the crack 

respectively, and fi;(@) is a well defined function of @ that depends on loading 

geometry (Lawn & Wilshaw 1975). 

The coefficient of the r- '”* term (Km) is known as the ‘stress intensity fac- 

tor’. This parameter depends only on the applied loading and the crack con- 

figuration, and consequently determines the magnitude or intensity of the local 

stress field. The remaining terms in (1.3) depend only on position with respect 

to the crack tip, and hence determine the distribution of the stress field. The 

subscript m denotes the crack-tip displacement mode. There exist three basic 

modes of crack-tip displacement: mode I (tensile); mode II (in-plane shear); 

and mode III (anti-plane shear). Displacements in the shear modes II and III 

bear a certain analogy to the motion of edge and screw dislocations respect- 

ively. These modes are further described and illustrated by Gueguen ef a/. (this 

volume). Superposition of the three basic modes is sufficient to describe any 

general case of crack-tip displacement and stress field. 

In laboratory configurations for the experimental determination of fracture 

mechanics parameters, and in modelling of crack systems, it is convenient to 

simplify the analysis by arranging for a two-dimensional crack-tip stress— 

strain field and uniform loading in a finite body. Under these conditions, the 

stress intensity factor for a two-dimensional crack of any mode is given by 

K = Yo,(ra)”” (1.4) 

where go; is the remotely applied stress, and a is the crack half-length. Y is a 

well defined dimensionless modification factor to account for geometry and 

edge effects, and is tabulated for a wide range of crack configurations (e.g. Sih 

1973, Tada et al. 1973, Rooke & Cartwright 1976). 

1.2.3 Equivalence of parameters 

Lawn & Wilshaw (1975) show that since the mechanical energy term in equa- 

tion (1.2) does not depend on the mode of loading, the crack extension force 

(G) for the two-dimensional case reduces to the rate of change of elastic strain 

energy (U,) with respect to crack length; that is, 

G= —(dU,{da) (1.5) 

which defines the strain energy release rate. Strain energy release rates for dif- 

ferent modes of crack-tip displacement are additive, such that 

G=G,+ Gy + Gin QlEG) 

and for fracture in each of the fundamental fracture modes under plane strain 
conditions, the relationships between strain energy release rate and stress 
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intensity are given by 

Gi=K?(1-v’*)E (1.7) 

Gu =Kii(1— v*)/E (1.8) 

Gin = Kin (1 + v)/E (1.9) 

where p is the Poisson ratio and EF is Young’s modulus. For plane stress, the 

factor (1 — v*) in (1.7) and (1.8) is replaced by unity (Atkinson 1987). This 

property of linear superposition of the different mode components makes G 

the more useful parameter when considering mixed-mode fracture. 

However, we shall see later that many of the simplifying assumptions made 

in developing the linear elastic fracture mechanics (LEFM) analysis break 

down when we come to consider real polycrystalline materials. For these 

materials the stress intensity notation is often more advantageous, since all 

contributions to the crack-tip value of K for a given mode of fracture are addi- 

tive (Mai & Lawn 1986), whereas this is not true for G, which is a global rather 

than a local parameter (Irwin 1958, Lawn & Wilshaw 1975). Thus, if there are 

inelastic internal contributions (K;) to the crack driving force, we can linearly 

superpose these onto the externally applied contribution (Kz) to obtain (Thom- 

son 1983) 

where Ker is the effective driving force felt at the crack tip. The K; terms in 

(1.10) can be negative or positive depending on whether they have a shielding 

or anti-shielding influence on the transmission of externally applied stresses to 

the crack tip (Mai & Lawn 1986; Swanson 1987; Freiman & Swanson, this 

volume). 

Following (1.2), we can write a similar equilibrium equation in terms of the 

applied stress intensity factor (K,) and the stress intensity resistance of the 

material (Kr), such that 

Ka= Kreeike (1.11) 

where K, defines the critical condition, is thought of as a material constant, 

and is known as the ‘fracture toughness’. Again, stability depends on whether 

dK,/da is greater than, equal to, or less than dKr/da. Where there are internal 

contributions to K, we can write the stability condition in terms of (1.10) as 

dKer/da = dK,/da+ d&Kji/da (1.12) 

and by associating the internal contribution with the resistance term rather 

9 
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than with the driving force term, we can define an effective or apparent frac- 

ture toughness (Kg) as 

Ko = Ke - 2K; (1.13) 

1.2.4 Dynamic fracture 

All of the fracture criteria considered in the LEFM approach to failure dis- 

cussed above predict that an isolated, planar crack with walls that are free of 

traction will propagate dynamically at some terminal velocity once the critical 

condition (critical strain energy release rate, fracture toughness, or apparent 

fracture toughness) has been reached, or exceeded. At values below the critical 

value, the crack remains stable and stationary. Both theoretical calculations 

and numerous experimental measurements support the view that fracture 

propagation velocities can approach the velocity of sound in the medium (see 

Lawn & Wilshaw 1975). The more ideally brittle the material, the closer the 

dynamic fracture velocity approaches the sonic velocity. The terminal velocity 

is generally determined to be less than or equal to the Rayleigh wave velocity 

because of inertia effects (Aki & Richards 1980), although diffracted body 

waves propagating ahead of the crack tip can in special circumstances lead to 

rupture velocities close to the compressional wave velocity (Andrews 1985). 

However, it must be noted here that under impulsive or stress wave loading, 

even a fracture propagating at its terminal velocity may not be sufficient to 

relieve the applied stress. Under such conditions, crack branching and bifur- 

cation can occur, and the material fails by fragmentation. This is a very impor- 

tant process, especially for rocks, in considering such phenomena as impact 

cratering and rock breakage by explosive loading. The field of dynamic rock 

fragmentation is currently being actively researched, and the interested reader 

is referred to the comprehensive review by Grady & Kipp (1987). 

1.3 Quasi-static fracture and failure 

These relatively simple dynamic fracture criteria are, however, generally found 

to be inadequate to describe fully the mechanical behaviour of most oxides and 

silicates. An important, commonly observed characteristic of real brittle poly- 

crystals is that their mechanical properties and resistance to fracture depend 

strongly upon the environmental conditions (physical and chemical) under 
which the deformation takes place, and also to a significant degree upon the 
rate of deformation, especially when this is low. For example, Costin (1987) 
has pointed out that the compressive fracture stress of unconfined rock 
(‘uniaxial compressive strength’) can decrease by a factor of two or three as 
the strain rate is reduced from those ordinarily used in laboratory tests 

10 
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(0100s ¥4) torthat commonly associated with natural tectonic deform- 

ation (10°'*s~'). Most rocks also exhibit brittle creep behaviour (time- 
dependent cracking at constant stress), especially if the applied stress is a 

significant fraction of the short-term fracture stress (Kranz & Scholz 1977; 

Kranz 1979, Costin 1987). Importantly, the time-to-failure in creep tests is 

reduced dramatically by the mere presence of water (Scholz 1972, Kranz 1980). 

Note that this latter phenomenon is a chemical effect rather than a mechanical, 

effective stress effect, and is known as ‘static fatigue’. 

Hence, in systems where brittle materials are subjected to long-term loading, 

the classical LEFM approach does not provide an adequate description. This 

is especially so at elevated temperatures and in the presence of reactive envi- 

ronmental species. A considerable body of experimental evidence now exists 

to support the idea that cracks can propagate in a stable, quasi-static manner 

at values of K and G that are substantially below the critical values (Ke, G-); 

albeit at velocities that are orders of magnitude lower than the terminal velo- 

cities associated with catastrophic, dynamic fracture. This phenomenon is 

called ‘subcritical crack growth’ and has been observed experimentally in 

many brittle materials, including glass (Wiederhorn 1978), ceramics 

(Wiederhorn 1974), and minerals and rocks (Atkinson 1984; Atkinson & Mere- 

dith 1987a,b). A whole range of micromechanisms has been suggested to 

account for this phenomenon, including atomic diffusion, dissolution, ion 

exchange, microplasticity, stress corrosion, and cyclic fatigue. The reader is 

referred to recent reviews by Atkinson (1984) and Atkinson & Meredith 

(1987a) for a detailed discussion of these mechanisms, and the stress levels and 

environmental conditions under which any of them might be expected to domi- 

nate subcritical crack extension. 

However, it should also be noted that subcritical cracking is possible even 

in the absence of reactive environmental species. Close to the critical stress 

intensity for dynamic fracture there exists a range of stress intensities and 

crack-tip positions for which the crack is stable due to the discrete nature of 

the crystalline lattice. The crack is said to be ‘lattice-trapped’, and a sufficient 

input of thermal energy can allow the crack to extend from one position of 

stability to another (Lawn & Wilshaw 1975). The rdle of any extrinsic, 

chemically enhanced mechanism may therefore be viewed as an enhanced acti- 

vation of the intrinsic bond rupture process. 

The overwhelming body of experimental and observational evidence sug- 

gests that extension of pre-existing cracks and flaws by the mechanism of 

‘stress corrosion’ is likely to dominate subcritical crack growth in brittle 

materials at low homologous temperatures. Stress corrosion proceeds by the 

preferential weakening of strained bonds at crack tips through reactions with 

chemical species in the environment. Although a whole range of surfactants 

can contribute to stress corrosion (e.g. Dunning ef a/. 1984), the most active 

reagent for the process appears to be water. Details of the reactions are poorly 

understood, however, and it is still not clear whether molecular or ionized 

11 
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water is the important reagent (Michalske & Freiman 1982, Atkinson 1984, 

Freiman 1984). 

Regardless of the details of the mechanism, the subcritical crack growth 

behaviour of many materials approximates to the classical trimodal pattern 

exhibited by glass in aqueous environments. This pattern of behaviour is illus- 

trated schematically in Figure 1.1, in which an appropriate fracture mechanics 

parameter is plotted against the logarithm of crack velocity. The details of the 

subcritical crack growth mechanism and the prevailing environmental con- 

ditions will control the details of the diagram, and the particular fracture 

mechanics parameter of interest will depend upon the constitutive relation 

invoked to describe the data. In region 1 of Figure 1.1 the crack extension 

velocity is controlled by the rate of stress corrosion reactions at crack tips. In 

region 2, crack growth is controlled by the rate of transport of reactive envi- 

ronmental species to crack tips (Lawn & Wilshaw 1975). In region 3 the curve 

becomes asymptotic to the critical value (denoted by ‘c’ on Fig. 1.1); crack 

growth is primarily due to thermally activated bond rupture and is relatively 

insensitive to the chemical environment (Freiman 1984). A lower limiting 

threshold is thought to exist, below which no crack growth will occur (denoted 

by ‘0’ on Fig. 1.1). The existence of such a subcritical crack growth limit has 

been demonstrated for various glass/water systems (e.g. Wiederhorn & 

Johnson 1973, Simmons & Freiman 1980), but has not yet been confirmed for 

polycrystalline ceramics or rocks. Note that because stress corrosion is a 

chemically enhanced and thermally activated process, the subcritical crack 

growth curve is shifted to a higher velocity for the same value of K or Gif 

Figure 1.1 Schematic diagram showing the 

dependence of crack velocity on_ stress- 

intensity factor (K) or strain-energy release 

rate (G) between the subcritical crack-growth 

limit (0) and catastrophic rupture (c). The 

influence of temperature and partial pressure 

of water is also indicated. The different 

mechanisms responsible for behaviour in 

regions 1, 2, and 3 are discussed in the text. 

increasing 
p(H,0O),T 

log crack velocity 

KorlogKorG 
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either the partial pressure of the active environmental reagent or the tempera- 

ture is increased. 

Over the years a plethora of constitutive equations have been proposed to 

describe the relation between various fracture mechanics parameters (partic- 

ularly K and G) and crack extension velocity (v) during subcritical crack 

growth, as illustrated in Figure 1.1. A number of the more important theories 

have been reviewed by Anderson & Grew (1977), Atkinson (1982), and Atkin- 

son & Meredith (1987a). Three formulations in particular have been used 

extensively to describe the results of subcritical crack growth experiments. 

These are (a) the Charles (1958) power law, and the (b) Wiederhorn & Bolz 

(1970) and (c) Lawn (1975) exponential laws: 

eB voc K” (1.14) 

(b) v «exp K (1.15) 

(c) vaexp K? «exp G (1.16) 

Note that the final expression in (1.16) arises directly from the relationship 

between K and G given in (1.7)—(1.9). The Charles (1958) power law is by far 

the most commonly used expression, even though it has been argued that the 

exponential laws have stronger theoretical justifications (e.g. Atkinson, 1982; 

Gueguen ef al., this volume). The power law is commonly preferred because 

it is much more readily integrated to predict analytically the time-dependent 

failure properties of brittle materials (e.g. Atkinson 1980, Lankford 1981, Sano 

et al, 1981, Main et al. 1989). In practice, however, it is often not possible 

to distinguish between any of these expressions in describing experimental 

data due to the very strong dependence of v on K. For example, Atkinson & 

Meredith (1987b) have recently provided a compilation of experimental data 

describing subcritical crack growth in minerals and rocks, in which the value 

of the exponent (7) in (1.14) is generally found to be in the range 30—60 for 

polycrystalline rocks. 

Gueguen ef al. (this volume) have made a direct comparison between 

expressions (1.14) and (1.16), and concluded that if an exponential relation 

between v and G is valid then this implies that the value of n in (1.14) depends 

on the value of K. If this were true, then comparisons between different data 

sets would lead to erroneous results unless the range of K values considered 

were identical. They therefore prefer to use the parameter G and expression 

(1.16) to describe their experimental results. However, they also point out that, 

due to the narrow range of values of K necessarily investigated in most 

experiments, it is rarely possible to state definitively which expression fits the 

data better. The most important conclusion seems to be that any extrapolation 

of curves outside of the range of the actual data must be treated with extreme 

caution. 
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Gueguen ef a/. go on to compare their experimental data for glass, quartz, 

and sandstone with their preferred theoretical model (1.16) (Lawn & Wilshaw 

1975, Lawn 1975). Glass behaves as an ideal, homogeneous, isotropic, elastic 

solid and exhibits the classical, trimodal subcritical crack growth behaviour 

described above, with a transition from reaction-rate-controlled to transport- 

controlled crack growth at a velocity of c. 10°* ms ', in broad agreement with 

Lawn & Wilshaw’s (1975) prediction. The other materials, however, are found 

to deviate to a greater or lesser extent from the ideal case. Although quartz 

is homogeneous and quasi-elastic, it is not isotropic. Its fracture surface 

energy depends on crack plane orientation, and this leads to much greater 

scatter in the data. The situation is even worse for the sandstone, which 

cannot be considered homogeneous, elastic, or isotropic at the scale tested. 

For this material the basic assumptions of LEFM become invalid, and not 

only the slope and position of the subcritical crack growth curve, but also 

the significance of the parameter G, are not well defined. 

Consideration of these deviations from the ideal LEFM case is the subject 

of the next section. 

1.4 Inelastic fracture processes 

To a greater or lesser extent, the mechanical behaviour of all real materials 

deviates from the ideal behaviour assumed in development of the LEFM 

approach to fracture. Even for mineral single crystals that are considered to 

be highly brittle, experimentally determined values of the fracture surface 

energy (I’ = G,/2) are generally found to exceed theoretically calculated values 

of the surface free energy (vy), often by a factor of two or three (see review 

by Atkinson 1984). For semi-brittle or non-brittle materials, the difference 

may be several orders of magnitude (e.g., see Murrell, this volume, Table 5.6). 

This discrepancy occurs because energy dissipative processes other than those 

associated entirely with the generation of a single, new, planar crack surface 

are Operative in most real materials. Depending on the particular material con- 

cerned, these processes can include crack-tip microplasticity, heat generation, 

and the generation of acoustic waves. 

The situation becomes even more complex in polycrystalline materials. 

Freiman & Swanson (this volume) show how the fracture resistance of single- 

phase polycrystalline ceramics can be as much as ten times higher than that 

of single crystals of the same material; and go on to explain this in terms of 

inelastic processes such as distributed damage by subsidiary microcracking, 

crack deflections, and phase transformations. Perusal of the data compilations 

of Atkinson & Meredith (1987b) shows a similar trend for monomineralic 
rocks. Moreover, fracture toughness values for polymineralic crystalline rocks 
are found to be significantly higher than those of even the toughest of the 
rock’s constituent minerals. Since fracture energy is related to the square of 

14 
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the fracture toughness, this means that the fracture energy of some rocks can 

be as much as two orders of magnitude higher than that of any of its constitu- 

ent minerals. The overall trend is of a general increase in fracture resistance 

with increase in microstructural complexity. Atkinson’s (1984) review of 

subcritical cracking provides convincing evidence to show that this trend is as 

true for quasi-static crack growth as it is for dynamic fracture. 

1.4.1 Fracture process zone 

The power of the LEFM approach to fracture propagation lies in the simplicity 

with which the magnitude of the crack-tip stress field can be expressed via a 

single parameter (K ) through equation (1.3). However, (1.3) only holds when 

any zone of inelastic breakdown processes in the region of a macrocrack tip 

(‘process zone’) is small compared with the crack length and the dimensions 

of the cracked body. It has traditionally been considered that the LEFM 

analysis holds to a good approximation when r/a < 0.02; where ris the process 

zone size and a is the length of the macrocrack or any dimension of the 

cracked body (Knott 1973). Recent experience has shown that for many poly- 

crystalline ceramics and rocks this basic assumption of small-scale inelasticity 

is commonly violated (e.g. Hoagland ef al. 1973; Swanson 1984; Swanson & 

Spetzler 1984; Freiman & Swanson, this volume). Under these conditions, the 

magnitude of the crack-tip stress field is not completely characterized by the 

single parameter K, and the detailed characteristics of the material breakdown 

processes within the fracture process zone must be considered. 

Several candidate mechanisms for process zone inelasticity in brittle 

polycrystals have been proposed: (i) the formation of a densely microcracked 

dilatant region ahead of the macrocrack tip (Hoagland ef a/. 1973, Kobayashi 

& Fourney 1978, Swanson & Spetzler 1984); and (ii) crack interface tractions 

behind the crack tip (Swanson 1987; Freiman & Swanson, this volume). 

1.4.2 Process zone models 

The most frequently suggested process zone models postulate a cloud of 

microcracks surrounding the tip of a macroscopic tensile fracture (e.g. 

Hoagland ef al. 1973, Evans 1976, Buresch 1979, Schmidt & Lutz, 1979, 

Atkinson 1987). Atkinson (1987) describes a model in which the process zone 

is idealized as a circle centred on the macrocrack tip for the two-dimensional 

case, and is cylindrical for the three-dimensional case. Other models, which 

follow directly from the plastic yield zone fracture models originally developed 

for metals (Irwin 1960, Dugdale 1960), have been applied to rocks (e.g. 

Schmidt & Lutz 1979). They predict a large double-lobe shaped fracture pro- 

cess zone (e.g. see Swanson 1987) where the size of the zone (7) is given by 

ro! (K/ dent)” (1.17) 
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Figure 1.2 Schematic illustration of the hypothesized ‘effective’ crack that comprises a true crack 

and a process zone (after Labuz ef a/. 1985, and Ingraffea 1987). 

where dcerit iS a critical tensile stress for microcracking, and replaces the yield 

stress used in the plastic yield models for metals. To date, no direct or indirect 

physical evidence has been presented to support such a process zone shape or 

size in brittle materials. 

More recently, Labuz ef a/. (1985) and Ingraffea (1987) have developed a 

modified Barenblatt (1962) thin-zone model of tensile fracture. Their model 

assumes: (i) that a strain-softening constitutive relation exists between applied 

tensile stress and crack-opening displacement; (ii) that the process zone local- 

izes to a thin zone due to this strain-softening behaviour; (iii) that normal 

stresses continue to be transferred across a portion of the ‘visible’ fracture due 

to grain bridging and the rough, three-dimensional nature of the crack 

surfaces; and (iv) that the principal stress parallel to the crack front has no 

influence on the process zone (Mindess & Nadeau 1976, Schmidt & Lutz 

1979). Together, these assumptions combine to produce the type of crack 

model illustrated schematically in Figure 1.2, which considers an ‘effective’ 

crack length composed of a true traction-free portion and a process zone that 

comprises microcracking ahead of, and interface tractions behind, the macro- 

crack tip. 

1.4.3 Experimental observations 

The first assumption of the thin-zone model is supported by a number of 

observations of strain-softening behaviour reported from direct tension tests 

on a number of different rock types (e.g. Labuz ef a/. 1985, Hashida 1989) and 

on cementitious composites (e.g. Li & Ward 1989). 

Swanson & Spetzler (1984) and Swanson (1987) report results from a series 

of experiments in which ultrasonic waves were used to probe the fracture pro- 
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cess zone during tensile cracking in specimens of Westerly granite (200 mm 

long X 76 mm wide). In these experiments surface wave and compressional 

wave ultrasonic transducers were traversed in pairs, both parallel and perpen- 

dicular to the direction of macrocrack propagation. Changes in the travel 

times and amplitudes of waves pulsed between the transducer pairs were 

monitored as a function of distance from an artificially sawn notch, as the 

applied load was increased to the level required for macrocrack extension. In 

summary, the results obtained from traverses parallel to the macrocrack 

revealed the development of a zone of partial transmission of the order of 

30mm long (equivalent to approximately 40 grain diameters) prior to 

extension of the macrocrack. The width of this zone of partial transmission 

was measured during the perpendicular traverses and was found to be in the 

range 1-4 mm. These observations are entirely consistent with the thin-zone 

model of the fracture process zone. 

Furthermore, Main ef al. (1990) present data for shear crack growth over 

a range of scales from 107? to 10*° m that clearly show evidence of single long 

macrocracks surrounded by a relatively narrow zone of much shorter sub- 

parallel cracks at every scale. Indeed, the basic concept of plate tectonic theory 

used to describe the dynamics of the Earth’s lithosphere inherently relies on 

a process of strain softening caused by the localization of deformation into 

long, narrow bands at plate boundaries. 

The inclusion of crack interface tractions in the thin-zone model is par- 

ticularly useful, and may well explain Swanson’s (1981) measurement of a 

significant level of acoustic emission activity generated from points on the 

crack plane well behind the propagating macrocrack tip in tensile fracture 

experiments on granite. Moreover, Freiman & Swanson (this volume) present 

convincing photomicrographic evidence from in-situ observations of the 

cracking process to support their case that crack interface tractions can make 

a significant contribution to the fracture resistance of brittle polycrystalline 

ceramics. They have identified two specific traction mechanisms: (i) frictional 

interlocking between asperities on the rough crack surfaces; and (ii) liga- 

mentary bridging between islands of unbroken material behind the advancing 

macrocrack front. Both traction mechanisms serve to shield the macrocrack 

tip from the remotely applied stress, and hence reduce the effective stress inten- 

sity factor felt at the crack tip. 

1.4.4 Crack extension resistance curves 

A substantial body of recent experimental evidence indicates clearly that frac- 

ture propagation in many polycrystalline ceramics and rocks is not uniquely 

related to a single value of the fracture toughness or fracture energy. Rather, 

the resistance to further crack growth is dependent on the crack extension or 

crack length already achieved. This type of behaviour, commonly termed 

R-curve behaviour, has been identified in many different polycrystalline 
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Crack resistance (Kp) 

Crack Length (a) 

Figure 1.3 Schematic diagram illustrating rising R-curve behaviour up to critical crack length, 

dc, observed in many polycrystalline materials. 

ceramics (e.g. Hiibner & Jillek 1977, Cook ef al. 1985) and rocks (e.g. Schmidt 

& Lutz 1979, Ingraffea 1987, Meredith 1989), and is illustrated schematically 

in Figure 1.3. The existence of R-curve behaviour is closely associated with the 

development of the fracture process zone during inelastic crack growth. The 

idea is simply that crack extension resistance increases as crack length increases 

until the process zone is fully developed, and there is at least a portion of the 

crack that is traction free. Only at or beyond this critical crack length is a 

steady state reached, and only then can a fracture toughness value that is truly 

representative of the bulk material be determined. 

1.4.5 Inelastic fracture mechanics 

It is now pertinent to consider how a fracture mechanics analysis might be able 

to accommodate the violation of some of its basic assumptions as discussed 

above. Swanson (1987) has pointed out that for the assumption of small-scale 

inelasticity to hold for materials such as Westerly granite, then metre-sized 

homogeneous test specimens would be required, and this is impracticable in 

general. 

However, the inelastic crack-tip processes described above can be accom- 

modated without sacrificing the simplicity of the LEFM approach, either by 

considering an ‘effective crack length’ (e.g. Labuz ef a/. 1985) or an ‘effective 

stress intensity factor’ via equation (1.10). In the latter approach, the effective 

stress intensity factor felt at the crack tip comprises the stress intensity factor 

due to the applied load and calculated according to LEFM principles minus 

that value required to overcome the extra, inelastic crack-tip restraining 

forces. A major difficulty remains in providing quantitative descriptions of the 

inelastic crack-tip processes as functions of macrocrack length and crack face 

separation, and the reader is referred to more detailed discussions of specific 

thin-zone models of the mechanics of fracture in ceramics (Mai & Lawn 1986, 

1987), rocks (Labuz ef a/. 1985, Swanson 1987), and concrete (Wittman 1983). 

18 



P. G. MEREDITH 

1.5 Fracture and failure prediction 

The nucleation and growth of microcracks in stressed brittle materials causes 

progressive changes in the elastic moduli and stiffness, and hence changes in 

the mechanical response to the applied stresses. Since crack growth has been 

shown to be time- and environment-dependent, this leads to a time-, rate-, and 

environment-dependence of the mechanical properties of brittle polycrystals. 

Furthermore, since cracks are quasi-planar features, the growth of micro- 

cracks that are aligned with respect to principal stress directions will result in 

an initially isotropic material being rapidly transformed into a mechanically 

anisotropic material (Costin 1987). Eventually, microcrack growth and inter- 

action leads to macroscopic failure. 

1.5.1 Tensile failure 

Fracture mechanics predicts that failure in tension will occur by eventual cata- 

strophic growth of the largest or most critical flaw or microcrack. Hence, 

tensile failure generally involves the interaction of only a limited number of 

discrete microcracks in a relatively narrow zone. Experimental observations 

reviewed earlier support this view. In general, once the applied stress intensity 

at the tip of a favourably oriented flaw or microcrack becomes high enough, 

then extension will occur. If the rate of unloading due to crack extension is 

less than the rate of stress increase, then the crack will accelerate to cata- 

strophic failure since stress intensity increases with increasing crack length 

(eqn (1.4)). 

In principle, integration of the area under a stress intensity factor — crack 

velocity curve (see Fig. 1.1) can provide all of the information necessary to pre- 

dict the time-, rate-, and environment-dependent tensile fracture strength of 

brittle materials (Evans 1972). For the case of constant remotely applied stress 

(creep or static fatigue), the time-to-failure (ty) is given by 

y= | i/v da (1.18) 
aj 

where the subscripts / and c denote initial and critical conditions respectively. 

In order to evaluate (1.18), we need to invoke the relation between applied 

stress, crack geometry and stress intensity given in (1.4), to yield 

i 
ty = 2/02 Y? | (Ki]v) dK; (1.19) 

Ti 

Since the acceleration to failure of subcritically propagating cracks is a very 

non-linear process (e.g. Das & Scholz 1981, Main 1988, Meredith er a/. 1990), 
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the length of time that such cracks will spend in rapid propagation to failure 

in regions 2 and 3 of the stress intensity factor — crack velocity curve will be 

negligibly small compared with the length of time spent growing to the critical 

condition in region 1. Hence, (1.19) may be evaluated numerically from a 

stress intensity factor — crack velocity curve, or analytically using one of the 

theoretical relationships for subcritical crack growth given in (1.14), (1.15), 

and (1.16). 

Similarly, Evans & Johnson (1975) have derived an expression to predict 

the fracture stress (of) for the case of constant applied stress rate (dynamic 

fatigue), and assuming the Charles power law relationship between K and v, 

such that 

2a(n + 1) ee 
= rn n =e 2, 1220 

of ar poor feet 

Further, both Evans & Johnson (1975) and Atkinson (1980) have noted that 

the constant stress rate expression can also be used to predict failure at con- 

stant strain rate (€) simply by substituting: o = Eé in (1.20), where E is Young’s 

modulus. Henry & Paquet (1976) and Atkinson (1980) have used (1.19) and 

(1.20) to predict the time-to-failure at constant stress, and the influence of 

stressing rate on tensile fracture stress, for carbonate rocks and quartzites 

respectively. 

However, as Costin (1987) has pointed out, the sizes of natural flaws in both 

ceramics and rocks vary considerably throughout the material. This is espe- 

cially true for polyphase materials with variations in grain size. It is commonly 

not possible, therefore, to establish a single value of the initial flaw size that 

is representative of the bulk material, as required by relationships based on 

(1.18). One way to overcome this problem is through the use of a suitable 

statistical distribution of pre-existing flaw sizes. Obviously, since naturally 

occurring flaws are distributed over a range of sizes and shapes, it follows that 

the tensile failure stress is not a unique quantity, but will vary statistically in 

a manner similar to the flaw distribution (Costin 1987). This combination 

of a highly non-linear constitutive relation with such sensitivity to initial con- 

ditions makes the accurate prediction of failure times very difficult to achieve 

in practice for polycrystalline materials. An unfortunate, but inescapable, 

corollary of this is that deterministic earthquake prediction may be inherently 

unreliable, except in special cases. 

A statistical distribution commonly used to describe tensile failure stresses 

is the Weibull distribution (Weibull 1939, 1951), which is based on a ‘weakest- 

link’ criterion: that is, it is assumed that propagation of the most deleterious 
flaw will lead to ultimate failure. The most deleterious flaw will be the one with 
the most appropriate size and orientation with respect to the applied stress 
to produce the highest stress intensity at its tip. Under these conditions, the 
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probability of failure at a given stress (c) is 

P(a)=1—exp| - | ©=80)" av], o> Ou (1.21) 
00 

where go, o,, and m are the distribution parameters, and V is the volume of 

the stressed region. If, as is common for tensile tests, the stress distribution 

is assumed to be uniform and o, is taken to be zero, then (1.21) reduces to 

P(o) = 1—exp[-(o/00)'"V] (1322) 

Experimental methods for evaluating oo and m, and thus determining P(o), 

are given by Varder & Finnie (1975) and Costin (1987). 

Finally, Swan (1980) has shown that Wiebull theory could not explain varia- 

tions in the failure stress observed in his tensile tests on different sized samples 

of Stripa granite. The explanation for this discrepancy is simply that tradi- 

tional Weibull theory takes no account of subcritical crack growth, but 

assumes that the crack size distribution remains unchanged up to the point of 

catastrophic failure. However, Wilkins (1980) has shown that it is possible to 

adapt Weibull theory to predict time-dependent failure, by first performing a 

series of rapid loading tests to determine the Weibull distribution parameters, 

and then a series of time-to-failure (static fatigue) tests at constant tensile 

stress. By ranking the times-to-failure in static fatigue tests with the failure 

stresses in rapid loading tests, and plotting the resulting data on double 

logarithmic axes, it is possible to determine the subcritical crack growth index 

(n) in the Charles power-law relationship (eqn (1.14)). 

1.5.2. Compressive failure 

Fracture and failure of brittle materials subjected to compressive stresses is 

generally much more complex than for the tensile case, since compressive fail- 

ure generally involves the nucleation, propagation, and interaction of a far 

greater number of microcracks. Direct observation of such stress-induced 

microcracks in rocks (e.g. Peng & Johnson 1972; Tapponier & Brace 1976; 

Kranz 1979, 1980, 1983; Wong & Biegel 1985) suggests strongly that they 

nucleate from pre-existing flaws (pores, inclusions, microcracks, etc.), and 

propagate primarily as tensile (mode I) cracks in a direction parallel to the 

maximum principal compressive stress, 0; (readers unfamiliar with the concept 

of principal stresses should consult Paterson (1978) or Jaeger & Cook (1976)). 

However, the actual initiation mechanism is the subject of much recent debate 

(e.g. Brace & Bombolakis 1963; Murrell 1964; Murrell & Digby 1970; Tap- 

ponier & Brace 1976; Stevens & Holcomb 1980; Horrii & Nemat-Nasser 1986; 

Ashby & Hallam 1986; Sammis & Ashby 1986; Costin 1983, 1987; Hallam & 

Ashby, this volume). Gueguen ef a/. (this volume) point out that under these 
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circumstances an understanding of the behaviour of a single crack may at first 

sight appear irrelevant, but should be considered as a necessary, although not 

sufficient, preliminary step. 

We have already seen that in a tensile stress field a single crack can grow in 

an unstable manner and lead to macroscopic failure. The same can also be true 

for uniaxial compression (e.g. see Hallam & Ashby, this volume). By contrast, 

the application of even a modest compressive confining stress (03) causes indi- 

vidual cracks to extend in a stable manner. Under these latter circumstances, 

a microcrack will extend to relieve the local stress concentration caused by an 

increase in the differential compressive stress (0, — 03) and will then arrest. In 

terms of fracture mechanics, neglecting for a moment time-dependent sub- 

critical crack growth, microcracks extend once the critical tensile stress inten- 

sity (Ki-) is exceeded locally. However, since K is a decreasing function of 

crack length under these conditions (Tada et a/. 1973, Costin 1987), individual 

cracks only extend until equilibrium is reached at K = Ky-. As the differential 

compressive stress is increased, an increasing population of microcracks 

extends until their density and average size is such that they interact with each 

other to produce macroscopic failure. Hence, the strength of brittle solids in 

compression is normally greater by at least an order of magnitude than that 

in tension (Paterson 1978), an empirical observation that was well known to 

architects and bridge-builders long before a convincing explanation became 

possible. 

Hallam & Ashby (this volume) show how failure may be dominated at very 

low confining pressures by the propagation of a small number of cracks; at 

moderate confining pressures by the interaction of numerous microcracks in 

a relatively narrow fracture zone to form a macroscopic shear failure (i.e. a 

fault); and at very high confining pressures by distributed microcracking to 

cause pseudo-ductile deformation by cataclastic flow. Hence the compressive 

strength of brittle materials is pressure dependent. These different styles of 

deformation give rise to markedly different stress—strain relations, and these 

are illustrated in Figure 1.4 (and in more detail in Figure 4.1 of Hallam & 

Ashby, this volume). 

Furthermore, Main ef a/. (1990) have noted that both seismic data from 

crustal earthquakes and acoustic emission data from laboratory-scale rock 

fracture experiments (see Section 1.6 for details) are consistent with a feedback 

model of compressive failure. Where a population of microcracks exists, the 

overall situation appears to be initially one of negative feedback. Once a crack 

has grown to relieve the stress locally in a high-stress zone, it becomes a 

relatively low-stress zone. It is then more likely that further stress relief will 

be accommodated by growth of a different crack than by further extension of 

the same crack. Eventually, under conditions of increasing remote stress, a 

proportion of the original population of cracks will have grown in a stable 

manner until their lengths are comparable to their spacing, whence the locally 

perturbed stress fields due to the presence of the cracks interact in a co- 
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Figure 1.4 Schematic stress—strain curves for a material undergoing deformation over a range 

of confining pressures (03). (a) At zero or very low confining pressure, the material fails catas- 

trophically in a brittle manner by axial splitting. (b) At intermediate confining pressure, the 

material has higher strength and fails in a semi-brittle manner by localization of deformation on 

a shear fault. (c) At very high confining pressure, the material is even stronger and fails in a ductile 

manner by cataclastic flow. The material may flow at constant stress or exhibit strain hardening. 

operative manner. The situation can then flip from one of negative feedback 

to one of positive feedback, and an instability then develops and the material 

fails. In terms of the stress—strain relation, this corresponds to a change from 

strain-hardening to strain-softening behaviour during dilatancy. 

So far we have neglected any influence of time-dependent processes such as 

stress corrosion, but like tensile fracture, failure under compressive loading 

has long been recognized as a process that is dependent upon both environ- 

ment and loading rate (see Paterson 1978). Studies of the uniaxial compressive 

failure of a range of ceramic materials (silicon carbide, silicon nitride, 

alumina) have shown that the dependence of compressive strength (o-) on 

strain rate (€) follows a relationship of the form (Lankford 1979, 1981) 

oe x el +) (1923) 

where n* is an environment- and material-dependent constant for strain rates 

below some critical value (10~7s~' in this case). Lankford noted that the value 

of n* was very close (i.e. within experimental accuracy) to the value of n (the 

subcritical crack growth index for tensile crack growth) for the same material 

under the same environmental conditions. It is well known that the tensile 

strength — strain rate relation for these ceramics is identical to equation (1.23) 

(note, for example, the identical form of (1.23) and (1.20)); and the observed 

equivalence between the exponent in this relationship and the subcritical crack 

growth index is accepted as proof that the strain rate dependence of tensile 

strength is based on thermally activated, tensile microcrack growth (Evans 
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1974). Lankford (1981) argues that, by analogy, compressive failure described 

by equation (1.23), with n* equal to n, supports the view that compressive fail- 

ure in many brittle materials is controlled by the time-dependent growth of 

tensile, axial microcracks. Sano and co-workers (Sano & Ogino 1980; Sano ef 

al. 1981, 1982) have independently developed a relationship identical to (1.23) 

for rocks at strain rates below 10~*s~', and report values of 32 + 2 and 30 + 5 

for n* and n respectively for Oshima granite. 

1.5.2.1 GRIFFITH FAILURE MODELS 

Early attempts at modelling failure under compressive stresses grew out of 

Griffith’s (1920) energy balance concept, but utilized stress criteria rather than 

an energy criterion. These models are succinctly reviewed by Paterson (1978), 

so only a summary is presented here. 

Griffith’s own (1924) failure criterion, for a biaxially stressed body is given 

by 

(01 — 03)” = 80:(0; + 03) for 0, + 303 > 0 (1.24a) 

03 = —O; for 0; + 303 <0 (1.24b) 

where go; is the uniaxial tensile strength. This criterion predicts that the uniaxial 

compressive strength will be eight times the uniaxial tensile strength, which is 

rather smaller than the ratio commonly measured for rocks (e.g. McLintock 

& Walsh 1962). Murrell (1964) has suggested that the two-dimensional Griffith 

criterion can be generalized to the triaxial stress state according to 

(2 — 03)? + (03 — 01)? + (01 — 02)” = 240;(01 + 02 + 03) (1:25) 

This criterion has the advantage that it takes account of intermediate principal 

stresses and that it provides a more realistic ratio of the uniaxial compressive 

strength to the uniaxial tensile strength of 12. Whereas the above models pro- 

vide criteria for failure, Murrell & Digby (1970) have used a similar approach 

to provide a general three-dimensional solution for fracture initiation from 

randomly oriented ellipsoidal cavities, that results in 

(01 — 03)” — aor (o1 + 03) = Boz (1.26) 

where a and @ are constants that depend on the Poisson ratio and the aspect 

ratios of the elliptical cavities. For example, for the special case of penny- 

shaped cracks, « = 2(2 — v)* and 6 = »(4— v)(2 — v)*. Note that (1.26) implies 
that crack initiation is independent of the intermediate principal stress. 

Two major restrictions are implicit in this classical Griffith approach. First, 

it is assumed that all cracks are open and, second, it is assumed that no internal 

pressure (such as a pore fluid pressure) acts within the cracks. In reality, both 
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of these assumptions are commonly violated. The application of even a modest 

confining pressure will tend to close cracks, and then normal stresses will act 

across the crack faces, and frictional forces will act along the faces to resist 

sliding. In addition, any fluid pressure within the cracks acts to reduce the nor- 

mal stress across the crack according to the law of effective stress (e.g. see 

Jaeger & Cook 1976, Paterson 1978). Taking account of these effects, and 

assuming a simple uniform stress distribution on the crack faces, McLintock 

& Walsh (1962) and Murrell (1964) calculated the condition for fracture initia- 

tion in a biaxial stress field, which was later extended to three dimensions by 

Murrell & Digby (1970). For a body containing only closed penny-shaped 

cracks under triaxial conditions, the fracture initiation condition is given by 

[(. + n°)! — p](o1 — 03) = 22 — v)or[(1 + o*] 01) + 2p ](o3 — o*) (1.27) 

where yp is the coefficient of friction between the crack faces, and o“ is the criti- 

cal compressive normal stress required for crack closure. 

1.5.2.2 TIME-DEPENDENT FAILURE MODELS 

None of the above criteria based on Griffith crack theory make any attempt 

to take account of time-dependency, nor do they relate directly to the fracture 

mechanics concept of stress intensity. Amongst the first attempts to include 

subcritical crack growth involving stress corrosion into theories of compressive 

deformation were the brittle uniaxial creep models developed for rocks by 

Scholz (1968a) and Cruden (1970, 1974). Scholz (1968) postulated that micro- 

cracks grew in response to local stress concentrations that varied from point 

to point even under a constant remote stress, due to heterogeneity of the 

microstructure, and simulated this variation by means of a probability func- 

tion. Time-dependence was accounted for by assuming that the crack growth 

rate was controlled by stress corrosion reactions. Additionally, the rock 

material was assumed to be composed of a number of small zones, each with 

a fracture strength that also varied statistically. When the local stress in any 

zone exceeds its fracture strength then that zone is deemed to have failed and 

can no longer support any of the remote stress. The total stress must then be 

supported by the remaining intact zones, and overall failure of the material 

occurs when a sufficient number of zones have failed. 

Cruden’s (1970, 1974) model was based on the growth of a distribution of 

microcracks. He determined the crack-tip stress for a crack at any angle to the 

remote applied stress, computed the crack growth rate using stress corrosion 

theory (Eqn (1.15)), and then summed the results over all possible angles. In 

this way, Cruden was able qualitatively to predict the dependence of creep rate 

on stress, temperature, and time. 

Using a rather different approach, a number of workers (Mizutani et al. 

1977, Soga et al. 1979, Spetzler ef al. 1981) have developed a model of com- 

pressive rock failure that attempts to predict fracture strength as a function of 
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time, strain rate, humidity, and temperature, assuming that brittle failure 

occurs as a result of the interaction of numerous microcracks formed under 

the combined influence of applied stress and moisture at crack tips. If the 

applied stress rate is low and the humidity high, then the initial crack popula- 

tion will increase in length and coalesce into a failure plane at low stress. By 

contrast, if the stress rate is high and the humidity low then the existing crack 

population will not be able to relieve the applied stress, and many new micro- 

cracks will be formed. In this case, failure occurs by the coalescence of a larger 

number of smaller cracks. Assuming that for a given crack configuration (size, 

shape, and density) the rock will fail at a stress (of) when the cracks have 

reached an average critical length, and that crack growth is governed by the 

mechanism of stress corrosion, then 

of = B[dn o-— In T—n In Po— C)RT+ Q] (1.28) 

where T is the absolute temperature, 7 is the stress corrosion index, Po is the 

partial pressure of water, R is the universal gas constant, Q is the activation 

energy for stress corrosion, and B and C are constants that depend on actiy- 

ation volume, initial crack configuration, and rock type. 

In more recent refinements of this approach (Spetzler ef a/. 1982, Brodsky 

et al. 1985), the main assumption has been that the applied stress is supported 

by the intact material between a population of microcracks. As the micro- 

cracks grow, the area of intact supporting material decreases until a critical 

failure stress is reached. The average crack length (@) is used as a state variable 

to describe the state of ‘crack damage’ at any time, and the variation of @ with 

stress and time is again derived from stress corrosion theory. 

Costin (1987) has criticized those models which rely on statistical distribu- 

tions of strengths and crack sizes to describe compressive failure, since the 

values of the parameters calculated depend on the particular distribution 

chosen and are therefore not necessarily directly related to the physical process 

of fracturing. On the other hand, in the models based on microstructural vari- 

ables such as average crack length, the parameters do have some physical 

meaning and hence may be related to the fracturing process and its continuum 

response. However, although some of the models have had some success in 

predicting rate- and time-dependent failure in uniaxial and axisymmetric com- 

pression, there are severe doubts about their applicability to more general 

compressive loading conditions, and a more versatile approach based on 

microscopic processes is required (Costin 1987). 

1.5.2.3 CONTINUUM DAMAGE MODELS 

Since macroscopic brittle failure in compression can occur at stresses up to 
twice that required for microcrack initiation (e.g. Brace ef al. 1966, Jones 

1988, Meredith ef a/. 1990), a full treatment of failure requires consideration 
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of all phases of crack development including crack nucleation, crack 

extension, and crack interaction. In recent years a number of authors have 

contributed to the development of a new body of theory known as ‘damage 

mechanics’ that takes account of all these phases of cracking in an attempt 

to explain the various aspects of non-linear, time-dependent mechanical 

behaviour referred to earlier by utilizing the concept of a single variable or set 

of variables to describe the changing microstructural state of a material as it 

is deformed (e.g. Costin 1983, 1985; Horii & Nemat-Nasser 1986; Ashby & 

Hallam 1986; Sammis & Ashby 1986; Kemeny & Cook 1987; Hallam & Ashby, 

this volume). Costin (1987) has pointed out that there are three basic elements 

required for any damage theory: (1) a definition of the state of damage, (2) 

an equation to describe damage evolution, and (3) a constitutive law that pre- 

dicts the relation of damage to stress and strain. Gueguen ef al. (this volume) 

review most of the damage mechanics models proposed to date, and make a 

detailed comparison of the various model predictions for the uniaxial com- 

pressive strength of a micrograined limestone based on their own single tensile 

crack growth results. Hence only a very brief summary of the models is pre- 

sented here for completeness. 

The model developed by Hallam & Ashby (this volume; see also Ashby & 

Hallam 1986) is based on a fracture mechanics analysis of the growth of ‘wing 

cracks’ from pre-existing microcracks inclined to the direction of the maxi- 

mum applied compressive stress. This growth of tensile wing cracks from 

inclined shear cracks was the model first proposed by Brace & Bombolakis 

(1963) to explain rock dilatancy. Such wing cracks are postulated to grow par- 

allel to the maximum principal compressive stress direction. 

The model develops criteria for wing-crack initiation and wing-crack growth 

based on the fracture toughness of the material, the ratio of the principal 

stresses, the coefficient of friction on the inclined crack, and the ratio (L) of 

the length of the wing crack to the half-length of the initial inclined flaw (see 

Hallam & Ashby, this volume; and Table 2.1 of Gueguen ef a/., this volume, 

for details). Physically, the result for crack growth encompasses three régimes: 

(1) when L is zero, the stress intensity factor for crack initiation is determined 

by shear of the initial inclined flaw; (2) when L is close to unity, the stress 

intensity for further growth is dominated by the wedging open of the wing 

crack due to shear displacement on the inclined flaw; and (3) when L is large, 

the stress intensity is very dependent on the confining stress (03) since this acts 

across the entire crack length. 

The model has been further developed to consider an array of inclined 

cracks, and growth of their associated wing cracks (Ashby & Hallam 1986). 

Eventually, the latter grow and interlink to divide the material into ligaments 

or beams, through which the remotely applied stresses are transmitted as axial 

forces and bending moments. The bending caused by wing-crack linkage leads 

to an additional term in the stress intensity expression (Gueguen ef a/., this 

volume, Table 2.1). Finally, the model criteria can be used to define surfaces 
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in principal stress space that describe fracture initiation and fracture pro- 

pagation for different loading configurations (e.g. plane stress, plane 

strain, axisymmetry). Yield surfaces for yield or creep behaviour may also be 

constructed on the same diagram, thus allowing assessment of the different 

possible failure mechanisms under various states of stress. 

Sammis & Ashby (1986) have analysed the compressive failure of poro- 

elastic materials in a similar manner, but by considering spherical holes rather 

than sharp inclined flaws as crack nucleation sites. 

The models of Horii & Nemat-Nasser (1986) and Kemeny & Cook (1987) are 

also based on the concept of the growth of wing cracks from the ends of 

inclined flaws. Kemeny & Cook (1987), for example, consider the growth of 

wing cracks at an angle to the initial flaw that varies with wing-crack length 

(see Fig. 2.9a of Gueguen ef a/., this volume). This variation in wing-crack 

orientation is introduced to take account of the curved shape of wing cracks 

observed in fracture experiments on a number of model materials (e.g. Horii 

& Nemat-Nasser 1986; Hallam & Ashby, this volume). Once again, wing-crack 

linkage results in separation of the material into axially aligned columns, and 

failure occurs either within a single column (axial failure) or across adjacent 

columns (shear failure). 

Dilatancy is a fundamental and ubiquitous feature of rock deformation 

under triaxial compression, and any viable failure model must therefore be 

able to reproduce all of its observable characteristics. Stevens & Holcomb 

(1980) have criticized the wing-crack model of deformation since it fails to 

account for a number of important properties of dilatancy in granite subjected 

to a cyclic differential stress. For example, elastic wave velocities are observed 

to increase immediately on unloading, implying that cracks begin to close as 

soon as unloading commences. If wing cracks growing from the ends of 

inclined shear cracks were responsible for dilatancy, then hysteresis in elastic 

wave velocities would be expected since wing cracks should not begin to close 

until the frictional constraint on the shear cracks was overcome. Further 

more, they point out that Tapponier & Brace (1976) observed only very few 

well developed sliding surfaces compared with cracks with preferred orien- 

tations close to the maximum principal stress axis in their microscopy study 

of stress-induced microcracking in Westerly granite. By contrast, Holcomb & 

Stevens (1980) show that an array of reversible, axial, tensile microcracks 

(‘Griffith cracks’) is in agreement with all of the observed properties of 

dilatancy, and therefore conclude that this is the more viable model. 

Costin (1983, 1985, 1987) has developed a damage model for rock based on 

a fracture mechanics description of the growth of an array of collinear tensile 

microcracks, oriented parallel to the direction of the maximum principal 

compressive stress. It is assumed that, even under compressive loading, local 

regions of tension exist due to the heterogeneous nature of the material. Indi- 

vidual crack extension occurs when the local crack-tip stress intensity due to 

tensile loading exceeds the fracture toughness, Ky. It is then assumed that the 
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form of the equation describing the response of an ensemble of cracks is the 

same as that describing the response of an individual crack, and crack interac- 

tion is taken account of by employing the ‘pseudo-traction’ method of Horii 

& Nemat-Nasser (1983). This technique, and the resulting stress intensity 

formulation, are summarized by Gueguen ef al. (this volume). In Figure 1.5 

is shown the relation between normalized stress intensity (K7 = 32K1/20\70) 

and the ratio of crack length to inter-crack spacing (a/dj) for interacting 

penny-shaped cracks in a material subjected to a uniaxial compressive stress 

(o). For small a/d; crack growth is stable, since crack growth results in a 

decrease in the crack driving force, K*. However, further crack growth even- 

tually leads to stronger interaction, and eventually to unstable propagation 

when K* becomes an increasing function of a/dj. 

Costin’s later (1985) development of the model also takes account of time- 

dependent crack growth by stress corrosion, and concludes with a constitutive 

equation relating strains to the imposed stresses and the current state of 

damage. The constitutive equation can be used to construct ‘damage surfaces’ 

in differential stress (o; — 03) against confining stress (03) space, ranging from 

the surface describing the initial onset of damage to that describing failure. A 

series of experiments reported by Holcomb (1983) supports Costin’s (1983) 

assertion that these surfaces should be straight lines. Holcomb assumed that 

the onset of acoustic emission activity in triaxial tests on Westerly granite 

samples corresponded to the onset of microcrack damage. He increased the 

axial load on his samples just up to the onset of acoustic emission, and then 

increased the confining stress before increasing the axial load further until 

COLLINEAR 
CRACKS 

a/dj 
Figure 1.5 The relation between normalized stress-intensity factor (K;) and the ratio of crack 

length to inter-crack spacing (a/di) for an array of equisized penny-shaped cracks (after Costin 

1985). The formulation for K_ in terms of stress, crack length, and stress intensity is given in the 

text. The diagram illustrates how crack growth is initially stable, but becomes unstable as cracks 

become longer and the ratio a/d; increases. 
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acoustic emission started once again. In this way he was able to map out a sur- 

face describing damage initiation that did indeed turn out to be a straight line. 

All of the damage models discussed here make use of very simple crack dis- 

tributions in order to simplify the complex problem of compressive fracture 

in polycrystalline materials. In fact, they all assume an array of parallel cracks 

of equal length. However, a number of workers (see Kranz 1983) have shown 

that the crack-length distribution function in rocks must be a power law to 

be compatible with the Gutenberg—Richter frequency—magnitude relation 

observed both for the earthquake seismicity associated with crustal-scale rup- 

ture (Vere-Jones 1976, 1977) and for the acoustic emissions associated with 

laboratory-scale fracture (Scholz 1968b, Meredith ef a/. 1990). Obviously, the 

development of continuum damage models is in its infancy, but this approach 

holds out much promise for enabling physically realistic descriptions to be 

made of the deformation behaviour of complex heterogeneous materials under 

different stress régimes. 

1.5.3 Brittle-to-ductile transitions 

Murrell (this volume) points out that the chemical bonding and crystal struc- 

ture of most minerals, ceramics, and rocks causes them to be typically brittle 

at atmospheric pressure and temperature, and commonly to remain brittle 

even at relatively high homologous temperatures (e.g. Murrell & Chakravarty 

1973). The fracture and flow properties of such materials are strongly influ- 

enced by the nature of the applied stress system. We have noted earlier how 

the application of a confining stress causes crack nucleation and propagation 

to become more difficult, and hence deformation to become more stable. Nor- 

mal stresses (tensile or compressive) are more important for crack growth or 

suppression, whereas shear stresses are more important for plastic slip. 

Many experimental studies have shown that transitions from macro- 

scopically ‘brittle’ deformation by axial splitting or shear faulting to macro- 

scopically ‘ductile’ deformation by cataclastic or plastic flow can be brought 

about by increases in effective pressure and temperature, either individually or 

in combination (e.g. Heard 1960, Rutter 1972, Tullis & Yund 1977, Caristan 

1982). It should be noted that ductility in this sense is a purely macroscopic 

description, and takes no account of the micromechanisms of deformation. 

For example, cataclastic flow (see Fig. 1.4) is a microscopically brittle process 

in which a materials coherence is reduced by pervasive microcracking. Large 

strains can be accommodated through a type of granular flow characterized by 

geometrical interlocking of the clasts. Murrell (1965) and Byerlee (1968) both 

showed that the transition from shear faulting to cataclastic flow occurs when 

the confining pressure is sufficiently high for the differential stress for failure 

(i.e. compressive strength) to equal the differential stress required for frictional 

sliding. This is clearly illustrated by Murrell (this volume) in his Figure 5.4. Of 

course, cataclastic flow is pressure-dependent, since it induces dilatancy. 
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Hence, at very high effective confining pressures cataclastic flow may be sup- 

planted by plastic flow as the dominant deformation mechanism, even in the 

absence of an elevated temperature, because plastic flow is independent of 

pressure since it is non-dilatant. 

Murrell (this volume) discusses the important deformation mechanisms, and 

uses deformation mechanism maps (Gandhi & Ashby 1979) and a Mohr dia- 

gram (see Paterson 1978) to illustrate the various transitions from fracture to 

cataclastic and plastic flow. The maps show the differences in behaviour be- 

tween different ‘isomechanical groups’ (Frost & Ashby 1982). Isomechanical 

groups define classes of materials with closely similar mechanical behaviour. 

The brittle-to-ductile transition temperature is shown to depend on the strain 

rate, the grain size, the isomechanical class, and also on the applied stress 

system. For example, an increase in effective confining pressure leads to an 

increase in strength but a decrease in transition temperature. Hence, a combi- 

nation of high temperature, high confining pressure, absence of a pore fluid 

(to ensure high effective pressures), and a low strain rate is required to ensure 

ductile flow of most minerals, ceramics, and rocks by crystal plasticity. 

1.6 Indirect monitoring of fracture 

Real-time, in-situ observation of crack development during deformation, 

although desirable, is notoriously difficult, especially in opaque polycrystalline 

materials such as ceramics and rocks. A few in-situ scanning electron micros- 

copy studies have been made (e.g. Lindqvist ef a/. 1984; Swanson 1987; 

Freiman & Swanson, this volume), and these have been very valuable. How- 

ever, in this type of study, the sample size is constrained to be very small; and 

it must necessarily be deformed in a high vacuum, thus precluding any time- 

dependent influence of active environmental species. More commonly, crack 

development and statistics are studied by stopping a deformation experiment 

at some prearranged point, unloading the sample, and then removing it from 

the test apparatus for examination. Examination also normally involves some 

sample preparation technique, such as cutting, grinding, or polishing. Both the 

unloading of the sample and its subsequent preparation for examination are 

likely to change the crack structure in some unknown way. 

Hence, several indirect methods of monitoring crack growth and interaction 

have been developed. The most common of these are the study of changes in 

the properties of extrinsic elastic waves pulsed through the sample during 

deformation, and the monitoring of the intrinsic elastic waves generated by 

propagating cracks, known as ‘acoustic emissions’. Changes in the properties 

of extrinsic elastic waves reflect the state of accumulated crack damage at 

any time, whereas acoustic emission statistics reflect the contemporary rate 

of damage accumulation. However, both techniques sample the three- 

dimensional crack structure. 
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1.6.1 Elastic wave velocities 

The most common property of extrinsic elastic waves that is monitored during 

deformation is the wave velocity. An example of changes in the velocity of 

axially pulsed compressional (P) and shear (S) waves during triaxial deform- 

ation of a rock sample that failed by shear faulting is shown in Figure 1.6 

(after Sammonds et a/. 1989). The velocity of both P- and S-waves increases 

during the initial quasi-linear phase of loading, with maximum velocity occur- 

ring at about half of the peak differential stress. This behaviour is interpreted 

as being due to the closure of cracks in response to the increasing applied 

stress. The most favourably oriented (i.e. those oriented normal or subnor- 

mal to the axial stress) and most open cracks close first, and crack closure then 

becomes progressively more difficult. Above about half the peak stress, new, 

dilatant cracks begin to propagate, and hence the wave velocities start to 

decrease. The wave velocities only stabilize during the final phase of defor- 

mation — frictional sliding on the fault. This is entirely as expected, since 

frictional sliding occurs at essentially constant stress, and hence constant state 

of damage. However, note that during the initial phase of deformation, the 

relative increase in V, is substantially higher than the increase in Vs, but that 

V,; decreases at a higher rate than V, in response to dilatant crack growth. 

Since axial P-waves are more sensitive to cracks normal to the axial stress, and 
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Figure 1.6 Variations in the velocities of compressional (V,) and shear (V,) wave velocities in 
a dry sample of Darley Dale sandstone deformed under a confining pressure of 50 MPa at a strain 
rate of 10°°s~!' (after Sammonds et al. 1989). 
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S-waves more sensitive to cracks parallel to the axial stress, this observation 

supports the concept that dilatancy occurs by the growth of tensile cracks 

oriented parallel to the maximum compressive stress. It also shows that 

measurement of changes in both velocities provides a guide to the develop- 

ment of crack anisotropy during progressive deformation. 

Elastic wave velocity changes can also provide information about changes 

in deformation mechanism that might not be apparent from stress—strain 

relations alone. Data from Jones (1988) for deformation of Solnhofen lime- 

stone at temperatures from ambient to 300°C is shown in Figure 1.7. The 

stress—strain curves are all qualitatively similar, with little indication of any 

change in deformation mechanism. However, the samples failed by two 

entirely different flow mechanisms. At room temperature the flow was 

cataclastic and dilatant, and therefore accompanied by a continuous decrease 

in wave velocity after the initial slight increase due to crack closure. By con- 

trast, at 300°C deformation is accompanied by a continuous increase in wave 

velocity that the author attributes to non-dilatant crystal plasticity and plastic 

pore compaction. At intermediate temperatures it is likely that the velocity 

curves reflect transitional behaviour between these competing mechanisms. 

A number of theories have been proposed to relate changes in wave vel- 

Ocities to change in elastic moduli and thereby to changes in microcrack 

concentration or density. One of the first of these was by Walsh (1965), who 

calculated the excess strain energy due to the presence of an isolated penny- 

° a Figure 1.7 Stress and compressional 

wave velocity as a function of strain 

and temperature for dry samples of 

Solnhofen limestone under triaxial 

loading at a confining pressure of 100 

MPa and a strain rate of 10°°s_' 
(after Jones 1988). The data illustrate 

the change from cataclastic flow at 

ambient temperature to plastic flow at 

300°C. 
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shaped crack in an infinite medium under stress. However, Walsh’s formula- 

tion did not take account of stress-field interactions between adjacent cracks, 

and is therefore only applicable to low densities of relatively short cracks. On 

the other hand, O’Connell & Budiansky (1974) specifically included crack 

interactions in their model, which assumes that a crack is imbedded in an 

homogeneous medium the effective elastic moduli of which are those of the 

cracked material. Not surprisingly, the theory that takes account of crack 

interactions predicts a much more rapid decrease in moduli with increase in 

crack density and average crack length than does the formulation that ignores 

interactions. 

Salganik (1973) has developed a slightly different model which considers 

cracks emplaced in a medium sequentially. The strain energy of the (N+ 1)th 

crack is calculated as if it were emplaced in a homogeneous medium, the 

moduli of which were those of the material containing N cracks. Zimmerman 

(1984) and Zimmerman & King (1985) provide results supporting Salganik’s 

model, in which they use changes in V, data to predict changes in V, as a func- 

tion of pressure in a cracked solid. 

O’Connell & Budiansky’s model predicts that not only both V, and V., but 

also the ratio V,/V;, would decrease with increasing crack density. However, 

experimental results reported by Gupta (1973) and Sammonds ef a/. (1989) do 

not support this latter prediction. For example, Sammonds ef a/. note that, for 

their experimental results (e.g. Fig. 1.6), the V,/Vs ratio initially increases with 

increase in differential stress. This initial increase is followed by a period dur- 

ing which the ratio is essentially constant, before again increasing close to peak 

stress and beyond. Gupta (1973) reports a similar result in that the V,/V, ratio 

in his experiments also increased initially, and then remained essentially 

constant up to failure. The explanation for this discrepancy between model 

predictions and experimental observations is that O’Connell & Budiansky’s 

model does not take account of the development of crack anisotropy. As 

rocks are deformed, their compliance parallel to the axis of compression 

decreases due to crack closure, and that normal to the axis of compression 

increases due to the growth of tensile axial cracks. 

Hudson (1981) and Crampin (1984) have taken anisotropy into account by 

calculating theoretically the variations in P- and S-wave velocities through 

solids containing aligned cracks. However, their formulations are only valid 

for crack concentrations that are low enough for no interaction to occur, and 

where the wavelengths of the pulsed waves are large compared with the length 

of the cracks. No systematic theoretical treatment yet exists, therefore, that 

takes full account of both crack interactions and anisotropy. 

1.6.2 Acoustic emissions 

Acoustic emission (AB) is the name given to the high-frequency elastic wave 
‘packets’ generated by a propagating crack. Each wave packet is regarded as 
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an individual AE ‘event’. The mechanism of acoustic emission generation is 
thought to be the release of elastic energy caused by the rapid advance of a 
crack tip. During deformation experiments, AE activity is detected by trans- 
ducers bonded to the sample surface. For laboratory-sized rock or ceramic 
samples, it has been usual for a rather narrow frequency band within the range 

50 kHz to 1 MHz to be monitored, although more recently, broader band- 

width (e.g. 100 kHz to 1 MHz) miniature transducers have become available. 

In most applications it is necessary to compromise between bandwidth and 

transducer size, since bandwidth generally decreases with decrease in trans- 

ducer size. The AE technique is in an active state of development, and modern 

instrumentation can be used to record a wide range of parameters, including: 

the AE event rate as a function of time, load, strain, etc.; the number of indi- 

vidual vibrations (known as ‘counts’) per event; the peak amplitude of each 

event; the time to peak amplitude (‘rise time’); the event duration; the energy 

of the event; and the frequency content, amongst others. However, to date, 

by far the most commonly recorded parameters have been the event rate, the 

cumulative number of events, and the distribution of event amplitudes, as 

functions of load, strain, or time. 

The first reports of the use of acoustic emission to detect microcracking in 

rocks were by Obert (1941) and Obert & Duvall (1942). Since that time, a 

number of researchers have reported the results of laboratory AE studies 

of rock deformation under a variety of loading configurations, including 

tensile loading, uniaxial and triaxial compressive loading, constant stress 

(creep) loading, and cyclic loading (e.g. Mogi 1968, Scholz 1968b, Gowd 

1980, Atkinson & Rawlings 1981, Boyce ef a/. 1981, Ohnaka & Mogi 1982, 

Sano et a/. 1982, Meredith & Atkinson 1983, Sondergeld ef a/. 1984, Fonseka 

et al. 1985, Meredith ef a/. 1990). 

In-Figure 1.8 is shown a log—log plot of crack growth rate and AE event rate 

against stress intensity factor for tensile crack growth in plates of Whin Sill 

dolerite under different environmental conditions (after Meredith & Atkinson 

1983). Note that the AE event rate has an identical functional relation to stress 

intensity factor as the crack growth rate. Hence, Meredith & Atkinson (1983) 

conclude that the event rate can be used as a remote monitor of crack velocity, 

for tensile crack growth at least. 

By contrast, in Figure 1.9 are shown both AE event rate and P-wave velocity 

data from a triaxial deformation experiment on a sample of Darley Dale sand- 

stone (after Jones 1988). Significant AE activity commences at about half the 

peak stress, corresponds approximately to the peak P-wave velocity, and 

indicates the onset of dilatant cracking (point ‘a’ of Fig. 1.9). The AE rate then 

increases rapidly up to peak stress (point ‘b’), whereupon it remains steady for 

a short period before decreasing dramatically to a period of apparent 

quiescence at dynamic failure (point ‘c’). Immediately following failure the 

rate recovers before finally decaying during stable sliding on the shear fault 

(point ‘d’ onwards). The phenomenon of quiescence close to peak stress has 
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Figure 1.8 Experimental data illustrating the dependence of crack-growth rate and acoustic emis- 

sion event rate on stress intensity factor (K,) and crack tip humidity for tensile crack growth in 

samples of Whin Sill dolerite at 20°C (after Meredith & Atkinson 1983). Solid lines are least- 

squares fits to the data. 

been reported, by a number of researchers (e.g. Gowd 1980; Sondergeld ef al. 

1984), to occur close to catastrophic failure, but only when a period of strain 

softening has preceded failure. Quiescence may be a real or an instrumental 

phenomenon, and a number of possible explanations is discussed by Meredith 

et al. (1990). 

Ohnaka & Mogi (1982) and Sondergeld ef a/. (1984) report changes in the 

frequency content of emissions during progressive deformation, which they 

attribute to the changing microstructure. Once dilatancy is well developed, 

microcracks interact and link to form larger cracks and hence larger source 

dimensions, and this is associated with an increase in the low-frequency con- 

tent of AE signals. Under these conditions, the higher-frequency components 

would also be preferentially attenuated by the open, dilatant cracks. However, 

as failure is approached, a contrasting enhancement of high-frequency compo- 

nents is observed. Once again, this is interpreted as being due to a change in 
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source dimension. As crack coalescence relieves the applied stress by pro- 

ducing greater numbers of larger cracks during strain softening, eventually the 

only sites where further crack growth can occur are the relatively small barriers 

and ligamentary bridges between the large cracks (see Swanson 1987; Freiman 

& Swanson, this volume). Crack growth therefore temporarily decreases in 

dimension, with a concomitant decrease in AE amplitude and increase in high- 

frequency content. Both of these relative shifts in AE frequency content can 

therefore be explained as manifestations of the microcracking process leading 

to macroscopic failure (Sondergeld ef a/. 1984). 

We have already noted that Holcomb (1983) has tested some of the predic- 

tions of Costin’s (1983) damage model by mapping out a damage initiation 

surface using AE data. He was able to do this because of a particular AE phe- 

nomenon known as the ‘Kaiser’ or stress memory effect. Kaiser (1953) noted 
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that when metal specimens were cyclically loaded, no significant AE was gener- 

ated on a particular cycle until the load exceeded that on the previous cycle. 

The concept is simply that an amount of damage is introduced into the speci- 

men, such as by the growth of microcracks, on the first loading cycle, and that 

on unloading the cracks will close. Subsequent loading will merely result in the 

re-opening of existing cracks, without the generation of any further damage, 

until the previous load is exceeded. Any further loading will then result in new 

crack growth, and hence AE will re-commence. Several authors have con- 

firmed that a similar, although rather more complicated, effect is observed in 

stressed rock (e.g. Kurita & Fujii 1979, Holcomb 1981, Sondergeld & Estey 

1981). This observation that cracks in rock only grow when the previous maxi- 

mum stress has been exceeded is extremely important, both for fracture 

mechanics analyses of progressive rock failure by microcracking (Costin 

1987), and for the interpretation of the in-situ stress field in the Earth’s crust 

(e.g. Yoshikawa & Mogi 1981). 

In addition to the insights into the influence of microcracking on macro- 

scopic deformation that can be gained from monitoring AE event rates, it is 

also now possible to determine the location of individual emissions, given 

a relatively large sample and a sufficient array of AE detecting transducers 

(e.g. Sondergeld & Estey 1981). Such a system operates in a similar manner 

to a seismic network and is a potentially very powerful tool for studying the 

localization of deformation. 

In addition to event rates, Meredith & Atkinson (1983) report data describ- 

ing the distribution of event amplitudes as a function of stress intensity factor, 

from tensile tests on a range of crystalline rock types. The parameter that 

characterizes the amplitude distribution is the ‘seismic b-value’ (cf. the 

Gutenberg—Richter frequency—magnitude relation for earthquakes), where b 

is an empirical constant in the relation 

log N=a-—bm (1.29) 

N is the number of times an event of magnitude (or peak amplitude in dB) m 

occurs, and a is a constant. The data compiled from a number of tensile tests 

are shown in Figure 1.10. For these experiments, the b-values are seen to lie 

in the range 1—3, and are negatively correlated and linearly related to K/Ke, 

the normalized stress intensity. Physically, a high b-value characterizes crack 

growth dominated by a large number of relatively small events, whereas a low 

b-value indicates a larger number of relatively large events. Note also that the 

b-value is higher in a ‘wet’ as opposed to a ‘dry’ environment, especially at 

low values of K. Changes in b may therefore be due either to changes in stress 

intensity or to changes in the humidity of the crack-tip environment. Meredith 

& Atkinson (1983) suggest that this may be related to the observation of a 

trend from dominantly transgranular cracking at high crack velocity and low 

humidity, to dominantly intergranular cracking at low velocity and high 
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Figure 1.10 Synoptic diagram of acoustic emission b-value and crack fractal dimension (D) as 

functions of normalized stress-intensity factor (K/K-) and crack-tip humidity for a range of 

crystalline rocks (after Meredith & Atkinson 1983, and Main ef a/. 1989b). Data are from tensile 

crack-growth experiments performed at room temperature and pressure, in air and de-ionized 

water. Solid lines are least-squares fits to the data. 

humidity, since grain boundaries provide the main conduits for the access of 

water and will therefore stress corrode preferentially. At values of K close to 

the fracture toughness crack growth will be very rapid, and hence the environ- 

ment has little effect on either crack growth rate or the b-value. For either 

environment, the critical b-value at dynamic failure (i.e. K = K-) is unity. 

Since it has already been shown that a great deal of evidence supports the idea 

that fracture in compression is dominated by the growth of tensile cracks, a 

number of authors (e.g. Das & Scholz 1981, Main 1988, Main ef al. 1989, 

Meredith et al. 1990) have suggested that it is reasonable to use results derived 

from tensile tests to make predictions about compressive deformation. 

In the Earth’s crust, b-values are generally found to be in the range 0.5—1.5, 

and the critical b-value, evaluated from earthquake foreshock sequences, is 0.5 

(Von Seggern 1980). The discrepancy between the field and laboratory data 

can be explained by considering a power-law distribution of crack lengths (a) 

with exponent D, such that 

N(a) «a? (1.30) 

where several authors (e.g. Caputo 1976, Aki 1981) have shown that 

D=3bfe (23h) 
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and c is a constant. Furthermore, if the distribution of crack lengths is geo- 

metrically scale-invariant between the minimum and maximum lengths, then 

Dis strictly defined as one of the fractal dimensions of the system (Mandelbrot 

1982, Turcotte 1989). The more fundamental parameter is D, because the 

value of c and hence b depends on the relative time constants of the event and 

the recording system, and Main ef a/. (1989) have shown that, for the data of 

Figure 1.10, c=3, so that b =D; whereas for intermediate-size earthquakes 

c = 3/2 (Kanamori 1978) and therefore b = D/2. From equation (1.30), Main 

(1988) has shown that the average crack length becomes unstable when D = 1, 

corresponding to critical crack coalescence, and this is borne out by the critical 

values of b reported for both the laboratory-scale tensile tests and the earth- 

quake foreshock sequences. 

Thus, Meredith ef a/. (1990) conclude that the stress intensity can be related 

directly to the size distribution of AE events, and by inference to the length 

distribution of microcracks via (1.31). 

1.7 Concluding remarks 

In an overview of this nature it is not possible to do justice to all aspects of 

a field of research under such rapid and intense development as that of fracture 

in brittle polycrystalline materials. Therefore this chapter has attempted to 

concentrate on those aspects of brittle failure that are the most relevant to the 

following chapters in this volume, possibly at the expense of other equally 

important areas. Important topics that have been neglected to a greater or 

lesser extent include: time-dependent crack growth mechanisms other than 

stress corrosion (reviewed by Atkinson & Meredith 1987a); crack growth by 

cyclic fatigue (Kim & Mubeen 1981, Costin 1987); mixed-mode failure and, 

especially, shear failure and slip-weakening (Rudnicki 1984, Rudnicki & Rice 

1975, Li 1987); shear localization (Evans & Wong 1985); inelastic fracture 

mechanics analysis by path-independent integrals (Rice 1968, Li 1987); and 

crack growth and fracture mechanism maps (Fields & Fuller 1981, Gandhi & 

Ashby 1979) that are analogous to deformation mechanism maps for plastic 

deformation. Interested readers are directed to the relevant references listed 

with these topics for more details. 

It will be apparent that our understanding of the processes associated with 

the nucleation and growth of a single crack in a stress field is relatively well 

developed, even for complex materials. However, we still have no quantitative 

way of describing the crack-tip shielding processes that contribute to inelastic 

fracture propagation. Nevertheless, the new concept broadly classified as 

damage mechanics leads to some optimism concerning our ability to integrate 

knowledge of the mechanics of single crack growth to predict the continuum 

response of a material containing an ensemble of cracks. However, in order 

for meaningful predictions of mechanical behaviour to be made, more detailed 
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models will be required that accommodate time-dependent cracking and more 

realistic descriptions of both initial flaw distributions and the developing state 

of damage. This is likely to be an iterative process that will require input from 

the techniques that indirectly monitor damage development during progressive 

deformation. 
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CHAPTER TWO 

Single-crack behaviour 
and crack statistics 

Yves Gueguen, Thierry Reuschlé & Michel Darot 

2.1 Introduction 

Physical and mechanical properties of rocks are controlled by their crack con- 

tent and crack behaviour. In general, rocks contain a random population of 

cracks, not necessarily isotropic and homogeneous, more or less interacting, 

so that the physical properties are those of a complex structure. In such a 

situation, understanding of the behaviour of a single crack may appear to be 

irrelevant. It should be looked at rather as a necessary, although not suffi- 

cient, preliminary step. With some approximations, fracture mechanics appears 

to be a useful tool with which to understand the behaviour of a single crack 

(Rudnicki 1980; Atkinson 1984, 1987; Swanson 1984). Fracture mechanics 

gives a basic rationale for the various regimes of crack propagation; crack 

healing, subcritical crack growth, and dynamic (overcritical) crack growth. It 

points to the importance of extensional cracks at the microscopic level (Lawn 

& Wilshaw 1975, Section 3.3). Macroscopic behaviour is to be interpreted in 

terms of microscopic processes. As far as cracks are concerned, important 

microscopic processes are nucleation and propagation of extensional cracks. 

However, in order to take into account the fact that a real rock contains a 

population of cracks, statistical methods are required. Statistical crack 

mechanics was developed by Dienes (1978, 1982) to calculate the permeability 

of a cracked rock. Percolation theory also appears to be useful to discuss 

permeability in terms of crack concentration (Dienes 1982, Gueguen ef al. 

1986). Both statistics and percolation contribute to improving our understand- 

ing of transport properties. On the other hand, they could also be used to 

discuss fracture (Chelidze 1982). In this last case, some important difficulties 

remain, as our understanding of the fracture of real rocks is far from being 

satisfactory. 
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2.2 Single-crack behaviour 

We consider the propagation of a well developed single crack in a linear, elas- 

tic, homogeneous, isotropic material. The above assumptions are restrictive; 

they are not always valid for real rocks and minerals. However, they allow us 

to discuss crack propagation within the framework of fracture mechanics, 

which is an important advantage. Examples of failure of one or several of 

these assumptions will be considered below. We examine successively the basis 

of fracture mechanics, the subcritical crack-propagation régime, and the over- 

critical crack-propagation régime. 

2.2.1 Fundamentals of fracture mechanics 

It is traditional to distinguish three basic ‘modes’ of crack-surface displace- 

ment (Fig. 2.1). Mode I (opening mode) corresponds to a displacement 

perpendicular to the crack surface under the action of tensile stress. Mode II 

(sliding mode) corresponds to a displacement in the crack plane, in a direction 

normal to the crack front, under the action of a shear stress. Mode III (tearing 

mode) corresponds to a displacement in the crack plane, in a direction parallel 

to the crack front, again under the action of a shear stress. 

From linear elasticity, the components of the stress tensor near the crack tip 

are found to be 

fey 
Par 

in polar co-ordinates, where K is the stress intensity factor. In the case of 

homogeneous loading where the external stress is applied remote from the 

crack, K = aja where o is the remote stress (tensile stress perpendicular to the 

crack plane for mode I; shear stress parallel to the crack plane for modes II 

and III) and 2a is the crack length. 

By definition, the crack extension force (or strain energy release rate) is 

G= —d0U,,|0a, where Um is the total mechanical energy (sample + loading 

system). Crack extension is considered per unit of crack front. 

ete 
I II Il 

Figure 2.1 The three modes of fracture: I, opening mode; II, sliding mode; III tearing mode. 

ij(@) Oi; = 

a 
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In the case of plane stress, one obtains: 

G=K’/E (modesI and Il), G=K*(1+»)/E (mode III) 

where E is Young’s modulus and » is the Poisson ratio. 

Fracture mechanics generalizes the Griffith criterion by using the energy- 

balance concept for any situation (mode I, II or III). The limit of stability for 

a given crack is obtained when G reaches a critical value, G- such that G. = 27, 

where y is the specific surface energy. 

This is a basic criterion for fracture of ideally brittle solids. In the case of 

rocks, which are not ideally brittle solids, the Irwin—Orowan generalization of 

the Griffith equilibrium criterion is G. = 2I’, where the fracture resistance term 

(fracture surface energy) includes dissipative processes which are operative 

within a small zone near the crack tip. Linear elasticity is no longer valid in 

this zone. The size of this zone is assumed to be small (‘small-scale zone’ 

approximation). If this is not the case, then fracture mechanics is no longer 

valid. 

The reader is referred to standard textbooks on fracture mechanics (e.g. 

Lawn & Wilshaw 1975, Atkinson 1987) and the overview at the start of this 

volume for a more complete treatment of this subject. 

2.2.2  Subcritical crack-propagation régime 

According to the previous analysis, no crack propagation should be observed 

at G < G. = 2I. This is not found to be true: subcritical crack growth has been 

documented in glasses, ceramics, and rocks for a long time (Hillig & Charles 

1965). Rice (1978) has shown that quasi-static healing of a Griffith crack is pos- 

sible for G<2y as long as the physical processes are assumed to be 

thermodynamically reversible. Symmetrically, quasi-static growth is possible 

for Gi: 

Various possible derivations of the kinetics laws relative to crack growth 

exist (Law & Wilshaw 1975, Ch. 8; Wiederhorn ef a/. 1980). These different 

laws have been discussed in several important review papers during the past 

decade (Anderson & Grew 1977; Atkinson 1984; Atkinson & Meredith 1987a; 

see also Meredith, this volume), so that a further general review would not 

be useful and is not given here. Let us concentrate here on the two most 

frequently used relationships: 

v= A exp(aG) and USK 

where v is the crack velocity. The exponential law has been used recently by 

Darot & Guegon (1986) and the power law has been used by Atkinson (1982), 

Meredith & Atkinson (1982, 1983, 1985), and Swanson (1984), amongst 

others. Although it is easier theoretically to justify the exponential law, for 

practical reasons the power law is more frequently used. It can be shown from 
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a microscopic model that when an elementary crack-front length / advances 

over a distance b, a = bl/2kT, where T is the absolute temperature and k is the 

Boltzmann constant (Lawn & Wilshaw 1975, Section 8.3; Darot & Gueguen 

1986). Let us compare the two laws, with the additional assumption that 

GG Kehe: 
It follows from the first law that log vx K’, and from the second that 

log vx n log K. This implies that n « K’/log K, which means that n depends 

on K: hence the greater the K values are, the larger n will be. It follows that 

if one accepts the exponential law as being valid, the power law v = BK” can 

lead to erroneous comparisons between different sets of data when the investi- 

gated K domains are not identical. Variations in n could thus be artefacts in 

many cases, and nv data should be examined with caution. However, due to the 

narrow range of K associated with large changes in crack velocity, it can rarely 

be stated that only one of either the exponential or power law forms fit the data 

better than the other. Extrapolations of the fitted curves outside the range of 

actual data should thus be considered as highly uncertain. 

How do the experimental data compare with theoretical models? We will 

examine this briefly in the following three situations corresponding to increas- 

ing complexity. The first situation is that of glass, a material which does not 

violate any of our three basic assumptions (elastic, homogeneous, isotropic 

material). The second is that of quartz, a material which violates the assump- 

tion of isotropy. The third is that of sandstone, a material which violates the 

assumption of perfect elasticity. Many subcritical crack growth data exist in 

the literature: our purpose here is not to give an extensive review, but rather 

to give a critical introduction to the subject. In order to do so, we will focus 

on the three above cases and use selected results which have been obtained in 

our laboratory. These results are similar to those obtained by many other 

authors. For an extensive review of experimental data, the reader is referred 

to Atkinson (1984) and Atkinson & Meredith (1987b). 

2.2.2.1 DATA ON GLASS 

Experimental data on subcritical propagation in glass, quartz, and sandstones 

are shown in Figures 2.2, 3 & 4. The results on glass in ambient air (Fig. 2.2) 

display the well known three domains. Subcritical growth is controlled by 

chemical reactions (adsorption) in domain I. Using very low velocity data 

(Double Torsion test), for the limit v > 0 one obtains y = 1.1 J m_*. In domain 

I, one obtains b/ = 3.2 x 10°7° m* or n= 22. This last result compares well 
with Swanson’s (1984) value (7 = 18.7 + 1.8). Domain II is a transitional 

régime: crack propagation is so fast that fluid is no longer available at the 

crack tip. The transition occurs for a critical velocity, vu, above which crack 

velocity is transport-limited. Accurate prediction of v; is difficult because fluid 

advance is difficult to model at the crack tip. Lawn & Wilshaw (1975, Sec- 

tion 8.3) have shown that v; < 10-7 ms! in normal conditions. Experimen- 

tally one obtains v;=10-*ms~'. Domain III corresponds to subcritical 
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Figure 2.2 Subcritical crack propaga- 

tion in glass at room temperature and 

pressure (Double Cantilever Beam test). | | | a 

e, Water; ©, air. Data in air exhibit the 3 4 5 6 

three régimes (I, II, and II]) correspond- 

ing to low, intermediate, and high veloc- le : (Im? ) 

ities. Data in water exhibit only régime I. | 

propagation in vacuum (y= yo). The presence of liquid water increases v; so 

that only domain I is observed (Fig. 2.2) in that case. Glass is the most conve- 

nient material with which to investigate subcritical crack growth: it is homoge- 

neous, isotropic and elastic (in the usual sense of solid mechanics). For this 

reason, tests on glass lead to the almost ideal picture discussed above. They 

also allow a check of the accuracy of experimental devices and of the reliability 

of the test, which is also of great interest. In the case of Double Torsion (DT) 

tests for instance, theoretical and experimental compliances agree to better 

than 5S per cent (Darot eft a/. 1985). 

Results on glass can be used to point out an important difficulty with sub- 

critical crack-growth experiments: a variation of v values over six orders of 
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Figure 2.3. Subcritical crack propagation in quartz at room temperature and pressure (Double 

Torsion test). ©, Water; a, water + DTAB 10-?mM; 9, water + DTAB 10°. 

magnitude results from a variation of G which is less than one order of mag- 

nitude. An extraordinary accuracy in G is then required. 

2.2.2.2 DATA ON SYNTHETIC QUARTZ 

Results on synthetic quartz present important differences with those on glass. 

Quartz is homogeneous and elastic, but it is anisotropic: surface energy 

depends on crack-plane orientation (Ball & Payne 1976). For this reason, it is 

difficult to produce crack propagation in a plane which is not a cleavage plane. 

In such a situation, the crack path will be irregular so that data scatter will be 

large and the accuracy in G will be poor. 

Forty experiments were conducted with crack planes normal to [a], and 

identical experiments were repeated several times. This orientation resulted 
from the shape of the single crystals, and is not that of cleavage planes 

(rhombohedral planes (0111) and (1011)). The y value deduced from 
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Figure 2.4 Subcritical crack propagation in Fontainebleau sandstones (Double Torsion test). °, 

Water; 4, water + DTAB 10~*M; © water + DTAB 10° °M. 

Figure 2.3 is y~2Jm’, which is higher than that obtained for powder 

(y~0.4Jm~*; Parks 1984). Anisotropy of quartz is likely to be the main 

cause of the observed scatter (Fig. 2.3). An additional cause may be the 

existence of a stress gradient in DT specimens. The result of this data scatter 

is that the effect of surfactant adsorption on the surface energy of quartz is 

barely discernible. Surfactant effects on crack propagation probably exist 

(Dunning ef a/. 1984) but our DT tests were not accurate enough to clearly dis- 

play it. As pointed out by Parks (1984), the decrease in quartz surface energy 

is mainly due to water adsorption, and any additional decrease due to surfac- 

tant adsorption is much smaller. Nevertheless, the slopes measured in 

Figure 2.3 lead to an averaged b/ value of 4x 107° m?. The parameter 

d=(bl)'’* =2 A is close to the SiO bond length (ao ~ 1.6 A). This can tenta- 
tively be interpreted in terms of a propagation model in which the elementary 

step for crack growth is the rupture of one atomic bond, as suggested also by 

the model of Michalske & Freiman (1982). In terms of n values, from 
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quasi - dynamic Vp V 
static regime 
regime 

Figure 2.5 G as a function of velocity V: transition from quasi-static régime (subcritical crack 

growth) to dynamic régime (dynamic rupture). Dotted curve, friction; dashed curve, ideal solid. 

G is obtained as a function of V by addition. 

Figure 2.3 one obtains n= 40 , which is not in agreement with Atkinson’s 

(1984) data (n= 20). The discrepancy can be attributed to differences in 

experimental procedures and to the fact that different K; domains were investi- 

gated. In any case, the uncertainties in the data are important, as discussed 

above. 

2.2.2.3 DATA ON SANDSTONES 

The situation is worse for rocks. Swanson (1984) has previously shown that it 

is difficult to obtain reproducible data in DT tests with rocks. The difficulties 

arise from the fact that rocks are frequently not homogeneous and not 

perfectly elastic. They can also, of course, be anisotropic but on average their 

anisotropy is weak. The departure from the basic assumptions of fracture 

mechanics which results is not negligible. The accuracy on absolute values of 

G is reduced. We have investigated subcritical growth in almost pure quartz 

sandstones (Fontainebleau sandstones) which are cemented by quartz. Inter- 

pretation of the DT results is difficult, mainly because of the imperfect elastic 

behaviour of the rocks (Darot ef a/. 1985). A large permanent deformation is 

observed when the sample is unloaded. This deformation can be as high as one 

third of the total deformation. 

In addition, there is an intrinsic relaxation of the rock which is neglected. 

This relaxation occurs without any crack propagation and leads to erroneous 

v(G) slopes, mainly at the beginning of the relaxation test. Another problem 

is that of Young’s modulus. It has been shown that in rocks Young’s modulus 

in compression often differs significantly from Young’s modulus in tension 
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(Lama & Vutukuri 1978, II, Ch. 6). Compliance calibration leads to a Young’s 

modulus value of 5.2 GPa, while uniaxial compression tests lead to values of 

87 GPa for the Fontainebleau sandstone for which results are presented in 

Figure 2.4. 

Therefore, the absolute position of the v(G) curves and, more generally, the 

significance of G in such inelastic rocks are not well defined. Nevertheless, the 

slopes measured on Figure 2.4 lead to a parameter d=(b/)'”* of about 1 A, 
which is close to the result observed for quartz. Cracks propagate along grain 

boundaries at low velocities (Meredith & Atkinson 1983, Swanson 1984) and 

the elementary step is likely to be the breaking of bonds through grain bound- 

aries. 

For both quartz and sandstone, the possible effect of surfactant adsorption 

on surface energy is not shown clearly due to the poor resolution in G values. 

2.2.3 Critical crack-propagation régime 

The critical régime can be understood as a threshold régime between sub- 

critical propagation and dynamic rupture. 

Maugis (1985) derived a model which appears to be complementary to the 

previous ones in that it relates the quasi-static régime to the dynamic one, 

starting from the same first principles. He used the energy balance contained 

in the Griffith concept to obtain an interpretation of stick-slip and acoustic 

emission. When the unit length of crack front advances at a velocity v, the 

energy balance is: 

(G—2y)v= f(v) 

where f(v) is an empirical function which represents the energy dissipation at 

the crack tip (plasticity, inelasticity, internal frictions). 

Maugis (1985) assumed that /(v) increased with v up to a critical value, ve. 

Above ve, friction is reduced because the régime is no longer that of static fric- 

tion but of dynamic friction: v then jumps from ve to a much higher velocity 

(Pigw2:5), 

The critical value, ve, corresponds to the critical crack-extension force 

G. = 20 introduced earlier. Slow crack growth is restricted to the domain 

(2y, Ge). Thus G, should be considered as the upper limit of the v(G) curves 

computed from Double Torsion or Double Cantilever Beam (DCB) tests (for 

example, the DCB curve for glass in ambient air (Fig. 2.2) leads to 

G.=5.5 Jm~*). In fact, Ge is usually measured by rapidly loading the DCB 

or DT specimen to avoid any environmental effects on crack propagation. 

Values obtained in this latter way are always higher than those obtained in the 

former way (for example, Ge= 8 Jm~* in glass by DT and DCB). 

Calculated G- values for quartz in different environments again display 

some scatter. The average value is G-=10+1Jm7?, in agreement with 

Atkinson’s (1984) data. Experiments were conducted at high temperature up 
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Figure 2.6 Critical crack-extension force G,; in quartz as a function of temperature (Double 

Torsion test). 

to the a— transition (573°C). The G, values obtained by the Double Torsion 

method are displayed in Figure 2.6. The onset of plasticity above 350°C leads 

to high G, values up to 553°C. A drastic decrease in G, is observed in the 

close vicinity of the transition point. When the temperature crosses the 

transition point, the specimen breaks down under its own weight without the 

addition of any external load. 

The scatter is much greater in sandstones (G. = 56 + 11 Jm~’). This is due 

partly to inelasticity, which leads to an apparent decrease of G. when the crack 

length increases (Darot ef al. 1985), and partly to uncertainties in the value of 

Young’s modulus. The dependence of G- on crack length can be interpreted 

as follows: the inelastic zone ahead of the crack is large and is limited by the 

end of the specimen, so that as the crack advances the size of this zone 

decreases. Thus the amount of energy dissipated in the specimen by inelastic 

processes also decreases. Therefore, in rocks such as sandstones, Ge, as 

measured from most tests, cannot be considered to be an absolute intrinsic 

parameter. 

2.3 Multiple-crack behaviour 

Mechanical properties of real rocks are controlled by the development of a 

population of cracks and not by the existence of a single crack. Thus, it is 
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interesting to consider first a possible generalization of the preceding theory: 

what does happen for the propagation of a family of cracks? Each crack will 

be treated individually, although interactions between cracks are possible. 

In the case of brittle rock under compressive loading, it is well established 

that the growth of tensile microcracks results in inelastic deformation and fail- 

ure (e.g. Kranz 1983). In recent years several authors have developed 

non-linear theories which take into account the growth and interactions of 

microcracks. The goal is to explain the various aspects of non-linear, time- 

dependent behaviour such as strain hardening, strain softening, or the strain- 

rate-dependence of failure stress (Sano et a/. 1981; Costin 1983, 1985; Horii 

& Nemat-Nasser 1985; Ashby & Hallam 1986; Kemeny & Cook 1987; Hallam 

& Ashby, this volume). This field of research is currently in an active state of 

development. We will illustrate this approach here by an example which links 

subcritical crack growth, as examined above, to the strain-rate dependence of 

failure stress. 

Let us consider a rock sample submitted to uniaxial compression. We will 

use the various models of crack growth to predict its compressional strength. 

The first (Costin 1985) is based on the following assumptions: even under com- 

pression, local regions of tension exist within the rock because of its heteroge- 

neous nature; the magnitude of the stress at a microcrack tip within a local 

region of tension is proportional to the applied deviatoric stress; the com- 

pressive mean stress has an inhibiting effect on crack growth; and microcracks 

are assumed to grow in their own planes and in directions normal to positive 

components of the deviatoric stress. Thus microcrack growth occurs parallel 

to the direction of applied compressive stress and, as the crack grows, the local 

stress is relieved in a way illustrated in Figure 2.7a. Microcrack interactions are 

taken into account by using an approximation of the ‘pseudo-traction’ method 

given by Horii & Nemat-Nasser (1983). This method can be summarized as fol- 

lows. Let us consider an array of cracks parallel to the applied compressive 

stress (Fig. 2.7b). When the cracks grow, their average spacing decreases and 

some interaction takes place. The solution of this complex problem is obtained 

by the superposition of the solution of subproblems, each of them involving 

an infinite homogeneous solid containing one single crack, and of the solution 

of the problem of an infinitely extended homogeneous solid under applied far- 

Figure 2.7 Schematic illustration of Bo 

Costin’s (1985) model. (a) Crack-tip stress Oy 

(o;) relieves when length of crack (a) 

increases: d is a measure of the local region FP | 
of tension. (b) Crack interactions model: Ea | 
cracks are parallel to the applied compressive | {20 
stress o. dj is the initial crack spacing. | || 

a) afd b) = -<go 
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field stresses. For each subproblem, there are unknown quantities (‘pseudo- 

tractions’) which are the tractions exerted by the other cracks on the crack 

considered in the subproblem. The requirement that the sum of the sub- 

problems must be equivalent to the original problem leads to consistency 

conditions: K; is numerically calculated from these conditions. Costin’s Ky 

value (Table 2.1) is an analytical approximation of Horii & Nemat-Nasser’s 

numerical results. 

The second model (Ashby & Hallam 1986; Hallam & Ashby, this volume) 

is based on the growth of wing cracks from initial flaws inclined with respect 

to the applied compressive stress (Fig. 2.8a). The wing cracks grow parallel to 

the applied remote stress. The stress intensity factor K; at the wing-crack tip 

is the superposition of a term due to the stress field of the initial angled flaw 

and a term due to the opening force caused by the sliding displacement of the 

inclined flaw. The angle y is calculated so as to maximize K;. Now consider 

an array of angled cracks and the associated wing cracks (Fig. 2.8b). When the 

latter grow, they will interpenetrate, dividing the solid into beams (Fig. 2.8b) 

which become longer and narrower as the cracks extend. The remote com- 

pressive stress will then cause bending deflections in these beams. This 

Table 2.1 K, results used for axial failure stress prediction. 

Crack-growth model Crack-tip stress-intensity factor 

re 2, i 0 ' |e 1 |} ; me 9 if » 
Costin (1985) 1 A Ta 3 a [1 —(a/di)?} 2 

f =constant of proportionality between the applied deviatoric 

stress and the local tensile stress 

o, a, d, and d, are defined in Figure 2.7 

[(1 +p?) = nw) (0.232 + [1/,BU0 + L))} 
(PASE) 34 

Ashby & Hallam (1986), Ki ora 

Hallam & Ashby (this volume) 

(L+a) a) 
athe EE a ee Mile 

TT 

L=lHa, o=1),2 
Do = 7a?Na, where Na = 1/({2¢(/+ a)] is the number of 
initial, angled, cracks per unit area 

py = coefficient of friction 

o, a, and / are defined in Figure 2.8 

2lor sin B {b tan(al/b) 
k (1987 == = {1 + cos 2(8 + @)]o Kemeny & Cook ( ) 1 1b ene |b) 5 

where 7 =4o[sin 20 — n(1 + cos 26)] 

I* = 0.27lo 
lo, B, b, 1, and 6 are defined in Figure 2.9 

Snr EEE EEE 
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Figure 2.8 Schematic illustration of wing- ae go 

crack model (after Ashby & Hallam 1986, 

and Hallam & Ashby, this volume). (a) Wing f ] 

cracks grow from an angled sliding crack 

under uniaxial compression o. The wing iy l 

cracks are parallel to o. (b) Crack interactions 

model. The solid is divided into beams (one is a2 

shaded). As beams become longer and nar- 

rower, bending takes place simulating crack 

interactions (fis the smallest distance between 

wing cracks). a) Ro b) Ro 

bending corresponds to crack interaction and leads to an additional term in the 

expression for K;. The final K; value is given in Table 2.1. 

The third model (Kemeny & Cook 1987) is based on a similar crack-growth 

geometry. Wing cracks are initiated from an angled flaw, and deviate from 

it by an angle 8 which varies with the wing-crack length (Fig. 2.9a). This 

dependence is introduced to take account of the curved shape of wing cracks 

in real situations (Horii & Nemat-Nasser 1985). @ is again chosen so as to max- 

imize K;. As the wing cracks grow further, they will orient themselves parallel 

to the applied compressive stress. Interactions are taken into account by 

extending the K; calculation to the case of an axially aligned column of sliding 

cracks (Fig. 2.9b). Crack interactions take place either within a single column 

(axial failure) or between columns (shear failure). The A; value is given in 

Table 2.0; 

To test these different models we use single-crack growth results obtained 

on a micrograined limestone using the double torsion technique (Fig. 2.10). 

The v(G;) curve is divided into two linear régimes, and an exponential law 

v(G,) is fitted to both régimes. A third linear régime is added to the 

experimental data to take account of the final crack acceleration when G, 

approaches the critical crack-extension force Gye. 

Assuming a constant deformation rate, €, the stress is increased incremen- 

tally with, at each increment, Ao = EFAe (uniaxial compression). After each 

stress increment, K; and hence G;= K7/E are calculated at the tips of the 

growing cracks, using the formulae of Table 2.1. We can then calculate the 

Figure 2.9 Schematic illustration of wing- so so 

crack model (after Kemeny & Cook 1987). (a) = iI 7 

Wing cracks deviate from the sliding crack by 

an angle 3 chosen so as to maximise A;. They 

orient themselves in the o direction when 

growing further. (b) Crack interactions 

model: axially aligned columns of sliding 

cracks are used. Crack interactions take place 

either within a single column (axial failure) or 

between columns (shear failure). a) fo b) Ro 
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Figure 2.10 Subcritical crack propaga- 

tion in micrograined limestone (Soultz 

e, micrite) at room temperature and pres- 

sure (de-ionized water) (Double Torsion 

test). 

e@ Figure 2.11 (below) Failure strength, 

& Om, Of micrograined limestone (Soultz 

Lf micrite) as a function of strain rate é 

(uniaxial compression). +, Experimental 

results; solid line, failure strength predic- 

tion after Costin’s (1985) model; dashed 

line, failure strength prediction after 

-log (V) 3 (m/s) 

8 1e 12 14 Ashby & Hallam’s (1986) model; mixed 

line, failure strength prediction after 

G, soldi 2) Kemeny & Cook’s (1987) model. 

crack velocity at this step, and the new crack length. Failure is assumed to take 

place when the cracks have grown over a distance equal to half the initial crack 

spacing. In Figure 2.11 are displayed the three theoretical curves relating the 

uniaxial compressional strength, according to the above three models, and the 

deformation rate. Superimposed are the experimental results obtained on 

uniaxial compression of cylinders of the same rock. The fit is equally good for 

all three curves. Material parameters are given in Table 2.2. The values of the 

microstructural parameters (do, di, a,/o,2b) have to be compared with the 

limestone grain size (1-10 um). It is noteworthy that the compressional 

strength decreases with the deformation rate down to a limiting value where 

slow crack growth no longer has any effect. This means that, according to 

these models, the rock can sustain a load lower than some threshold value 

indefinitely. At the other end of the deformation rate scale, crack growth is 

extremely rapid. In this case time-dependence disappears again and the 
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Table 2.2 Material parameters used for failure stress calculations. 
Ne eee ee 

Crack-growth model Material parameters 

Costin (1985) a=3 pm, d;=9 pm, d=23 pm 

Ashby & Hallam (1986), a=6ym, Na=1.4x 10'° cracks per m*, p=0.2 

Hallam & Ashby (this volume) 

Kemeny & Cook (1987) b= 12 pm, D=S um, p= 0735 

strength again reaches an independent limiting value. Between these two 

limits, single-crack growth results applied to a discrete population of inter- 

acting cracks appear to explain the time-dependent behaviour of the rock 

reasonably well. 

2.4 Crack statistics: percolation models 

In the above models multiple cracks are considered and it becomes possible to 

calculate some macroscopic properties of real rocks from knowledge of single- 

crack behaviour. The models correspond to an intermediate step between the 

single-crack problem and the statistical problem since they take crack interac- 

tions into account, albeit in a very crude way. We will now examine another 

approach, which is a statistical one. In this approach, crack density is a param- 

eter which plays a crucial rdle, and percolation theory is the starting point. 

Crack density is known to be an important parameter in rocks (e.g. Brace 

et al. 1966, Paterson 1978). For low crack density, cracks are generally iso- 

lated and primarily produce a modification of elastic properties (Walsh 1965). 

When crack density increases, a threshold can be reached where crack inter- 

connection takes place (Fig. 2.12). As a result, permeability is strongly 

modified. At even higher crack density, crack interactions result in the devel- 

opment of a macroscopic fracture. Percolation theory appears to be an appro- 

priate framework in which to discuss this evolution of mechanical and physical 

properties with increase in crack density. Percolation theory has recently been 

used to examine elastic properties (Sen ef a/. 1985, Benguigui 1985), permeabi- 

lity (Dienes 1982; Robinson 1983; Englman ef a/. 1983; Gueguen et al. 1986; 

Katz & Thompson 1986; Charlaix ef a/. 1987; Gueguen & Dienes, in press), 

and fracture (Chakrabarti ef a/. 1986, Chelidze 1986). 

2.4.1 Percolation theory and crack density 

Percolation theory deals mainly with the connectivity of elementary objects 

(Stauffer 1985, Ch. 2). Following Dienes (1982), we apply it to a random 

population of disc-shaped cracks. In such a population, the fraction f of inter- 
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a) very low crack density 

b) low crack density 

c) percolation threshold 

for permeability 

ai 
ie 

d) percolation threshold d’) percolation threshold 

for fragmentation for fracture 

{anisotropy ; interaction] 

Figure 2.12 Crack-density evolu- 

tion and percolation thresholds: 

(a) very low crack density: isolated 

cracks (b) low crack density: 

development of a few clusters of 

connected cracks. (c) percolation 

threshold for permeability. (d) per- 

colation threshold for fragmenta- 

tion. (d’) percolation threshold for 

fracture: anisotropy and corre- 

lation. 

connected cracks is variable. Some cracks are isolated, while others are con- 

nected to form a finite ‘cluster’. When the probability of crack intersection, 

p, is higher than a critical value, p-, there exists an ‘infinite cluster’; that 

is, there exists a continuous network of connected cracks throughout the 

medium. Only in this last case is the overall permeability not equal to zero. 

The permeability is proportional to the fraction Jf of connected cracks and 

varies accordingly (Fig. 2.13). Let us assume that crack centres are distributed 

randomly and that each crack has z neighbours: then the critical probability 
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Figure 2.13 Variation of the fraction 

of connected cracks, f, as a function of 

probability P of crack intersection. p =13 1 p 

Permeability is proportional to /. G 

is Pc = 1/(z— 1). This results from the following argument: if one considers a 

crack which is already connected to one other, then the probability of its being 

connected to a second neighbouring crack is (z — 1)p. Now, if we consider a 

chain of N steps, the probability that crack number WN is connected to crack 

number | is proportional to [(z—1)p]%. Only if p= pe= 1/(z— 1) does the 

above quantity not decrease towards zero when N- o. This model is called 

the Bethe lattice in percolation theory (Stauffer 1985, Ch. 2), and is of course 

only a simple approximation of the more complex reality. Let us now assume 

Z=4, S50 that pe= 1/3 and ‘overall’ permeability k =0 for p < 1/3. 

The probability, p, of crack intersection can be calculated using the concept 

of excluded volume (Charlaix ef a/. 1984). The excluded volume is the average 

volume around a given object (here a crack) within which a second object must 

have its centre in order for the two objects to intersect. The excluded volume 

Figure 2.14 Percolation domain in (/, a) 

space. Path a, crack nucleation; path b, 

crack growth. 

~~ percolation —— 

domain > 

mean crack distance 

mean crack dimension a 
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is thus a statistical volume. In the case of discs of radius a one obtains 

Vo= ma’. Let us define the crack density n as n= 1//°, where / is the average 
crack spacing. 

The probability is then given by p=(a7a*/4/*) since z=4. It is thus 
expressed in terms of two microvariables, a (crack radius) and / (crack spac- 

ing). As expected, p is low if cracks are very small or if their density is very 

small (small a or large /). Non-zero permeability is predicted for p > 1/3; that 

is, a// > 0.5. There are thus basically two distinct paths in an /~a plot by 

which to reach the percolation domain (Fig. 2.14): the first path corresponds 

to crack nucleation and the second to crack growth. Both crack nucleation and 

crack growth are mainly controlled by deviatoric stress. 

Near the percolation threshold p, = 1/3, and f varies rapidly with p. The 

approximation of the Bethe lattice with z=4 leads to f= 54(p— pc)’. This 

result is obtained from equation (27) in Dienes (1982). More generally, perco- 

lation theory predicts that f varies as (p— p-)” with n= 1.9 (Stauffer 1985, 

Ch. 2). Well above the threshold, / is close to 1. 

2.4.2 Application to permeability 

The previous results lead directly to a discussion of permeability. Two 

different approaches can be used at this stage to derive permeability. The first 

seems to be more appropriate when the statistical distributions of cracks 

parameters (apertures, radii) are not very broad. The second seems to be more 

appropriate when those distributions are very broad. 

Let us consider the first situation. It has been shown by Dienes (1982), from 

a statistical calculation, that an isotropic distribution of cracks with radius a, 

number density n, and aspect ratio A = w/a results in a permeability: 

k= LOY 

where na> is the fifth moment of the crack number density. The factor 0 

accounts for the hydrodynamics of flow through a system of cracks with vary- 

ing thickness, but seems to differ little from unity in the cases examined. We 

introduce the three following microvariables; @ (average crack radius), w 

(average crack aperture), and / (average crack spacing) (Fig. 2.15). We restrict 

our attention to the isotropic case and assume that the statistical distributions 

are narrow, so that (@)° is close to (a°). Then: 

_4r wa? =I k 73 

The factor f has been discussed previously, and has been shown to be a func- 

tion of @and /. Above the percolation threshold, k can vary by a large amount 
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Figure 2.15 Crack model: isotropic distribution of cracks. Each crack is characterized by its 

radius @ and aperture w ; 7 is the normal to a crack and / is the crack spacing. 

if w, a, or / vary. Crack propagation (increase of @) or crack nucleation (de- 

crease of /) will produce a strong increase of k, a result which is similar to the 

effect discussed previously (Fig. 2.14). In addition, however, k appears to be 

strongly dependent on crack aperture, which is itself strongly dependent on 

effective pressure. 

A second permeability model can be derived for the case in which statistical 

distributions of crack parameters are very broad. Such a model has been pub- 

lished recently by Katz & Thompson (1986) and Charlaix ef a/. (1987). It 

results from the direct application of the theory of Ambegaokar ef a/. (1981), 

first derived for the calculation of the electrical conductivity of a population 

of widely variable resistances. If one considers, for instance, cracks which 

have very variable apertures, it is possible to classify those cracks into sub- 

networks made of equal-aperture cracks. Cracks with small apertures are 

numerous, so that their subnetworks are continuously connected. But their 

overall contribution to flow is negligible (their aperture w is small, and k varies 

as w*). For the same reason, cracks with large apertures have a high individual 

permeability. They are not numerous, however, so their subnetworks are not 

continuously connected. It therefore results that their contribution to flow is 

zero. The system behaves approximately as if there were only one size of crack 

aperture, which is the aperture of the most permeable connected subnetwork. 

By definition, this subnetwork is the one which has the largest crack aperture 

amongst those which are connected continuously. Then: 

k=ki(p— Pe) 
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where k; is the elementary permeability of any crack of the considered subnet- 

work and (p— p-)* is the factor which weights the ‘size’ of this subnetwork. 

2.4.3 Application to fracture 

Fracture of a solid is generally characterized by the development of a macro- 

scopic discontinuity. The process is thus essentially non-homogeneous and 

localized. Fracture should not be confused with fragmentation, which could 

be looked on as an ‘homogeneous’ fracture, in the sense that there is no local- 

‘ization. We have seen above that, when crack density is high enough, the crack 

network becomes connected (at p= p-). In this case there exists an ‘infinite 

cluster’ of cracks. This infinite cluster is indeed an infinite path made of con- 

nected cracks (Fig. 2.12c): but, as far as the rock is concerned, it remains solid 

and intact with respect to mechanical resistance since most of the cracks do 

not belong to the ‘infinite cluster’. 

For higher crack densities, more and more infinite paths exist, so that above 

a second critical crack density (at p= p'-’ > pe) it will not be possible to go 

through the rock without crossing such a path. This stage corresponds to frag- 

mentation (Fig. 2.12d). Most of the cracks then belong to the infinite cluster. 

It results from this analysis that percolation leads directly to criteria that are 

relevant to fragmentation but not to fracture. The fragmentation criteria 

would again be of the type (a*//*?) =a, where a is an appropriate constant 

(Chelidze 1986). In the case of homogeneous crack nucleation, fragmentation 

should indeed be expected. Homogeneous nucleation should occur when stress 

distribution is homogeneous. Two examples of such a situation can be given. 

The first is that of explosion, in which a stress pulse travels through the rock: 

for a short time interval, 6f, each part of the rock is submitted to the same high 

stress pulse Ao. The second example is that of a highly porous rock submitted 

to stress. A narrow size distribution of pores provides an almost equal stress 

concentration at each pore, so that again nucleation is homogeneous. 

In general, however, the stress distribution resistance to crack nucleation 

within the solid is not homogeneous, so that nucleation is not homogeneous. 

In that case, there are two other important factors which will play a major 

role. The first is that cracks are not isotropic objects, and the second is that 

they interact. The problem is consequently a percolation problem with anis- 

otropy and correlation (Kolesnikov & Chelidze 1985). Anisotropy means that 

the probability of having a second crack close to the first one depends on the 

orientation. Correlation means that the probability of having a second crack 

close to a first one is higher than the probability of it occurring at an isolated 

site. More specifically, in a sufficiently dense and homogeneously cracked sam- 

ple, the probability of local crack extension will increase as cracks start to 

interact: the latter phenomenon, extension rather than nucleation, would per- 

haps serve as an appropriate correlation parameter in the percolation problem. 

Correlation localizes the cracks, and anisotropy decreases the ‘tortuosity’ of 
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their connections. Because of anisotropy and correlation, localization and 

development of a planar discontinuity will take place. Unfortunately, it is very 

difficult to express this in terms of simple equations. Anisotropic percolation 

has received virtually no attention up to now: and the same applies to correla- 

tion in percolation. This research direction does, however, offer a promising 

way in which to analyse the fracture process. 

2.5 Conclusions 

The behaviour of a single tensile crack propagating in a rock sample has 

received much attention in recent years. For instance, effects such as sub- 

critical crack growth have been documented in detail and are presently well 

known. If some uncertainties remain in that field, they result mainly from 

experimental difficulties. The physical processes related to single tensile cracks 

are reasonably well understood from a theoretical point of view. However, 

real rocks do contain a population of cracks, and theoretical difficulties are 

bound up with this basic fact. Multiple cracks can be dealt with using models 

which take into account the growth and interactions of microcracks. From 

such models it is possible to calculate some macroscopic properties of real 

rocks using single crack data as input. Statistical theories would be preferable, 

however, given that crack density appears to be a very important parameter. 

Percolation theory and random media theory are useful in order to gain some 

insights into the physics of these statistical processes. It has been shown that 

a key parameter is the crack intersection probability, which can be expressed 

in terms of two microvariables (crack radius and crack spacing). An appro- 

priate theory for fracture appears to be anisotropic correlated percolation. 

However, this tool has not received much attention to date. Cracks are 

strongly anisotropic, and they interact when sufficiently close to each other. 

These two factors determine the localization of the fracture process. 
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CHAPTER THREE 

Fracture of 

polycrystalline ceramics 

Stephen W. Freiman & Peter L. Swanson 

3.1 Introduction 

Catastrophic failure in polycrystalline ceramics results from stressed cracks 

growing to critical dimensions which can span a range of size scales. As critical 

flaw dimensions increase in size from a scale less than characteristic micro- 

structure dimensions to a size which encompasses many grain diameters, the 

resistance to fracture increases, in certain polycrystals, by a factor of 5—10. 

This increase represents the difference between the fracture resistance of the 

polycrystal and that of its individual constituent single crystals. In this chap- 

ter, we: (1) show how relatively small variations in grain size and shape affect 

the fracture toughness — crack size relationship (R-curve behaviour); (2) briefly 

review several microstructural mechanisms suggested to be responsible for 

both the high fracture energy of polycrystals and the rising resistance to 

fracture with crack extension; (3) present the results of in-situ microscopy 

observations of subcritically propagating cracks which lend support to crack- 

interface traction as an important fracture resistance mechanism; and (4) 

examine the complicating influence that the traction mechanism has on predic- 

tion of time-dependent failure from flaws propagating under the influence of 

stress-enhanced chemical reactions. 

3.2 Flaw size/grain size effects 

Quantitative methods of fracture characterization have been developed for use 

in predicting both the strength and lifetime of materials under variable 

applied-stress conditions. This linear elastic, continuum-mechanics approach 

to failure prediction requires specification of (1) the magnitude of the crack-tip 

stress field (K;, the stress intensity factor for Mode I, or tensile cracking), (2) 

the kinetics of environmentally assisted slow crack growth rates (the crack 

velocity v—K; relations), and (3) a failure criterion (i.e. Ky = Kye, the fracture 
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toughness). When the material-breakdown processes are constrained to occur 

in a sufficiently small volume about the crack tip such that the small-scale 

inelastic deformation assumption of linear elastic fracture mechanics applies, 

K; is an adequate measure of the intensity of the stress field responsible for 

fracture and Kj7- is considered to be a material property. 

One of the primary difficulties in applying linear elastic fracture mechanics 

to the failure analysis of polycrystalline ceramics is the similarities in the sizes 

of critical flaws and grains. When flaws are completely embedded within indi- 

vidual grains at the point of failure criticality, or when they are very large in 

comparison to the dominant scale of the microstructure, a continuum descrip- 

tion of the elastic and fracture properties of the cracked solid is appropriate. 

Under these conditions, meaningful fracture mechanics parameters (e.g. Kr) 

may be estimated from measurements of crack length and applied load. As 

reported by Rice ef a/. (1980), and shown schematically in Figure 3.1, the tran- 

sition in critical failure conditions from failure governed by fractures within 

individual grains to macroscopic fractures encompassing many grains is 

accompanied by an increase in fracture surface energy, I’ ({ is defined as 

K7j,/2E, where E is Young’s modulus). Factors that influence the range of flaw- 

size to grain-size ratios over which the transition occurs include preferred 

orientation and number of easy cleavage planes in the particular crystallo- 

graphic system. The transition from single-crystal to polycrystalline fracture 

energy values may not occur until the flaw radius is up to 10 or more times 

the average grain size (Rice ef al. 1980). 

Flaw 
~ Polycrystalline Value ~———__ 

/ / 

Single 7 / 

Crystal We / 
PA / 

= 4 
a 

Fracture Energ y——~> 

= 
Grain Boundary Value 

Fiaw Size 

Grain Size 

Figure 3.1 Schematic of the typical variation of fracture energy with flaw to grain size ratio, 

a] G, in polycrystalline ceramics (after Rice ef a/. 1980). 
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3.2.1 Testing procedure 

As noted earlier, in many practical applications of structural ceramic compo- 

nents, failure results from flaws which become critical in a range where their 

size is of the same order, or slightly larger than, the scale of the microstruc- 

ture. A significant advancement in testing procedures which has enabled us to 

better characterize the effects of microstructure in this transition region has 

been the development of the indentation-fracture test (Chantikul ef a/. 1981). 

In this test a standard microhardness testing machine equipped with a Vickers 

(or Knoop) diamond indenter is used to introduce a well characterized flaw 

into the surface of a flexural-test specimen. By varying the indenter load, a 

range of controlled crack sizes, a, can be introduced which span the transition 

region. Specimens are subsequently fractured in either uniaxial or biaxial flex- 

ure. The resulting fracture strength, o, is given in equation (3.1) in terms of 

the indentation load, P, Young’s modulus, £, hardness, H, and the critical 

fracture toughness observed at very long crack lengths, Ki: 

C= Kick (EL ees (3.1) 

Ke =70 (E/H)'/8 (op '/3)3/4 
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Figure 3.2 Strength as a function of indentation load for two 94 per cent aluminas made from 
different starting powders. Data is plotted based upon equation (3.1). Deviation of the data from 
the indentation model at small indentation loads is indicative of direct microstructural effects 
(after Hellmann ef al. 1986). 
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where yo is an empirically determined constant (Chantikul ef a/. 1981). The 

E/H term reflects the effectiveness with which the indentation damage pro- 

duces a residual tensile stress field at the specimen surface. The residual field 

is partially relaxed by the formation of the indentation—crack system which 

then remains under a state of residual tension. If we assume that Kx, H, and 

F are material constants, a logarithmic plot of strength versus indentation load 

yields a straight line having a slope of — 1/3. In an isotropic, homogeneous 

material such as glass, or a very fine-grained ceramic, (3.1) is obeyed over a 

wide range of indentation loads. Deviations of indentation fracture data from 

the predicted — 1/3 slope at small values of the indentation load mark the onset 
of transition from equilibrium polycrystalline fracture toughness (that which 

remains constant for increasing crack size) to a region where the strength is 

relatively insensitive to the initial flaw size. The plateau in the data shown in 

Figure 3.2 indicates that certain microstructure-related toughening mechan- 

isms develop in this flaw size range which resist the propagation of critical 

flaws. 

3.3. Toughening mechanisms 

What makes polycrystalline ceramics more resistant to fracture than single 

crystals of the same material? This question has been discussed in some detail 

by Wiederhorn (1984) and Swain & Rose (1984) in terms of the various pos- 

sible toughening mechanisms. The more generally accepted toughening 

mechanisms, namely crack deflection, microcracking, and phase transforma- 

tions, are briefly summarized. We then discuss a recently observed mechanism 

referred to here as crack-surface tractions, the effects of which can account for 

many of the hitherto unexplained observations of toughness behaviour in 

polycrystalline ceramics. 

3.3.1 Crack deflection 

Grain boundaries and cleavage planes represent paths of lower fracture 

energy. As a result, cracks are locally deflected along these paths to produce 

a surface with a roughness that scales with the microstructure dimensions. 

From a stress analysis point of view, independent of fracture energy considera- 

tions, the deflected-crack geometry provides a reduction in the local K; driving 

force compared to a straight crack of equal projected length. If we consider 

the condition for local crack extension to be the achievement of a local critical 

value of Kye, then we must apply a larger load or applied K7, to the deflected 

crack to achieve this local failure condition. Macroscopically this appears to 

represent a ‘toughening’ of the material. Microscopically, however, the 

specific fracture surface energy associated with single crystals or grain 
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boundaries has not actually changed; the total fracture surface area has only 

increased due to the surface roughness. 

Faber & Evans (1983a,b) derived a model which predicts the increase in 

toughness due to both twist and tilt of the local crack plane. The model sug- 

gests that elongate grains should have a more significant effect on K7- than 

equi-axed ones, in agreement with intuition and experimental observations. 

However, the model cannot explain the relatively high toughness values 

observed for many polycrystalline ceramics, nor the long crack-extension dis- 

tances required to reach equilibrium toughness values. 

3.3.2 Microcracking 

A dispersion, or cloud, of isolated microcracks surrounding a macroscopic 

crack tip is another postulated mechanism for increasing fracture energy and 

producing R-curve behaviour (see also Meredith, this volume). Microcracks 

are suggested to form in the elevated stress field near a macrocrack tip wher- 

ever a local critical-stress microcracking criterion is satisfied (Hoagland et al. 

1975). Once formed, suitably positioned and oriented microcracks shield the 

macrocrack tip from high levels of stress and necessitate an increase in applied 

load, or equivalent applied K;, to further advance the macrocrack. According 

to recent refinements of the theory (Evans & Faber 1984), a wake of residually 

stressed material is left behind the crack tip along the crack flanks, and consti- 

tutes an additional source of absorbed fracture energy which produces R-curve 

behaviour. However, even for a substantial volume fraction of microcracks, 

this particular model predicts toughness increases with crack extension of only 

10%, much smaller than the 300-500 per cent increases observed 

experimentally (Steinbrech ef a/. 1983, Wieninger ef a/. 1986). 

Rice & Freiman (1981) developed a fracture model based on the energy 

absorption of microcracking which predicts a maxima in the crack-growth 

resistance as a function of grain size. Although the model does not attempt to 

treat R-curve behaviour, the predictions of failure from short cracks are in 

excellent agreement with many experimental observations recorded in the 

published literature. 

3.3.3 Phase transformations 

The primary ceramic material in which phase transformation toughening is 

observed is partially stabilized zirconia, i.e. zirconia in which the tetragonal 

phase has been stabilized by the addition of other oxides. Details of the phase 

transformation toughening process are described elsewhere (Evans ef ail. 

1981). Briefly, the tetragonal zirconia transforms to the monoclinic form in the 

stress field of the crack tip. This transformation is associated with shear strain 

and volume changes which induce compressive stresses on the crack surfaces 

behind the crack tip. Toughness values as large as 8 MPam!”” have been 
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reported. There has also been extensive work on composites of partially stab- 

ilized zirconia in which zirconia is combined with an alumina matrix to yield 

large values of fracture toughness (e.g. Wieninger ef a/. 1986). The concept of 

phase transformation toughening has also been extended to other materials 

(Freiman ef al. 1986). 

3.3.4 Crack-surface tractions 

Recent real-time, in-situ microscopy observations of fracture have provided 

direct documentation of fracture resistance mechanisms operating in poly- 

crystalline ceramics (Swanson ef a/. 1987, Swanson 1988) and rocks (Swanson 

1987). No crack-tip stress-singularity-related distributed microcracking sur- 

rounding macroscopic fracture tips was observed in any of the materials using 

optical reflection/transmission microscopy techniques. We caution that this 

null result cannot be used as evidence of the non-existence of diffuse-zone 

microcracking; however, a different mechanism was observed which provides 

a relatively simple explanation for several different observations associated 

with macroscopic fracture, including non-linear applied-force/crack-opening 

displacement relations, R-curve behaviour, specimen-geometry dependent 

toughness, and inconsistencies in subcritical crack growth data. This 

mechanism is one of tractions (Fig. 3.3) which act across the nascent fracture 

(i) FRICTIONAL INTERLOCKING Figure 3.3. Schematic of crack-surface 
tractions which can occur in ceramics, 

thereby increasing fracture toughness. 

(ii) LIGAMENTARY BRIDGING 

(INTACT-MATERIAL “ISLANDS” LEFT 

BEHIND ADVANCING FRACTURE FRONT) 

ag. 
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surfaces. Two sources of traction have been identified: (1) geometrical or fric- 

tional interlocking of the rough fracture surfaces; and (2) ligamentary bridging 

by remnant islands of unbroken material left behind the advancing fracture 

front. Each source of traction serves to shield the macrocrack tip from high 

levels of stress: the K, field experienced at the crack tip is less than the applied 

K;, by an amount proportional to the restraining-force magnitude. Each 

traction site is also associated with microcracking localized along the crack 

interface behind the macrocrack tip as increasing crack-opening displacement 

SOum 

Figure 3.4 Evolution of a traction site in Alumina 1. 
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Figure 3.5 Typical traction site in Alumina 2. 

reduces the restraining-force magnitude. Several fracture mechanics models 

have recently been developed to describe this behaviour by incorporating the 

crack-interface traction force—separation relationship into a tension-softening 

constitutive law (Shah 1985, Li & Liang 1986, Mai & Lawn 1987). 

In this study, we have used the in-situ observation technique to examine 

fracture in two different 94% aluminium oxides (referred to as alumina 1 and 

alumina 2). Both of these materials were made by standard pressing and sin- 

tering procedures (Hellmann efa/. 1986). The average grain size for both 

aluminas was 9—11 wm. However, the aspect ratio of the grains in alumina 1 

was greater than that in alumina 2 (1.9 compared to 1.6). Both aluminas 

exhibited R-curve behaviour, as interpreted from indentation-strength data 

(Fig. 3.2), but the extent of such behaviour was much greater for alumina 1 

than for alumina 2. Both sources of interface traction, i.e. ligamentary bridg- 

ing and frictional interlocking, were observed. 

The evolution of a single traction site in alumina | is illustrated in 

Figure 3.4. Alumina | exhibited approximately twice as many traction sites as 

alumina 2 (Fig. 3.5). In addition, the amount of interface-localized micro- 

cracking associated with each traction site was twice as much in alumina | as 

in alumina 2. Thus, alumina | exhibited approximately four times as much 

interface-localized microcracking (as observed on the sample’s surface) as 

alumina 2. This observation is qualitatively in good agreement with the 

indentation-strength data and provides direct observational support for crack- 

interface tractions as the fracture-resistance mechanism responsible for R- 

curve behaviour. Although not directly demonstrated in these observations, 
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the causal relationship between crack-interface tractions and increasing frac- 

ture energy with crack extension has previously been demonstrated in 

experiments in which the crack interface is removed by saw cutting (Knehans 

& Steinbrech 1982). 

3.4 Environmental effects 

It is well known that glasses and ceramics can fail after periods of time under 

constant load in a phenomenon known as Static fatigue. Static fatigue arises 

due to the slow growth of flaws in the material because of the combined effects 

of moisture and stress. When a flaw reaches some critical size, catastrophic 

failure results. 

Environmentally enhanced crack growth occurs at ambient temperatures in 

almost every ceramic material, ranging from silicate glass to nitrides and car- 

bides. The primary environmental constituent giving rise to crack growth is 

water, although other molecules can also be agents for fracture enhancement 

(Michalske & Freiman 1984). 

Fundamental crack-growth data can best be obtained by optically measuring 

crack velocities as a function of crack-tip stress intensity, K;, using a variety 

of experimental fracture-mechanics procedures. In the case of opaque 

materials such as polycrystalline ceramics, such direct measurements of crack 

growth become more difficult. In such materials the relevant crack-growth 

parameters are best determined by a method known as dynamic fatigue. This 

procedure involves measuring the strength of the material (preferably after 

indentation) as a function of the rate of loading. If we assume that the crack 

velocity can be expressed as a power law function of stress intensity, namely: 

UV = U0 (Ki Kic)" (3.2) 

where Up and 7 are empirical constants which depend on the material and test 

environment (Evans 1972). Equation (3.2) can be integrated to yield the 

following expression for the strength of an indented specimen in a dynamic 

fatigue test: 

o =('a)"" n +1) (3.3) 

where o is the stressing rate, \’ is a constant, and n' =4n—2, for normal 
point-like flaws (Fuller e¢a/. 1983). A logarithmic plot of strength versus 
stressing rate should yield a straight line of slope n’ (Fig. 3.6). This value of 
n', together with a measure of the initial flaw severity determined from the 
strength of the material under inert conditions, can be used to predict the life- 
time of a structure under a specified load. 
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Figure 3.6 Dynamic fatigue data for Aluminas 1 and 2. Note in box that different processing 

conditions did not change crack growth susceptibility (after Hellmann ef a/. 1980). 

3.5 Implications of crack-interface tractions on failure predictions 

In materials exhibiting a crack-length-independent toughness, such as glass, 

single crystals, and certain very-fine-grained ceramics, the strength under 

known loading rates or the time to failure under known static loads can be pre- 

dicted with useful accuracy. This is achieved by measuring both the fracture 

toughness and the subcritical crack growth (v—K7,) curves, integrating the v—K; 

data, and calculating the strength or failure time for critical flaw conditions 

(Davidge eft al. 1973; Meredith, this volume). The existence of R-curve beha- 

viour gives this fracture-mechanics-based failure prediction logic a significant 

additional complication; the magnitude of the crack-interface restraining force 

depends upon the crack history (crack length and crack-opening displacement 

history). In order to accurately determine the driving force experienced by the 

crack tip, one cannot merely measure the crack length and applied load as in 

the familiar K, « ofa relation. Instead, one must also know the crack history 

to accurately evaluate the hysteretic traction force, the effect of which must 

be subtracted from the applied-K7 field in the failure prediction calculations. 

Neglect of the traction-shielding contribution to K; (tip) results in large uncer- 

tainties in crack-growth rates and hence gross errors in failure predictions for 

these and similar materials (Swanson 1987). Present strategies used to com- 

pensate for these uncertainties call for extremely conservative design; Kye is 

assumed to be constant and equal to values observed for short cracks. Conse- 

quently, the potential performance of ceramic materials with significantly 
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rising R-curve behaviour is presently not being realized in structural applica- 

tions. Another ramification of microstructure in polycrystalline ceramics is 

the possibility of crack growth during cyclic loading from tension to compres- 

sion, in which wedging stresses generated during the compressive portion of 

the cycle contribute to crack extension. 

3.6 Concluding remarks 

The conventional linear elastic fracture-mechanics description of fracture, 

based on a single-parameter representation of the fracture resistance, is not 

always adequate for practical and increasingly important polycrystalline 

ceramic materials. The desirable material phenomena which complicates the 

failure analysis is the rising resistance to fracture with crack extension or rising 

R-curve behaviour. Several microstructural sources of crack-interface traction 

have been identified as mechanisms capable of providing toughening in these 

materials through in-situ, real-time, microscopy studies of fracture. While 

toughened ceramics are not necessarily accompanied by significant strength 

increases, a practical result of the R-curve behaviour is to increase the like- 

lihood of sustaining larger stable flaws before reaching critical failure con- 

ditions. This offers a tremendous benefit to flaw detection efforts in these 

brittle materials which fail from extremely small cracks. Present efforts are 

directed at enhancing the interfacial restraining effect through microstructural 

modification using controlled ceramic processing techniques. 
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CHAPTER FOUR 

Compressive brittle fracture and 

the construction of multi-axial 
failure maps 

Sheila D. Hallam & Michael F. Ashby 

4.1 Introduction 

Cracks, holes, and inclusions in an elastic solid can interact with a compressive 

stress field in a way which causes new cracks to grow from them. If these 

cracks extend to the sample surface, or if they interact with each other so that 

they grow in an unstable manner, then a macroscopic failure may follow. The 

initiation and growth of cracks from pores has been considered by Sammis & 

Ashby (1986): that from small angled cracks is analysed by Nemat-Nasser 

& Horii (1982), Cooksley (1984), and Ashby & Hallam (1986). In this chapter 

we consider the growth of cracks in compressive stress states and how they 

interact to cause a macroscopic failure. 

Crystalline ceramics, rocks, and minerals often contain a distribution of fine 

cracks with a size about equal to the grain size: they are caused by thermal or 

elastic stress during earlier thermal or mechanical loading. Acoustic and 

dilatometric studies show that they start to propagate or extend when the axial 

stress reaches about one half of the ultimate failure stress, and microscopic 

observations show that they extend parallel to the compression axis (see, for 

example, Paterson 1978). 

Their subsequent behaviour depends on the confining pressure, as shown in 

Figure 4.1. Simple axial or radial compression, shown in Figures 4.la and 

4.1d, causes one or a few cracks to propagate and combine to give failure on 

planes parallel to the maximum, compressive stress (‘slabbing’). A modest 

confining pressure prevents this unlimited crack growth; failure then occurs 

by the interaction of cracks to give the macroscopic shear failure shown in 

Figure 4.1b. Larger confining pressures limit the growth of individual cracks 

even further, and the sample deforms in a pseudoductile way with large-scale 

deformation taken up by many short, homogeneously distributed micro- 

cracks, shown in Figure 4.lc. 

84 



S. D. HALLAM & M. F. ASHBY 

; : 
| 
| 

i 

€ 

€4=2-10% €; =5-15% 

€ e 

(a) (b) (c) (d) 

Figure 4.1 Failure modes in compression: (a, d) slabbing; (b) linking of cracks to form a shear 

zone; and (c) near-homogeneous deformation by distributed microcracking. (Reprinted with per- 

mission from Acta Metallurgica 34, Hallam & Ashby, Copyright 1986, Pergamon Journals Ltd.) 

The tensile fracture of a brittle solid is relatively simple and well understood: 

a single flaw (the longest or most favourably oriented) propagates in an un- 

stable manner when the stress intensity at its crack tip exceeds the critical 

stress intensity (or fracture toughness), Kc, of the solid. The mechanics of 

compressive brittle fracture is more complex and less well understood. Early 

attempts considered a critical shear stress criterion for failure (Coulomb 1773). 

Subsequent work generally starts from the stress field of an elliptical flaw and 

calculates the conditions under which a crack first initiates at some point on 

its surface (e.g. Griffiths 1924; McClintock & Walsh 1962; Murrell 1963, 1965; 

Murrell & Digby 1970a,b): this initiation stress was often assumed to corre- 

spond to failure. But the propagation of the microcracks in a compressive 

stress field is, initially, stable, meaning that a progressively higher stress is 

needed for each further increment of crack length: the initiation process does 

not correspond to final failure (e.g. Hoek & Bieniawski 1965, Kobayashi 1971, 

Cooksley 1984, Nemat-Nasser & Horii 1982, Ashby & Hallam 1986). 

In this chapter we summarize recent calculations of Cooksley (1984) and 

Ashby & Hallam (1986), concentrating on the main results rather than the 

detailed derivations (which can be found in the source references). The basic 

problems described include the initiation and stable growth from a single iso- 

lated crack in a compressive stress field, and the interaction process leading to 

final failure. The results allow the construction of a failure surface in stress 

space, which shows the combination of stresses required for failure. This is 

combined with yield and creep failure surfaces to show how changes of failure 

mechanism occur as the confining pressure or the temperature are changed. 
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4.2 The isolated crack in an infinite plate 

4.2.1 Experimental observations 

A series of experiments was carried out on single cracks cut into sheets of poly- 

methyl-methacrylate (PMMA) and loaded in a uniaxial compressive stress 

field. PMMA is a homogeneous isotropic brittle material that can be drilled 

and cut with a fretsaw to study compressive crack growth. The series of photo- 

graphs in Figure 4.2 shows the response of one such isolated crack to a 

steadily increasing stress — the compression axis is vertical. The starter crack, 

shown in the first photograph, was about 14 mm long in a plate 10 mm thick, 

170 mm high, and 100 mm wide, and at an angle of 45° to the applied load. 

At a stress level of 39 MPa (second photograph) two ‘wing’ cracks initiated 

at the tips of the original crack. The subsequent growth of the crack is illus- 

trated in the remaining photographs: it is stable — that is, an increasing load 

was needed for each increment of extension. 

Experiments were carried out on cracks at various angles, ¥, to the com- 

pressive stress axis and on plates of various widths. Typical data for single- 

crack growth are plotted in Figures 4.3 and 4.4 using normalized axes. The 

length of the wing cracks / is plotted in units of a, the half-length of the initial 

crack; and the compressive stress, o, is plotted in units of Kic]{(xa), where 

Kic is the fracture toughness of PMMA (K7yc = 1.0 MPam!?”? for slow crack 

te eee 

0 39 49 55 62 67 MPa 
Figure 4.2 A sequence of photographs of wing-crack initiation and growth under progressively 
higher compressive stress. (Reprinted with permission from Acta Metallurgica 34, Hallam & 
Ashby, Copyright 1986, Pergamon Journals Ltd.) 
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Figure 4.3. Wing-crack growth in PMMA in simple compression, showing the influence of the 

initial crack angle. (Reprinted with permission from Acta Metallurgica 34, Hallam & Ashby, 

Copyright 1986, Pergamon Journals Ltd.) 
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Figure 4.4 Wing-crack growth in simple compression, showing the influence of specimen width. 

(Reprinted with permission from Acta Metallurgica 34, Hallam & Ashby, Copyright 1986, 

Pergamon Journals Ltd.) 
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growth; Marshall & Williams 1973). Physically Kic|{(7a) represents the ten- 

sile fracture stress of a crack of the same length orientated perpendicular to 

a tensile stress field in the same material. The influence of the angle y of the 

starter crack is shown in Figure 4.3. Cracks which lie near 45° to the compres- 

sion axis grow at the lowest stress levels, although all those in the range 30-60" 

initiated their wing cracks at nearly the same stress. The influence of the width 

of the sample on crack growth is shown in Figure 4.4. The cracks grow much 

more easily in narrow samples, indicating a strong interaction between the 

crack and the surface parallel to which it grows (an observation which is 

important to the understanding of crack interaction). 

4.2.2 Wing-crack initiation 

Wing cracks initiate from inclined flaws because the shear stress acting on the 

crack causes sliding, producing tensile stress concentration zones at the crack 

tip (Fig. 4.5). Cracks aligned parallel or perpendicular to the applied stress 

should, in theory, never extend as no shear stresses are generated on their 

crack surfaces. If the stress level is steadily increased from zero, a critical ten- 

sile stress is eventually reached at which wing cracks initiate and grow into the 

tensile zone. 

Consider an infinite elastic plate containing an initial crack of length 24a, at 

an angle y to the compression axis, and subjected to principal stresses o; and 

o3 (Figure 4.6). The stresses are treated as positive when tensile, and negative 

FENSILE 

TENSILE 
Figure 4.5 Shear stresses acting on angled cracks generate zones of concentrated tensile stress at 
the crack tip. 
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[peal 
Figure 4.6 The stress fields involved in analysing wing-crack initiation. (Reprinted with permis- 

sion from Acta Metallurgica 34, Hallam & Ashby, Copyright 1986, Pergamon Journals Ltd.) 

when compressive. o; is the most compressive stress and 03 the least principal 

stress. The remote stress field generates shear (o,,) and normal (o;,) stresses 

on the crack plane, where: 

Oy = nee sin 2y (4.1a) 

and 

_ ©3537 Ui C3010 
+ a cos 2 (4.1b) 

(It is implicit in the sign convention that oxy is always positive and ox, is always 

negative.) If the crack surfaces are in contact, the normal stress is transmitted 

directly across the crack and does not produce any crack-tip stress concen- 

trations. The shear stress tends to make the crack surfaces slide; but because 

the cracks are closed, a frictional stress, woxx, opposes the sliding (» is the 

coefficient of friction between the crack surfaces). Then the effective sliding 
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stress 1S 

Oxy = Oxy + MOxx (4.2) 

This stress is intensified by the crack, so that a singular stress field, 

characterized by the quantity ory,|(1a), appears at its tips. In the plane of the 

initial crack this field is predominantly shear in character, but on planes which 

lie at an angle 6 to the crack tip (Fig. 4.6) a normal tensile stress appears, tend- 

ing to cause a mode I (opening) crack to grow from the tips of the initial flaw. 

The stress field at the tip of a sliding crack is known (Williams 1957). The 

crack is assumed to propagate in a direction 6 which maximizes the tangential 

tensile stress o99 (0=70.5-). In a solid containing a random distribution of 

cracks, the first crack to propagate will be that at which the critical tensile 

stress is first reached. This is found by maximizing the stress with respect to 

flaw angle, giving a critical flaw angle y of 

y=} tan '(1/n) (4.3) 

The corresponding normalized stress of crack initiation is given by: 

ofna_ — 3 (4.4) 
Kies eC) ie) ee 

where } is the ratio of the principal stresses (\ = 03/01). 

WING -CRACK 

INITIATION STRESS 

= Nn 

S 

NORMALISED STRESS -c, /1a/K,. 

5 

INITIATION y 

IN TENSION ~~ Pee INITIATION 
(EQN 5) = IN COMPRESSION 

(EQN 4) 

@) 
15) i Oue) 0 0.5 1.0 

STRESS RATIO A= 95 /o, 

Figure 4.7 Wing-crack initiation in an infinite plate as a function of friction coefficient. 
(Reprinted with permission from Acta Metallurgica 34, Hallam & Ashby, Copyright 1986, 
Pergamon Journals Ltd.) 
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When 0; is sufficiently positive, a tensile fracture will occur from cracks 

where 0 = Y = 0 and the initiation condition becomes 

ONGEG) AKAN Pon hoe (4.5) 
Kic d 

This second criterion truncates the first. The initiation conditions are plotted 

in Figure 4.7. 

Strictly, these equations are only valid when o,, is compressive. When it is 

tensile the crack opens and the frictional force disappears: in addition, the nor- 

mal stress is now concentrated by the crack, giving a new term in the equation 

for the stress intensity. This calculation is covered in detail by Cooksley (1984) 

and briefly by Ashby & Hallam (1986). It provides a smooth transition from 

the closed-crack solution to the tensile truncation. For most purposes, it is ade- 

quate to approximate crack initiation by equation (4.4) truncated by (4.5). 

4.2.3 Wing-crack growth 

Once wing cracks have initiated, further sliding of the main crack wedges them 

open (Fig. 4.8), causing them to grow further. The relationship between axial 

stress and crack length is approximated by (Ashby & Hallam 1986): 

ora _ -(1+ L)?”? (4.6) 
Kee (ear )) =4 S023 ste i 

where L =//a. 
Physically, this result incorporates three régimes: when L is zero, the stress 

intensity is determined by shear of the initial crack and (4.6) reduces to (4.4), 

the initiation condition. When L is about unity (although it depends on )), 

the stress intensity is dominated by the wedging open of the wing cracks caused 

by the sliding of the initial angled crack, and is not much influenced by the 

confining stress. Finally, when L is large the stress intensity is greatly influ- 

enced by the confining stress (because it acts on the entire crack length, 

2(/+ a), whereas o; can be thought of as acting only on the angled segment 

of the crack of length 2@). When is zero (simple compression) the crack 

grows in a stable manner such that, for large L, 

times iT 
= (4.7) 

Kae 0. 23( 1) 

Equation (4.6) is plotted as full lines in Figures 4.9, 10 & 11 for three values 

of the coefficient of friction. Where possible, the results have been compared 

with those of Nemat-Nasser & Horii (1982), who used a Green’s function 

method (broken lines). Figure 4.9 is for zero friction: it shows a plot of 
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Figure 4.8 Schematic of wing-crack growth from an angled crack in a compressive stress field. 

(Reprinted with permission from Acta Metallurgica 34, Hallam & Ashby, Copyright 1986, 

Pergamon Journals Ltd.) 
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Figure 4.9 Wing-crack growth in an infinite plate with zero friction and comparison with the 

results of Nemat-Nasser & Horii (1982). (Reprinted with permission from Acta Metallurgica 34, 

Hallam & Ashby, Copyright 1986, Pergamon Journals Ltd.) 
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Figure 4.10 Wing-crack growth in an infinite plate with a friction coefficient of 0.3. (Reprinted 

with permission from Acta Metallurgica 34, Hallam & Ashby, Copyright 1986, Pergamon 

Journals Ltd.) 
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Figure 4.11. Wing-crack growth in an infinite plate with a coefficient of friction of 0.6. 

(Reprinted with permission from Acta Metallurgica 34, Hallam & Ashby, Copyright 1986, 

Pergamon Journals Ltd.) 
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normalized stress against normalized crack growth for nine values of the stress 

ratio, on log scales. The results are in good agreement with the numerical 

results throughout the entire range of interest. Similar plots, and comparisons 

for other coefficients of friction, are shown in Figures 4.10 & 11. It is clear that 

the analogue model underlying the approximate equation properly describes 

the important features of the dependence of normalized stress on crack 

extension. The result of Steif (1984) is also shown in Figure 4.9 (dotted line): 

it gives roughly the same shape as equation (4.6) but differs from it and the 

numerical result by a factor of two or more. 

The important features of the results are seen in the figures. Crack growth 

is stable if \ is zero or positive, but a small tension (\ negative) leads to a peak, 

beyond which the crack becomes unstable. This means that the growth of a 

single crack in uniaxial or confined compression is a stable process, but even 

a very small lateral tension causes an instability and failure. 

4.3 Crack interaction 

4.3.1 Experimental observations 

Experiments were carried out on arrays of three cracks machined into PMMA 

sheets, loaded in simple compression. The experiments carried out to investi- 

gate the effects of the crack vertical and horizontal separation are summarized 

in Figure 4.12. Experiments k, 1, m, and n all showed similar results, and a 

series of photographs taken for test m is shown in Figure 4.13. The cracks 

initiated and started to grow as if they were isolated; but above a critical stress 

level they interacted and extended rapidly until their tips were approximately 

level with the centre of the adjacent crack. Any additional stress increase 

beyond this point only produced very small crack growths. These crack- 

growth results are illustrated graphically in Figure 4.14. The critical condition 

for the crack to extend rapidly was very sensitive to the vertical separation of 

the cracks and almost insensitive to the horizontal separation. The results sug- 

gest that interaction becomes important when the crack length (/+ a|,|2) 

exceeded some fraction F of the vertical separation, v, of the cracks: 

1+ a] J2 = Fv (4.8) 

F is a constant that is observed to be about }. The interaction of these cracks 

did not, however, correspond with plate failure (a maximum in the applied 

stress). The load was observed to increase even after the crack interaction. The 

origin of this may be illustrated by test p, in which the relative crack orien- 

tations were altered (Fig. 4.15). This test started in a similar manner to the 

previous tests. Wing cracks initiated on the starter cracks, and showed a 

critical stress when they rapidly extended to the adjacent crack. Then followed 
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Figure 4.12 A summary of crack interaction tests. 
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Figure 4:13 A sequence of photographs of crack interaction under progressively higher com- 

pressive stresses. The upper and lower cracks do not reach the edge of the plate. 
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Figure 4.14 Centre wing-crack growth in a three-crack array as a function of crack separation. 

(Reprinted with permission from Acta Metallurgica 34, Hallam & Ashby, Copyright 1986, 

Pergamon Journals Ltd.) 
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Figure 4.15 A sequence of photographs of crack interaction under progressively higher com- 

pressive stresses. The upper and lower cracks do reach the edge of the plate. 
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a period of relative inactivity when the stress was increased with very little 

increase in crack extension (up to about 44 MPa). At this point something 

really very different started to happen (final photograph). Large shear 

displacements occurred, with associated crack opening. The important occur- 

rence in this test, which did not happen in the others, was that the wing cracks 

from the upper and lower flaws linked with the upper and lower edge of the 

PMMA plate. This provided a failure mechanism: the plate was free to shear 

along the damaged plane, whereas in the previous cases the failure band had 

been contained by surrounding material. This leads to the conclusion that, in 

a material containing distributed microcracks throughout its bulk, failure is 

likely to be associated with the crack interaction process (4.8). Where micro- 

cracks are not distributed throughout the bulk it is necessary to form a failure 

mechanism to allow fault formation to occur. In the test samples, which con- 

tained the few central cracks, macroscopic failure could only occur when the 

extreme fractures reached the plate boundary. Crack interaction and shear is 

the process that is believed to happen in the type of failure described in 

Figure 4.1b. In Figure 4.1c the confining stress is sufficiently high to prevent 

the wing cracks growing to a sufficient length for the crack interaction process 

to take place. The strength would then increase until another failure mode 

occurred. 

4.3.2 Fracture criterion 

The previously described observations of interacting cracks lead to a model for 

crack interaction in a solid containing many cracks. 

If we assume that failure is governed by the crack interaction criterion 

described by a critical normalized crack extension, L*, then the resulting fail- 

ure criterion, derived from (4.6) becomes: 

eT OT 
o3= = (4.9) 

Say ape: A(1+u+2e) 

where 

1 * es: 

or = Kic|Jaa, and o; and o3 are the most compressive and least compressive 

principal stresses, respectively. When normalized by the simple compressive 

strength, oc, the failure criterion becomes 

Cees ho) eee fe y (4.10) 
Os (144484) x 0.4 



Figure 4.16 Fracture data for various brittle rocks compared to fracture initiation and failure 

surfaces for friction coefficient of 0.3. 

Figure 4.17 Fracture data for various brittle rocks compared to fracture initiation and failure 

surfaces for a friction coefficient of 0.6. 
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For a constant value of L these criteria show a linear increase in strength with 

confining pressure, the same form as the original Coulomb criterion. The 

solution is independent of the intermediate principal stress. 

Hoek & Bieniawski (1965) present a large amount of data for many rocks 

normalized by the compressive strength for axisymmetric loading. Their data 

are reproduced, with failure surfaces for various values of L*, in Figure 4.16 

for » = 0.3 and in Figure 4.17 for » = 0.6. The failure of the rocks can indeed 

be identified in terms of a critical crack growth. The scatter in the results would 

be expected, as different rocks would have different values of the coefficient 

of friction and initial number of cracks per unit area. For a large volume of 

data a value of L*=0.5 described the best failure surface. 

4.4 Miulti-axial failure maps 

Solids which are brittle in tension become plastic under sufficiently large con- 

fining pressures. Yield and creep criteria can be combined with the current 

work on brittle fracture to construct surfaces in stress space to indicate the 

interaction of these mechanisms. Data have been assembled in Cooksley (1984) 

for a number of potentially brittle materials (granite, sandstone, concrete, 

marble, cast iron, rock salt, and ice), and diagrams have been constructed 

which match the data. The general methodology is described here, together 

with the results of the above studies. The reader is directed to the source for 

more detailed information. 

4.4.1 Yielding 

If fracture is suppressed by applying a sufficiently large hydrostatic pressure, 

materials yield plastically when the von Mises equivalent stress becomes equal 

to the yield strength: 

0 = Oy 

where 

2a? = (01 — 02)” + (62 — 93)? + (03 — 01)? (von Mises) 

or 

o= 01, — 03 (Tresca) 

where gy is the yield stress in simple tension. Both criteria are adequate approx- 

imations to the yield surface, but the von Mises criterion has the additional 

advantage of being a smooth function over ali stress space, and is the more 

convenient of the two for use in the mapping process. 
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Large hydrostatic pressures, p, can raise the yield strength significantly. 

Studies on steels show a linear increase in the material property o, with 

pressure: 

oy/op =1+ap|K° 

where 

af is the yield strength, and K° the bulk modulus at atmospheric temperature 

and pressure. The value of a is about 10 for metals, and about 5 for minerals 

and silicates. Pressure influences fracture far more strongly than yielding, so 

it is normal to find a transition from brittle to ductile behaviour with increas- 

ing pressure. 

Temperature also influences the yield strength, and its effects can be allowed 

for in a similar way: 

Oy (T- 300) 

ae live 

where 

- Tm doy 

ite a, dr 

and 7) is the melting-point temperature. The value of 6 is roughly 4 for metals 

and ceramics near room temperature. 

4.4.2 Creep deformation 

Solids can deform plastically at an equivalent stress less than the yield strength 

if the homologous temperature is sufficiently high. The mechanism, creep, is 

a diffusion-controlled process, and is not usually important unless 7/7) is 

greater than 0.5 for a ceramic or greater than 0.3 for a metal. The creep 

behaviour of materials is usually studied under constant stress, and three 

régimes are identified. Initially, the plastic strain rate, €, decreases with time, 

t, in the régime known as transient or primary creep. This is followed by a 

stage lasting perhaps some 90% of the lifetime, in which é€ is proportional to 

t, referred to as steady state or secondary creep. In the final or tertiary stage 

a rapid increase in strain rate occurs. In the steady state creep régime, the 

strain rate is related to the stress by an Arrhenius law: 

€= Ao" exp — Q/RT 
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where é is the equivalent strain rate defined by: 

2 ¢? = (€ = 2)? == (€2 = &3)? oF (€3 = €1)? 

The exponential, 1, is unity for diffusional flow and in the range 3—10 for 

power-law creep; Q is the activation energy of the process, R is the universal 

gas constant, and A is a material constant. 

In many cases, the situation of interest is not the application of a steady 

stress but of an enforced deformation rate. For ice it has been shown that the 

constant stress producing a steady state creep rate in a creep test corresponds 

almost exactly with the peak stress or strength in a constant strain rate test at 

the steady state creep rate. This means that the strength of such a material can 

be treated as a rate-sensitive yield stress. For a given temperature and strain 

rate, a simple von Mises yield surface is obtained. If either temperature or 

strain rate is fixed, a series of ‘creep-yield’ surfaces can be generated, cor- 

responding to a variation in the other. 

In rocks and ceramics, however, creep due to stress-corrosion-enhanced 

subcritical crack growth is generally more important than the power-law creep 

described here, especially at low homologous temperatures. Stress-corrosion 

creep may be modelled in a similar manner incorporating the appropriate 

dependence of deformation rate on stress (Costin 1983, 1985). This mechanism 

is not considered here since the deformation rates involved are not normally 

considered by engineers. The reader is referred to Atkinson & Meredith (1987), 

Guguen etal. (this volume), and Meredith (this volume) for a review and 

discussion of stress corrosion. 

4.4.3 Map construction 

The failure criteria that have so far been discussed are essentially three- 

dimensional in nature. The failure surfaces can be represented in two dimen- 

sions by selecting a stress state such as plane stress, plane strain, or 

axisymmetry. This reduces the number of independent variables (stresses) to 

two. In addition, it is assumed that in constructing the diagrams all loading 

is proportional and monotonic, and thus a fixed trajectory in stress space is 

followed to fracture. 

The maps presented here, by way of example, are for axisymmetric loading 

(a2 = 03), as this is generally the most useful. The equivalent shear stress and 

shear strain then reduces to: 

and 

p= —F(o1 + 203). 

101 



COMPRESSIVE BRITTLE FRACTURE AND FAILURE MAPS 

The axisymmetric map for granite is shown in Figure 4.18. The granite fails 

in a brittle mode at all confining pressures at engineering rates of strain, and 

shows a linear increase of strength with confining pressure. A similar surface 

for many concretes, normalized by the compressive strength is shown in 

Figure 4.19. 

The failure map for Carrara marble is shown in Figure 4.20. The marble 

is brittle in uniaxial tension and compression, but shows a brittle-to-ductile 

transition with increasing confining pressure. 

Cast iron (Fig. 4.21) is brittle in tension, and very close to the brittle-to- 

ductile transition in uniaxial compression. With increasing confining pressure 

independent yielding would be expected. 

Ice and rock salt are materials which deform by power-law creep under some 

conditions of temperature and strain rate, and are brittle under others. In 

Figures 4.22 & 23 is shown a family of creep yield surfaces for these materials 

at a fixed temperature and a variety of strain rates. In Figure 4.24 it is shown 

how the mapping ideas can be used to predict the deformation behaviour at 

other temperatures if the thermal activation energy, Q, is known. To interpret 

these diagrams, consider Figure 4.22. At very low strain rates, less than about 

10-°s~', pure polycrystalline ice is ductile in tension, compression, and 

confined compression. At a higher rate of loading in the range 10° °-10~7s~! 

—700 —600 —500 
St + 

E PROPAGATION | 
Cie Ow 

FRACTUR 
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Oo FRANKLIN (1971) 
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Figure 4.18 Multi-axial failure map for granite. 
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Figure 4.19 Multi-axial failure map for concretes. All data is normalized by the uniaxial com- 

pressive strength. 
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Figure 4.20 Multi-axial failure map for Carrara marble. 



FRACTURE PROPAGATION 

—1200 —1000 

co PUGH AND GREEN (1964) 20°C 

© CROSSLAND AND DEARDEN (1958) 20°C 

exe vey © COFFIN AND SCHENECTADY (1950) 20°C 

Figure 4.21 Multi-axial failure map for cast iron. 
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Figure 4.22 Multi-axial failure map for pure polycrystalline ice at — ere 
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Figure 4.23 Multi-axial failure map for rock salt at approximately 20°C. 
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Figure 4.24 Derived multi-axial failure map for rock salt at approximately 200°C. 
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the ice is brittle in tension but ductile in compression. At higher strain rates 

the ice is brittle in tension and compression, and shows a brittle-to-ductile 

transition with confining pressure. 

4.5 Summary and conclusions 

The results of a study on compressive brittle fracture have been described and 

modelled in terms of wing-crack initiation, extension, and interaction to fail- 

ure, as a function of confining pressure. The resulting fracture surfaces have 

been plotted on axes of stress, with failure surfaces corresponding to other 

ductile failure mechanisms, to illustrate how the failure mechanism may 

change as a function of confining pressure, temperature, and strain rate. 

The fracture failure surface, derived from a simple approximate model for 

crack interaction, was of the same form as that originally proposed by 

Coulomb (1773). The advance in understanding concerns the micro- 

mechanisms, allowing rational extrapolations for the influence of such 

parameters as grain (crack) size, crack density, etc., on the brittle strength. 

The application of damage mechanics (current work) may improve the 

approach to the crack interaction problem further. 

Multi-axial failure maps provide a useful tool in the understanding of the 

failure strength and deformation mode for materials which undergo a brittle- 

to-ductile transition. One such area of application is in the calculation of 

pack-ice forces on offshore structures in the Arctic as a function of the ice tem- 

perature, ice velocity, and the degree of confinement during contact (Hallam 

& Nadreau 1987). 
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CHAPTER FIVE 

Brittle-to-ductile transitions in 

polycrystalline non-metallic 
materials 

Stanley A. F. Murrell 

5.1 Introduction 

5.1.1 Isomechanical solid behaviour (plasticity, creep, and cleavage): 

deformation-mechanism maps 

At room temperatures and pressures minerals, ceramics, and rocks have only 

limited ductility, and this distinguishes them from most metals. The 

characteristic strength and brittle or ductile deformation behaviour of crystal- 

line solids is determined by the nature of their atomic bonding and crystal 

structure. Thus Frost & Ashby (1982) have recognized 21 isomechanical 

groups in their study of deformation mechanism maps to represent the plas- 

ticity and creep behaviour of metals and ceramics. The behaviour of the solids 

belonging to any particular isomechanical group is closely similar and clearly 

different from that of solids belonging to the other groups. Their study 

covered the cubic, tetragonal, hexagonal, and trigonal crystal systems, 

together with the orthorhombic olivines, in particular the forsterite end 

member. These materials may be broadly classified into seven groups (of which 

three are the three classes of metals with cubic crystal structures — f.c.c., b.c.c, 

and h.c.p.), showing a progression of plastic flow properties (Frost & Ashby 

1982, Tables 18.3 & 18.4) and of cleavage properties (Kelly, Tyson & Cottrell 

1967; Gandhi & Ashby 1979, Table 4 & Fig. 28). These are illustrated in Table 

ira b 

5.1.2 Factors governing ductility and flow stress 

An important factor governing ductility is the multiplicity of low-strength slip 

systems available for polycrystal plasticity without the production of voids 

(cracks). The von Mises criterion requires five independent systems to maintain 

material continuity at grain boundaries. This is discussed in detail by Kelly 
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Table 5.1 Examples of isomechanical groups.” 
ee 

Group Crystal structure Examples Number of 

independent slip 

systems (easy 

glide) 

metals Fetes (Pb, Cu, Ni) 5 

b.c.c. transition (a-Fe, W) 5 

h.c.p (Zn, Mg) Z 

ionic solids rock salt cubic 

(alkali halides) (NaCl) 2 

rock salt cubic 

(simple oxides) (MgO) 2 

ionic-covalent solids rhombohedral 

(oxides) (Al,O3) 2 

orthorhombic 

(silicates) (Mg2SiOz) 2 

covalent solids diamond cubic 

(elements) (Si, Ge, C) 5 

hexagonal 

(compounds) (SiC, Si3;N4) 2 

hydrogen-bonded solids hexagonal (H20) 2 

*See Tables 5.5 and 5.8 for examples of mechanical properties. 

(1966) (see also Groves & Kelly 1963, who give a simple test for the number of 

independent systems). The multiplicity of slip systems (and hence the ductility) 

depends both on the symmetry of the crystal system to which a solid belongs 

(cubic crystals having greater possibilities of achieving five independent slip 

systems), and also on the bonding (ionic crystals typically have fewer than five 

independent slip systems; see Table 5.1). 

However, ductility also requires that the available independent slip systems 

be operative at comparable critical resolved shear stresses, and that the slip be 

flexible in the sense that cross-slip and slip-band interpenetration readily 

occur. The behaviour of magnesium oxide (MgO) in this respect exemplifies 

that of many non-metallic materials (see Table 5.2). 

The behaviour of the diamond cubic elements (C, Si, Ge) and of b.c.c. iron 

(a@-Fe) shows, however, that even when there are five independent slip systems 

operating, the nature and behaviour of the slip dislocations (in particular their 

cores), which are strongly affected by the bonding character, have a marked 

influence on ductility and strength. The important factor is the shear stress, 

Tp (the Peierls stress), required to move a straight dislocation. Kelly (1966) 
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Table 5.2 Plastic behaviour of MgO. 
ee ee eee 

Temperature Behaviour 

<350°C slip on {110}<110); only two independent slip systems; single crystals 

and polycrystals fully brittle 

>350°C slip on {110}<110) and on {001}<110) (dislocations cross-slip from 

{110} planes); this gives five independent slip systems 

(a) close to 350°C CRSS* for {001 }<110) dislocations = 10 x CRSS for {110}<110) dis- 

locations; cracks occur where {110} slip bands are impeded by other 

slip bands or grain boundaries; polycrystal ductility limited (~0.01 

strain at failure) 

(b) at 1200°C ratio of CRSS values falls to about 3 

(c) at 1500°C CRSS values equal; slip lines wavy but slip bands still cannot 

interpenetrate sufficiently 

(d) at 1700°C slip bands interpenetrate fully, and polycrystals are fully ductile 

“RSS is the critical resolved shear stress. 

gives an extensive discussion of this. Cottrell (1953) shows that: 

Tp = {2G/(1 — v)} exp (— 47f/bd) (S31) 

where ¢ is the width of the dislocation, given by 

§ = Gb/2a(1 — ») tm (532) 

and 7), is the theoretical shear strength of a perfect crystal, given by Frenkel’s 

formula (Kelly 1966) 

tm = Gb) 20h (5.3) 

where G is the shear modulus, b is the magnitude of the Burgers vector, vy is 

the Poisson ratio, and h is the interatomic spacing perpendicular to the slip 

plane. Thus the higher the value of 7»/G the larger the value of 7,/G. Values 

of tm/G calculated by Kelly range from 0.034 (for zinc) to 0.24 (for diamond) 

(see Table 5.3). ¢ also depends on the ratio, R, of central to non-central forces 

between the atoms of a crystal. When R and G/7 are both small then disloca- 

tions are narrow (small ¢), and difficult to move because the Peierls stress tp 

is large. tp is smaller for close-packed planes of atoms. Recently calculated 

values of the Peierls stress are compared with experimental estimates in Table 

5.4. 
In f.c.c. metals and in alkali halides, the Peierls stress is small and the flow 

stress is limited by elastic interaction between freely moving dislocations. 
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Table 5.3 Theoretical shear (7) and cleavage (om) strengths of perfect solids (Kelly 1966, Lawn 

& Wilshaw 1975). 
ne EEE EEE EEE EERE 

Material Tm|G tm (GPa) Om| B om (GPa) Tm| Om y 

f.c.c. metal 

Cu (10K) 0.039 1.29 

(20°C) 0.039 ed 0.20 3.9 0.31 0.34 

b.c.c. metal 

a-Fe 0.11 0.66 0.2 4 0.2 0.28 

WwW 0.11 16.5 0.22 8.6 1.92 0.29 

h.c.p. metal 

Zn 0.034 D3} 0.11 0.38 6 

alkali halide 

NaCl 0.12 2.84 0.10 0.43 6.6 

simple oxide 

MgO One 1.6 0.15 Buy/ 0.43 0.18 

covalent solid A 

diamond 0.24 Pil On? 205 5.9 0.10 

quartz 0.15 4.4 0.22 16 0.28 0.17 

Si 0.24 13e7 0.17 32 0.43 0.27 

y is the Poisson ratio; G is the shear modulus; E is the Young’s modulus; 

*$12/Si1 (Kelly 1966, Appendix C). 

However, in covalent crystals the flow stress is limited by the Peierls stress (i.e. 

by interactions between dislocations and the atomic bonds). A dislocation in 

the midglide position in a covalent crystal has an unpaired electron associated 

with it, which is therefore excited from the valence band to the conduction 

band. Gilman (1973) therefore suggests that flow stresses will be strongly cor- 

related with the homopolar component of bonding. 

In ionic crystals both point defects and dislocations are electrostatically 

charged, and this has important consequences for the plastic and cleavage 

properties of ionic and covalent compounds (Poirier 1985; the usefulness of 

the concept of ionicity in modelling defects in solids is discussed by Catlow & 

Stoneham 1983). 

Kelly (1966) points out that low values of the Poisson ratio (vy < 0.25; see 

Table 5.3) and high ratios of indentation hardness to Young’s modulus 

(ratios > 0.01) also correlate with high Peierls stresses. He defines as 

‘inherently strong’ those solids in which dislocations can not normally be 

moved at stresses much below the theoretical shear strength at room temp- 

erature. They have marked directional bonding. For such solids dislocation 

motion is controlled by thermal vibrations of the atoms in the dislocation 

cores, so the onset of plasticity occurs only at high homologous temperatures 

(T/Tm > 0.45—0.65; see Kelly 1966, Table 3.1). 

Gilman (1973) discusses the indentation hardness of different classes of 
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Table 5.4 Peierls stress (Puls 1981). 

Material v Calculated Experimental 

Peierls stress 

(10> 3G) (10> 3G) 

a-Fe 0.28 4-69 ae 
Ww 0.29 18—26 = 
NaCl 0.3 0.75—9.33 0.5* 
MgO 0.18 0.92-3.81 1.0 

* Measured at temperature of 4K. 

solids. The Vickers indentation hardness, H,, is proportional to the yield stress 

oy, but the ratio between them differs for different isomechanical classes. 

Thus, for cubic metals, H,/o, ~ 3, but for cubic ionic solids (such as NaCl, 

MgO and TiC), H/o, ~ 35. In crystals of low symmetry the lower multiplicity 

of slip systems causes plastic anisotropy to become a factor in the yield of 

polycrystals (Gilman 1973). Hardness testing has revealed important correla- 

tions between (a) yield stress and elastic modulus in f.c.c. metals and covalent 

crystals, (b) yield stress, glide activation energy, and the band gaps of electron 

energy levels in covalent crystals, and (c) yield stress and bond length in III-V 

covalent compounds (such as GaP, InP and InSb) and in isomorphous CaF2 

structure compounds (Mg2Si, Mg2Pb, etc.). 

The metal carbides (e.g. TiC) reveal another interesting feature: the bonding 

character, and hence the isomechanical class, can change with temperature. At 

low temperatures these compounds are hard and have a covalent character, 

but at high temperatures they become soft and metallic in character (Atkins 

1973; Gilman 1973; Frost & Ashby 1982, Ch. 11). At homologous tempera- 

tures, 7/ 7m < 0.2, TiC is several times harder than Si and Ge, and =~ 50 times 

harder than Cu, but at 7/7 ~ 0.5, while Si, Ge, and Cu retain their hardness, 

the hardness of TiC drops to a value similar to that of Cu (Atkins 1973). 

The physical characteristics of dislocations (and their effect on plasticity) are 

affected not only by the character of the chemical bonding in the crystals con- 

cerned but also by the steric or packing characteristics of the crystallographic 

structure. The latter causes the splitting of dislocations into partial dis- 

locations separated by stacking faults. Twinning is another example of the 

importance of steric effects. This factor is particularly important in solids, 

such as silicates, which have complex structures. 

5.1.3 Basis for isomechanical classification 

The empirical basis for the recognition of isomechanical groups by Frost & 

Ashby (1982, Ch. 18) was the systematic study by Brown (1980) and Ashby & 

Brown (1981) of the Vickers hardness of single crystals of 25 elements and 

compounds, forming seven distinct groups, over a wide range of temperatures. 
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They found that the best correlation uses temperatures normalized by melting 

temperature (7]/ 7m) (this is closely related to the normalization by GQ/k sug- 

gested by plasticity models (Kocks et al. 1975) where Q is the molar volume, 

and k is Boltzmann’s constant). The best normalization for flow stress or hard- 

ness uses the cohesive energy AH,/Q, but this is hard to measure and the data 

base is poor, so Frost & Ashby (1982) chose to normalize by shear modulus 

G because dislocation line energies are proportional to Gb. An alternative 

normalization uses Young’s modulus £, and in their fracture mechanism maps 

Gandhi & Ashby (1979) normalize the tensile stress by E. 

Problems that occur in developing deformation mechanism maps for miner- 

als, ceramics, and rocks are that in some cases these materials undergo phase 

changes (such as dehydration in serpentine minerals, or polymorphism, e.g. 

calcite—aragonite, or order—disorder transitions, e.g. in albite) and that they 

also may not have a sharply defined melting temperature. In the latter case the 

solidus temperature is chosen (see Brown & Ashby 1980). It might be thought 

that the preparation of maps for multiphase materials (e.g. metallic alloys or 

rocks) would also be difficult, or might not be sensible. However Frost & 

Ashby (1982) and Gandhi & Ashby (1979) successfully constructed maps for 

metallic alloys, and point out that these are the ones which are most likely to 

find practical application. 

5.1.4 Brittle behaviour 

So far we have discussed only the flow stress, measured as yield stress or hard- 

ness, of isomechanical groups. Frost & Ashby (1982, Table 18.4) show how, 

between major isomechanical groups, there is a natural progression of the 

material flow properties 7//G (at 0 K), AF/k7;, and Q,/RTm, where zy is the 

shear stress to overcome obstacles to dislocation motion (either other disloca- 

tions or the Peierls force), AF is the activation energy for glide, and Q, is the 

activation energy for lattice diffusion (see Table 5.5). However, hardness and 

flow stress do not in themselves explain the origin of brittle behaviour and 

notch-sensitivity. 

Table 5.5 Material properties by isomechanical class.” 

Property t ih {OTON Ib) fefe h.c.p. alkali simple covalent ice 

metals metals metals halides oxides solids t 

74 G(x 107) 0 2 | 0.7 P| 3 qi 9 

AF/kT a0 3 3 7,5 10 35 36 

ORI; 18 18 Hy) 23 23 34 26 

oy/K (x 10>?) 0.3 0.9 1.7 2.6 4.0 7 4.7 

“Data from Frost & Ashby (1982) and Gandhi & Ashby (1979), 
+ See text. 
{Including covalent and ionic-covalent solids. 
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ry 

Table 5.6 Classification of brittle behaviour (after Lawn & Wilshaw 1975, Tables 2.2, 4.1 & 6.1). 
ee ee ee EE ee eee ee 

Classification Crack- Materials Work to form Surface Fracture 

initiation unit area of energy, energy class 

mechanism fracture y (JIm~’) 

surface, 

ee Sa) 

highly brittle bond rupture covalent or some Oa 0) diamond 30 T= vy 

ionic-covalent quartz 2.4 

(diamond and ZnS silicon 6.2 

structures, 

silicates, alumina, 

mica, W, carbides) 

semi-brittle bond rupture, some ionic- 1-107 W 2) iy 

dislocation covalent, ionic, NaC eae 

mobility some monocrystal MgO 10.0 

b.c.c. and a-Fe 10.0 

h.c.p. metals Zn 6.4 

polycrystal b.c.c. 107-104 ry 
and h.c.p. metals 

non-brittle dislocation f.c.c. metals, Silo r>y 
mobility some b.c.c. metals 

Since the work of Griffith (1920, 1924) it has been recognized that the origin 

of brittle behaviour lies in microcracks. What physical features cause a solid 

to develop microcracks, and what physical processes cause the cracks to grow 

in a brittle fashion, so that elastic deformation is followed by brittle behaviour 

and fracture rather than by plastic or viscous flow? 

Lawn & Wilshaw (1975) give an excellent review of the fracture of brittle 

solids; see also Meredith (this volume). They recognize several categories of 

solids, classified according to their degree of brittleness (see Table 5.6). 

5.1.5 Strength of perfect solids 

Kelly (1966) gives the expression (following Orowan) for the theoretical tensile 

breaking stress (or cleavage stress) of a perfect solid as 

Om = (Ey/b)'”? (5.4) 

where ¥ is the specific surface energy, and b is the equilibrium atomic spacing. 

From more exact calculations it is found that this expression is, for covalent 

and ionic solids, too large by a factor of = 2. An expression for the theoretical 

shear strength (7) is given above in equation (5.3). Examples of calculated 

strengths of perfect solids are given in Table 5.3. Kelly shows that strong 
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solids, having high values of both om and tm are those having the highest 

density of strong directional bonds. These solids have a combination of high 

elastic moduli, low density, and high melting point, and generally contain one 

of the elements Be, B, C, N, O, Al, or Si. 

5.1.6 Effect of defects on strength 

The measured strength of real solids is controlled by defects: mobile disloca- 

tions in plastic solids, and surface steps, cracks, and notches in brittle solids. 

Griffith (1920) recognized the crucial réle of microcracks in brittle behaviour 

and he derived an expression for the tensile strength of a cracked solid. On the 

basis of energy considerations (Murrell 1964, Kelly 1966) the strength is 

or = {2ET/a(1 — v”)c}'”? (5.5) 

for a crack of length 2c in plane strain. By considering the stress concentration 

at the crack tip we arrive at an alternative expression, which includes the crack- 

tip radius p and the interatomic spacing b (Murrell 1964): 

or = (1.09ET p/4cb) (5.6) 

For brittle solids p = b and the two expressions are numerically very close. In 

very brittle solids I’ is the specific surface energy y, but where cleavage is 

accompanied by surface damage (by microplasticity or cracking) the value of 

I’ may be much larger than y (see Table 5.6). This was first recognized by Irwin 

(1948) and Orowan (1949). I’ is now known as the fracture surface energy 

(Lawn & Wilshaw 1975; Meredith, this volume), and is closely related to the 

parameter known as fracture toughness. 

The role of dislocations in the plastic behaviour of crystalline solids was rec- 

ognized later (1934) by Taylor, Orowan, and Polanyi (see Cottrell 1953). The 

critical shear stress, tp, required to move a dislocation (the Peierls stress) is 

given by equation (5.1) above. 

5.1.7 Brittle and ductile behaviour of crystals 

Kelly, Tyson & Cottrell (1967) showed that the division of crystals into brittle 

and ductile types could be made on the basis of the ratio om/7m. A high ratio 

gives ductile behaviour. This is relevant to the brittle or ductile behaviour of 

microcracks, which is discussed by Digby & Murrell (1975). Rice & Thomson 

(1974) have calculated the stability of a sharp cleavage crack against blunting 

due to emission of a dislocation, and they arrived at a classification which is 

essentially similar to that of Kelly, Tyson & Cottrell (1967). The important 

factors are the ratio y/Gb and the dislocation width ¢. Small values of these 

factors (in particular y/Gb < 0.1), which also correspond to small values of 

Om|Tm, give rise to brittle behaviour. 
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5.1.8 Fracture and flow 

A solid subjected to compressive loading will flow if it is ductile (e.g. by plastic 

flow, by creep, or by cataclastic flow — see below), but it may fracture (by split- 

ting or by shear faulting) if it is in a brittle condition (e.g. rocks at room 

temperature and pressure). 

Solids subjected to tensile loading, with the exception of most f.c.c. metals 

and their alloys, fail by cleavage at sufficiently low temperatures. Otherwise 

they fail by ductile fracture through void growth brought about by plastic 

flow, or at higher temperatures by a transgranular or intergranular creep pro- 

cess, or by diffusional grain-boundary flow; but if no void growth mechanism 

exists the stretched solid eventually becomes mechanically unstable and rup- 

tures by highly localized deformation (see Gandhi & Ashby 1979). Tensile 

creep fracture in ceramic polycrystals has recently been reviewed by Porter, 

Blumenthal & Evans (1981) and Hsueh & Evans (1981). Cavities appear to 

nucleate with a spheroidal shape at grain junctions, but rapidly grow into a 

cylindrical shape. These are called equilibrium cavities. Under stress these 

eventually grow into crack-like cavities, which in due course coalesce to form 

fractures. In multiphase ceramics at high temperatures a liquid phase may be 

present at grain boundaries and may have a dominant effect on creep fracture 

(Tsai & Raj 1982). 

The temperatures at which transitions occur between these various failure 

modes depend on the strain rate, which strongly influences plasticity and creep 

mechanisms, and on the applied stress system (i.e. on the magnitude and sign 

— tensile or compressive — of the hydrostatic component of the stress tensor, 

and on the magnitude of the deviatoric component), since the latter strongly 

affects the nature of fracture. 

The purpose of this chapter is to discuss these transitions, and to present 

methods of mapping the fields of operation of the deformation and fracture 

mechanisms, with allowance for the influence of the applied stress system. 

5.2 Effect of temperature (7) and strain rate (€) on plastic flow 

and brittle cleavage 

Brittle cleavage characteristically occurs at low temperatures in solids for 

which the plastic flow stress is higher than the fracture stress. While cleavage 

is only weakly dependent on 7 and é€ (which do not strongly influence the elas- 

tic moduli or specific surface energy; see equation (5.4) above), the plastic flow 

and creep stresses are strongly dependent on the strain rate, and also depend 

very strongly on temperature, especially at high temperatures, since these latter 

deformation processes are thermally activated. Associated with the wide varia- 

tion of plastic strength there is a range of different mechanisms of flow, and 

correspondingly a range of fracture mechanisms in which plasticity interacts 
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with the crack nucleation or propagation processes. These are shown sche- 

maticaliy on deformation and fracture mechanism maps of the type developed 

by Ashby and his co-workers (Gandhi & Ashby 1979, Frost & Ashby 1982) in 

Figures 5.1 and 5.2, based on the maps for MgO with a grain size 

of 10 um. Important deformation and fracture mechanisms are more fully 

described below. 

The characteristics of these deformation mechanism maps change system- 

atically between the different isomechanical groups, and are also affected by 

grain size. The low-temperature normalized plastic-flow stress increases in the 

progression from the f.c.c. metal group through to the covalent solids and to 

ice, and the area of the map occupied by the diffusional flow mechanism also 

increases in this progression. On the other hand, the area occupied by diffu- 

sional flow increases at the expense of the area occupied by power-law creep 

as the grain size decreases, while at the same time the lines of constant strain 

rate move to lower homologous temperatures (see Table 5.7). In fracture 

mechanism maps the area occupied by cleavage 1/brittle intergranular fracture 

(BIF) 1 (due to pre-existing cracks) increases from zero for the f.c.c. metal 

group to reach its maximum extent for covalent solids and for ice, while at the 

grain size = 10pm 

DYNAMIC FRACTURE 

BRITTLE : 
INTERGRANULAR 
FRACTURE 3 J 

CLEAVAGE 2 or B.|.F. 2 

RUPTURE 

AT RANSGRANULAR 

CLEAVAGE 1 

INTERGRANULAR 

low CREEP FRACTURE LOG NORMALIZED TENSILE STRESS, 9n/E 

€=10'%s 

OM ——, = 

O 0.2 0.4 0.6 0.8 1.0 

HOMOLOGOUS TEMPERATURE, T/T, 

Figure 5.1 Schematic fracture-mechanism map illustrating seven different fracture modes, based 

on a map for MgO with 10 um grain size (after Gandhi & Ashby 1979, Fig. 29). 
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Figure 5.2 Schematic deformation-mechanism map illustrating four different plastic flow 

modes, based on a map for MgO with 10 um grain size (after Frost & Ashby 1982, Fig. 16). 

Table 5.7 Homologous temperature for 

MgO of three different grain sizes at which 

the flow stress is 1 MPa at a strain rate of 

10m smo 

1 pm 10 pm 100 nm 

7] Tn 0.39 0.54 0.9 

Table 5.8 High-temperature bound for 

cleavage 1 in various solids (after Gandhi & 

Ashby 1979).” 

Solid Chin 

W 0.2—0.66 

Mg 0.3—0.55 

NaCl 0.4—0.8 

MgO 0.35—0.6 

SiC 0.2—0.66 

H20 (ice) 0.6—0.9 

i Cleavage | is caused by pre-existing cracks. The 

larger the crack size the lower the strength and the 

higher the temperature up to which brittle cleavage 

1 fracture occurs. The high-temperature boundary is 

marked by creep at a strain rate of 10° '°s~'. At 
smaller crack sizes and higher stresses there is a tran- 

sition to cleavage 2 fracture. 
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same time the area occupied by transgranular creep fracture and rupture 

decreases to become zero for the covalent solids and ice. The temperature 

range of cleavage 1 for various solids is shown in Table 5.8. (Note that 

cleavage 2/BIF 2 is a fracture mechanism in which cracks showing brittle 

behaviour are formed by microplasticity, and cleavage 3/BIF 3 is one in which 

cracks are formed by a higher degree of plastic deformation.) 

5.2.1 Mechanisms of plastic flow and creep 

Frost & Ashby (1982) constructed their deformation mechanism maps by using 

rate equations for several different mechanisms. In this discussion the impor- 

tant mechanisms are as follows. 

5.2.1.1 LOW-TEMPERATURE PLASTICITY 

In this case dislocation glide is limited by forces exerted by other dislocations 

or by obstacles such as precipitates (i.e. second phases), as well as by the lattice 

resistance (the Peierls force). In the former case the strain-rate equation is 

€= C, exp [(—AF/kT)(1 — o;7)] (5.7) 

where C; takes an approximately constant value, set by Frost & Ashby (1982) 

at 10°s~!, o, is the deviatoric stress, T is the temperature, k is Boltzmann’s 

constant, AF is an activation energy (large in this case) to overcome the 

obstacle, and 7 is the athermal shear strength (the flow strength at 0 K). For 

obstacles consisting of other dislocations, or small or weak second-phase par- 

ticles, AF ~ 0.5Gb? and 7 = Gb/l, where G is the shear modulus, b is the 

length of the Burgers vector, and / is the spacing of the obstacles. 

In cases where the lattice resistance is important 

é= C2(a;/G)” exp [(— AF,/kT){1 — (os/7p)°4}477] (5.8) 

where C> has a value set by Frost & Ashby (1982) at 10'!s~', and the activa- 

tion energy AF, (the free energy to form a dislocation kink pair) is in this 

case small (typically 0.1 Gb*) and Tp iS approximately the flow stress at 0 K 

(typically 10°7G) for the hardest slip system. 

The multiplication of and increasing interaction between dislocations during 

plastic deformation causes strain hardening, and this is the dominant process 

in low-temperature plasticity. 

5.2.1.2 HIGH-TEMPERATURE PLASTICITY 

At temperatures above ~ 0.37, for pure metals, ~ 0.47;, for ionically bonded 

ceramics, and = 0.67), for covalently bonded ceramics, the plastic flow stress 
becomes much more strongly dependent on the strain rate. 
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Equations (5.7) and (5.8) show that the low-temperature flow stress is line- 

arly dependent on temperature, and depends only logarithmically on the strain 

rate. If AF is small the exponential term in (5.7) approaches a linear 

dependence on os, and this couples with a dependence on o? of the C; term 

to give a glide-controlled power-law creep relationship, 

é x (a;/G)? (5.9) 

which is thought to be applicable to ice, some ceramics, and to some metals, 

at temperatures below 0.57,,. The cross-slip of screw dislocations is an impor- 

tant aspect of this form of creep at temperatures above 0.27;, (Murrell & 

Chakravarty 1973, Poirier 1985). At still higher temperatures the climb of edge 

dislocations by a diffusive mechanism becomes the rate-controlling process in 

plastic flow, in competition with the strain-hardening process. 

Cross-slip and dislocation climb are key processes in the recovery of solids 

from strain hardening. When the rate of recovery equals the rate of hardening 

the solid undergoes the process of steady-state creep, which is maintained at 

constant stress. Prior to the establishment of this steady-state deformation is 

still dominated by strain hardening and it follows a primary or transient creep 

law, under which the creep rate decreases with time (Murrell & Chakravarty 

1973). However, Frost & Ashby (1982) state that present theoretical models for 

creep are unsatisfactory (see also Poirier 1985), since they are unable to explain 

the wide range of power-law exponents for the stress dependence, or the high 

values found experimentally for the strain rate. Their best model gives the 

following rate equation: 

& = C3(D*Gb/kT) (a5]G)" (5.10) 

where D”* is the effective diffusion coefficient, the exponent n ranges in value 

between 3 and 10, and C; is a dimensionless constant (with values ranging up 

to 10"). 
At temperatures above 0.67,, dislocation climb is generally controlled by 

lattice diffusion, and if the climb velocity is proportional to the applied stress, 

os, the rate equation has n = 3, with D* = D, (where D, is the lattice-diffusion 

coefficient), and C3 ~ 1. In some exceptional cases power-law creep of this 

form is observed (see equation (5.9) above). 

However, at lower temperatures the activation energy is often less than that 

for lattice diffusion. In addition, both at lower and at higher temperatures the 

power law exponent 7 often exceeds 3. Two factors are suggested by Frost & 

Ashby (1982) to explain these observations: one is that the density and velocity 

of mobile, climbing dislocations perhaps depends on stress o; to higher powers 

than the simple theory assumes, and the second is that at lower temperatures 

and higher stresses dislocation core diffusion becomes important. A fuller 

discussion of these questions is given by Poirier (1985). Allowing for both 
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lattice and core diffusion the effective diffusion coefficient is 

D* = D,[1+ a(os/G)7De/ Dy] (5.11) 

where D- is the core diffusion coefficient, and a = 10a-/b* (where ac is the fast 

diffusion cross section of a dislocation core). Thus at high temperatures and 

low stresses lattice diffusion becomes dominant, whereas at low temperatures 

and high stresses core diffusion becomes dominant and the power-law 

exponent increases to n + 2 (as D* tends to ao; De; see equation (5.11)). 

At very low stresses the power-law exponent reduces to one and the disloca- 

tion density remains constant (although low). This form of climb-controlled 

dislocation creep is called Harper—Dorn creep. In this case n = 1, D* = D,, and 

C3 = 10°'°-10~? (e.g. for Al and Pb). 
At high temperatures (>0.67,,) and high strain rates (i.e. high stress), plas- 

tic flow in relatively pure solids is often accompanied by repeated waves of 

recrystallization (dynamic recrystallization). This occurs in metals, ceramics, 

and ice. However, it has not yet been satisfactorily modelled. It tends to be 

suppressed by second-phase particles. The formation and growth of new 

strain-free grains is driven by the internal energy of strain hardening associated 

with the development of tangled networks of dislocations. At lower tempera- 

tures the process involves the formation of small grains with a new orientation 

due to constrained, localized plastic deformation. At higher temperatures 

grain boundary migration plays a part, assisted by diffusional processes. 

Dynamic recrystallization is a process that occurs in bursts, unlike normal 

recovery processes. Consequently it causes strain softening in constant-strain- 

rate tests, and episodes of accelerating and decelerating strain in constant- 

stress tests (see Poirier 1985 for a fuller discussion). 

5.2.1.3 DIFFUSIONAL FLOW 

In solids at high temperatures and subject to a deviatoric stress field there is 

a diffusive flux of matter across and along bounding surfaces and grain bound- 

aries. If this is coupled with grain-boundary sliding the diffusive flux results 

in strain. 

The strain-rate equation proposed by Frost & Ashby (1982) for diffusional 

flow is 

=. Gua /kige (S12) 

where {2 is the atomic or ionic volume, d is the grain diameter, and Cy is a 

numerical constant (assigned the value 42). In this case the effective diffusion 

coefficient is given by 

D* = D, [1+ 75D,/dD,] (5.13) 
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where Dp is the grain-boundary diffusion coefficient, and 6 is the effective 

thickness of the grain boundary. 

At the highest temperatures the rate of flow is controlled by lattice diffusion, 

and is determined primarily by D,/d*, whereas at lower temperatures it is 

controlled by grain-boundary diffusion, and is determined by D,/d?. At high 

temperatures and low strain rates superplasticity (giving rise to very large 

strains but without the formation of a strain texture) may occur (Poirier 

1985). 

5.2.2 Temperature dependence of plastic flow and creep 

Low-temperature plasticity shows a linear relationship between flow stress and 

temperature and a logarithmic relationship between flow stress and strain rate 

(see equations (5.7) & (5.8)). However, high-temperature plasticity (equations 

(5.10) & (5.11)) and diffusional flow (equation (5.12)) both show a much 

stronger temperature and strain-rate effect because of their dependence on dif- 

fusional processes with effective diffusion coefficients which have an 

exponential Arrhenius dependence on temperature, given by 

D* = o* exp(— AG/kT) (5.14) 

where a” is a frequency factor, and AG is an activation energy, and both 

depend on pressure. In this case the flow stress depends on (é/D*)'”", where 

n > 1, which gives rise to a strong dependence on temperature and strain rate. 

5.2.3. Transition from brittle cleavage to plastic flow and creep 

The marked difference between the degrees to which the brittle cleavage 

strength and the plastic flow and creep strength depend on temperature and 

strain rate would be expected to lead to a clear transition in deformation 

behaviour at a critical temperature, this temperature being strain-rate depend- 

ent (see Orowan 1952, Pugh 1971). At any given strain rate, strength will 

remain approximately constant at temperatures below the critical temperature, 

and the transition from low-temperature brittle behaviour to high-temperature 

plasticity or creep will be indicated by a knee in the curve of strength versus 

temperature, and a marked strength reduction at temperatures above the 

critical temperature (see Fig. 5.3). The strain to fracture would also show a 

transition from low values (=~ 0.01) for brittle cleavage to larger values (~ 0.1) 

at and above the critical temperature. However, as temperature is increased 

there would typically be a transition first from brittle cleavage | (or brittle inter- 

granular failure BIF 1) behaviour, caused by pre-existing cracks, to cleavage 

3 (or BIF 3) which is preceded by 1—10 per cent of plastic strain (that tends 

to cause crack blunting and raises the fracture surface energy I’; see equation 

(5.5) above), and then a further transition from cleavage 3 to plastic flow. In 

the case of less brittle solids, such as NaCl, Mg, or W, the intermediate stage 
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Table 5.9 Estimates of transition temperature (7,) from cleavage | to cleavage 3 or creep frac- 

ture, and of transition temperature (72) from fracture to creep flow at a strain rate of 10°-’s_!. 

Data are for a range of solids containing cracks of length 2c = 100 pm, with grain diameters 

d= 100 um, under uniaxial tension. 

Solid lie T(J) v o7[E o7/E Dy Li To] Tn 
(K) (LO gS) eer(LO=.); 

T =0K T=Tm 

WwW 3683 4.2 0.29 Shi] 4.7 0.30 0.37 

Mg 928 (1.0) (0.30) Se) 6.5 0.36 0.49 

NaCl i; 1073 0.28 (0.20) 39 6.3 0.44 0.50 

MgO _ ft 3073 2 0.18 2.4 3.8 0.33 0.46 

l5 Oamenet 2323 1.0 0.20 1.8 ee) 0.50 0.77 

§ — — — Soil Wolk — 0.66 

Mg2Si0a|| 2140 (1.0) (0.20) Si 2) 0.50 0.64 

§ — — — 0.97 Ie, — 0.80 

H20 (ice) 273 0.1 (0.20) So 4.1 0.63 0.88 

* Figures in brackets are estimated. Data for ! from Lawn & Wilshaw (1975), and for E from Gandhi & 

Ashby (1979). or is the tensile strength calculated from Griffith’s equation (5.5) in the text. Creep and fracture 
data from Frost & Ashby (1982) and Gandhi & Ashby (1979). 

+ Estimated using flow stress curve for d= 10 ym, taking 2c = 50 um. 

t Estimated using fracture data for d= 10 um. 

§ Estimated using flow stress curve for d= 10 um, taking 2c = 10 um. 
|| Estimated using flow stress curve for d= 10 pm and fracture data for AlsO3. 
4 Estimated using flow stress curve for d=1 mm. 

consists of creep fracture (transgranular or intergranular). The temperatures 

of the two transitions are given in Table 5.9 for a range of solids. 

5.3 Effect of tension, compression, and confining pressure (stress 

triaxiality) on plastic flow and brittle cleavage 

For any given microstructural state, plastic flow takes place in response to a 

fixed non-zero state of shear and deviatoric stress — the flow stress (a;). This 

shear-stress dependence arises from the critical resolved shear stress law for 

plastic slip and dislocation glide. At low temperatures, where strain hardening 

dominates over recovery processes, the flow stress depends on the strain and 

temperature history. Hydrostatic confining pressures less than 0.001K (where 

K is the bulk modulus) cause negligible change in the plastic flow stress, os or 

the creep rate, é, although o, is increased and € is decreased by higher 

pressures. 

In terms of the principal stresses 01, 02, and 03, we find that 

os = [(o1 — 02)” + (02 — 03)? + (03 — 11)7] (5.15) 

(this is the von Mises octahedral shear stress law). 

In a Mohr diagram, therefore, the flow stress is represented by a straight line 
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Figure 5.4 Mohr diagram illustrating the dependence of fracture stress and plastic flow stress on 

the stress system. 7/7, = homologous temperature; é= strain rate; P= 01, O=02, R=0o3, are 

principal stresses at failure; o- = crack closure stress. The condition for initial crack propagation 

is given by equation (5.17) when cracks are open and equation (5.18) when cracks are closed. 

parallel to the normal stress axis (see Fig. 5.4). Under steady-state conditions 

the location of this line is fixed (i.e. os; = constant). o; is unaffected by the signs 

of the principal stresses. For example, the magnitude of the flow stress is the 

same in uniaxial compression as in uniaxial tension. 

By contrast, brittle cleavage and fracture are in general strongly affected by 

hydrostatic confining pressure and by the sign of the components of normal 

stress. 

In uniaxial tension fracture occurs at a low tensile stress across surfaces 

normal to the stress (Murrell 1964). This is unaffected by additional confining 

pressures up to a limiting value of 

—}) (5.16) 

where A is a numerical factor (~ 1.5) depending on crack shape and on the 

Poisson ratio, and or is the tensile strength (Murrell 1958, 1965; Brace 1964; 

Murrell & Digby 1970). In this case, therefore, fracture is determined by the 

tensile stress only, and is unaffected by the deviatoric stress value, which 

increases as the confining pressure is increased. The tensile fracture stress 

coincides with the stress required to initiate crack propagation. In a fracture- 

mechanism map outside of the region in which cleavage 1 is dominant (in 

which cracks are pre-existent), tensile fracture must be preceded by a process 

of crack nucleation and subcritical crack growth. 

In uniaxial compression truly brittle fracture occurs at a deviatoric stress 
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which is an order of magnitude higher than the uniaxial tensile strength; either 

by a splitting mechanism (Ashby & Hallam 1986) caused by buckling stresses, 

or by a shearing mechanism (Griffith 1924; Murrell 1958, 1964, 1965, 1967; 

Murrell & Digby 1970; Ashby & Hallam 1986; Horii & Nemat-Nasser 1986). 

Under stress states intermediate between uniaxial tension and fully compres- 

sional states, fracture occurs by an extensional shearing mechanism (Murrell 

1965, 1976). In all of these states the deviatoric fracture stress increases as the 

hydrostatic stress component (or confining pressure) increases. However, the 

fracture process involves out-of-plane crack propagation which is stable, 

followed by crack linkage which eventually becomes unstable. A general 

theoretical treatment of the initiation of crack propagation in triaxially 

stressed solids is given by Murrell & Digby (1970). This places a lower limit 

on the increase of fracture strength with confining pressure. The initiation 

stress for penny-shaped cracks is given by: 

os = (a1 — 03)/2 = {or(1 — »/2)* [ory (4 — v) — 2(01 +. 03)} }1”2 (5.17) 

while cracks remain open, and 

os = (01 — 03)/2 = {or(2 — v)(1 — ocfor) 7 — url (o1 + 03)/2 — oc] (1 + p7)'7} 
(5.18) 

when cracks are closed by a pressure o-, where p is the coefficient of friction. 

Attempts have recently been made by Ashby & Hallam (1986) and Horii & 

Nemat-Nasser (1986) (see also Hallam & Ashby, this volume) to model the 

crack linkage and instability processes in fracture. 

In fully compressional stress states at lower confining pressures, shear 

fracture is associated with a stress drop (i.e. strain softening), the magnitude 

of which is given by the difference between the fracture load and the load 

supported by friction on the shear fault. This stress drop depends on confining 

pressure and decreases to zero at a sufficiently high confining pressure (Murrell 

1965, Ismail 1974). At still higher confining pressures deformation is entirely 

distributed, accompanied by strain hardening, and involves densely dissemin- 

ated microcracking. This is described as cataclastic flow. The rate of strain 

hardening in cataclastic flow depends on confining pressure (see Murrell 1965, 

Edmond & Murrell 1973, Paterson 1978 for further details). 

The strength at high confining pressure can be more than an order of 

magnitude higher than the uniaxial compressive strength. Therefore the low- 

temperature fracture strength varies by more than two orders of magnitude 

between the tensile cleavage strength and the cataclastic flow stress. 

Cataclastic flow has the macroscopic appearance of ductile behaviour, but 

the flow mechanism involves multiple widely disseminated and interlocked 

microcracks, and is therefore only weakly dependent on temperature and 

strain rate, as in the case of tensile cleavage. 
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5.4 ‘Transition from fracture to plastic flow 

The expected transitions are shown in typical deformation mechanism maps 
in Figures 5.5a—c, and in a Mohr diagram in Figure 5.4. 

In tension, or in compression with low confining pressures, as the tempera- 

ture is increased there is a fracture-mechanism transition from cleavage 1 (or 

BIF 1) to cleavage 3 (or BIF 3), or to creep fracture (at lower stresses). This 

transition occurs at a temperature ranging from ~0.37; for W up to ~ 0.63 Tin 

Cc grain size ~0.1mm 

strain rate 10°/s 
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Figure 5.5 Schematic deformation and fracture-mechanism maps for materials belonging to dif- 

ferent isomechanical classes, showing the temperature and stress fields in which brittle cleavage 

fracture and low- and high-temperature plasticity operate, and illustrating the sharp change from 

fracture to flow. The figure is based on data from Gandhi & Ashby (1979) and Frost & Ashby 

(1982) for materials with a grain size mainly of 0.1 mm and deformed at a strain rate of iO" 9". 

The brittle tensile fracture stress is calculated from equation (5.5) (see Table 5.9). (a) Map for 

the semi-brittle metals tungsten and magnesium. (b) Map for the brittle ionic solids rock salt and 

magnesium oxide. The fracture—flow transition for MgO can be seen in tensile test data points 

(+) due to Shaffer (1964) extracted from Gandhi & Ashby’s (1979) paper. (c) Map for the highly 

brittle ionic-covalent solids alumina and forsterite and for H2O ice. Indications of the frac- 

ture—flow transition for AlsO3 can be seen in bend test data points (Vv) due to Charles (1963) 

extracted from Gandhi & Ashby’s (1979) paper. Hot compression data points for dunite (¢#) 

(near MgSiO4 composition) due to Murrell & Chakravarty (1973) show fracture strength nearly 

independent of temperature. 
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for H.O-ice, and is ~0.57, for alumina and olivine. Only at still higher tem- 

peratures (0.377m to 0.887;,) does the fracture — plastic flow transition occur 

in this case, so the transition is preceded by plastic flow or creep. 

At higher confining pressures the brittle—ductile transition is preceded by a 

fracture-mechanism transition from cleavage 1 to cleavage 2 as pressure is 

increased and the fracture strength increases correspondingly. This is preceded 

by a phase of closure of any pre-existing cracks by the confining pressure (see 

Murrell 1976). In the cleavage 2 régime cracks are nucleated by small-scale slip 

or twinning (general microplasticity). At a given confining pressure in the 

range characterized by cleavage 2 at low temperatures, the effect of increasing 

temperature is to cause a transition from cleavage 2 to cleavage 3 before the 

transition to high-temperature plasticity. At the highest confining pressures a 

transition can occur from cleavage 2 to low-temperature plasticity. Cleavage 2 

behaviour may be characterized by shear fracture or, at the highest confining 

pressures, by cataclastic flow. The temperature range of cataclastic flow will 

become increasingly narrow as the confining pressure increases. These con- 

ditions are, of course, characterized by very high strengths. 

Because of the important effect of the stress system on fracture, the presence 

of high-pressure fluids capable of penetrating into cracks in solids can have sig- 

nificant effects on their strength, and on cleavage and fracture characteristics. 

This effect can be simply rationalized in the case of chemically inert fluids by 

the effective stress law (Murrell 1963, 1964, 1965; Murrell & Digby 1970). 

According to this law, fracture behaviour depends on the effective confining 

pressure, defined as the difference between the externally applied confining 

pressure and the pressure of the penetrating fluid. Thus high-pressure pene- 

trating fluids neutralize the effect of externally applied confining pressures. 

This widens the temperature range of brittle behaviour (e.g. of cleavage 1). 

Penetrating fluids which are chemically active directly affect the behaviour 

of crystal defects, including cracks and dislocations. They can cause subcritical 

crack growth and a slow weakening over time (Lawn & Wilshaw 1975). Water 

is a widely important agent in this connection in the case of ionic salts and of 

silicates and oxides (Atkinson & Meredith 1987). Water also strongly affects 

plastic flow in some cases (e.g. in rock salt; see Urai et a/. 1986). There is 

insufficient space here for a more extensive discussion of this topic, but the 

influence of water on subcritical crack growth in silicates and oxides is 

discussed in more detail by Gueguen ef a/. (this volume) and Meredith (this 

volume). 

5.5 Discussion and conclusions 

Typical fracture and flow behaviour of a wide range of solids has been 

described above in some detail as a function of temperature and of the applied 

stress system. 
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Tensile stresses and the confining pressure have significant effects on frac- 

ture, to the extent that the strength (measured by the deviatoric stress) at a 

given temperature and strain rate can vary by several orders of magnitude, 

depending on the stress system. The lowest strengths occur under tensile stress 

conditions, and then fracture persists up to the highest temperatures (up to the 

melting point, at the higher strain rates). However, at a temperature below the 

temperature at which the transition from fracture to flow occurs there is 

another transition from highly brittle cleavage fracture (cleavage 1, involving 

pre-existing cracks) to creep fracture or brittle intergranular fracture, which 

involve some plasticity. 

Fracture can also occur under uniaxial or triaxial compressive stresses, when 

the strength is much higher than the tensile strength. At very high confining 

pressures there is a transition from shear fracture to cataclastic flow which, 

nevertheless, is still a deformation process that is fundamentally dependent on 

cracking. In this case, cracking could be nucleated by microplasticity (cleavage 

2). The temperature range of cataclastic flow or shear fracture is smaller than 

that for tensile fracture, and there may be a direct transition from brittle 

deformation (involving cleavage 2) to low-temperature plasticity in this case. 

For a given stress system the temperature at which the transition from frac- 

ture to flow occurs depends on the strain rate and the grain size, and is higher 

for higher strain rates and larger grain sizes. At lower temperatures than this, 

if the stress is less than the fracture stress small amounts of creep can occur, 

this being mostly transient creep at the lower temperatures (e.g. see Murrell & 

Chakravarty 1973). 

Although there is a large amount of data available on the tensile strength 

of solids, both at low temperatures when brittle cleavage fracture occurs, and 

at high temperatures when creep occurs, together with data on the indentation 

hardness of such solids (which is a measure of compressive strength under con- 

fining pressure), there appears to be little systematic data available concerning 

the transition between fracture and flow. Data for MgO and for AlO3 

extracted from the paper by Gandhi & Ashby (1979) is show in Figures 5.5b 

& c respectively. Hot compression tests by Murrell & Chakravarty (1976) on 

three silicate rocks (microgranodiorite, dolerite, and dunite) show that the nor- 

malized uniaxial strength remains almost constant up to ~0.87/ 7, when flow 

becomes strongly evident, in the case of the first two of these rocks (although 

this behaviour may have been complicated by partial melting associated with 

‘impurities’ in the form of hydrated minerals). This is close to the figure 

estimated for forsterite (see Fig. 5.5c), but the experiments on dunite 

(mineralogically similar to forsterite) extended only to homologous tempera- 

tures of ~0.697/7,,, so that a more direct confirmation of the fracture—flow 

transition is not available. The study of this transition requires constant- 

strain-rate experiments over a range of temperatures spanning the transition 

and using a variety of different stress systems (uniaxial tension and compres- 

sion, and triaxial compression with a range of confining pressures). 
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At very high confining pressures an interesting transition is expected to 

occur between cataclastic flow (involving brittle cleavage 2 processes, and 

characterized by strain hardening with a pressure-dependent strain-hardening 

rate) and plastic flow (involving low-temperature plasticity and also charac- 

terized by strain hardening, which in this case is temperature dependent). 

In the above discussion attention has been concentrated particularly on the 

temperature and strain rate at which the brittle—ductile transition occurs. 

However, because fracture is so strongly affected by the character of the 

applied stresses, confining pressure also influences the transition (and in partic- 

ular the transition temperature). This has been clearly demonstrated by Pugh 

(1971) in the case of the tensile fracture of zinc and molybdenum. Unfortu- 

nately, neither the tensile strength, nor the grain size or the strain rate used 

in the tests are given. For zinc samples the transition temperature was lowered 

from 0.48 Tm (58°C) at zero pressure to 0.397m (0° C) at a pressure of 113 MPa 

(corresponding to an increase in the normalized shear stress of 1.15 x 1032); 

and for molybdenum samples it was lowered from 0.117; (50°C) at zero 

pressure to 0.095Tm (2°C) at a pressure of 132 MPa (corresponding to an 

increase in the normalized shear stress of 4.9 x 10-*). Comparison of these 

figures with the data in Figure 5.5a for magnesium and tungsten (which belong 

to the same isomechanical classes as zinc and molybdenum respectively) sug- 

gests that cleavage | behaviour occurred in the zinc samples, but that cleavage 

2 behaviour occurred in the molybdenum samples, and also shows that the rate 

of change of the homologous transition temperature with the normalized 

pressure was of the expected order of magnitude. 

The general effect of an increase in pressure is a reduction in the brittle— 

ductile transition temperature, as the applied shear stress increases. In Pugh’s 

(1971) experiments it seems likely that the condition of equation (5.16) 

applied, so that although the tensile strength probably remained constant the 

maximum shear stress in the samples increased linearly with the increase of 

confining pressure. At higher confining pressures, under which (5.16) no 

longer applies, the fracture strength becomes dependent on the confining 

pressure (in a non-linear manner) discussed above, and it is the strength which 

determines the maximum shear stress. 

For tests on a material of a given grain size at some given temperature and 

strain rate, a sufficiently large increase of confining pressure which caused the 

fracture stress or the cataclastic flow stress to rise to a level exceeding the plas- 

tic flow stress (at the given temperature and strain rate) would produce 

a transition from brittle to ductile behaviour. In fact, however, the author is 

not aware of any data which has clearly demonstrated this in non-metallic 

materials. For example, at atmospheric temperatures Ismail (1974) showed 

that brittle behaviour in a wide variety of silicate rocks, in the form of 

cataclastic flow, persisted at confining pressures up to 750 MPa, when 

strengths as high as 2000 MPa were achieved. This clearly showed that a com- 
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Figure 5.6 The range of operating conditions for rock deformation apparatus (see text) and 

observations on the brittle—ductile transition for several rocks and rock-forming minerals. This 

illustrates the need to extend the range of operating temperatures and pressures in order that the 

transition can be effectively studied in silicates. 
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bination of high temperatures, low strain rates, and high pressures is 

necessary to achieve ductile behaviour in silicates. 

In ceramic materials and rocks, the experimental study of the transition 

between fracture and flow is difficult because it requires combinations of accu- 

rately known high temperatures and high pressures, which are difficult to 

obtain due to material technical limitations. The existence of impurities and 

second phases, which is typical in these solids, also gives rise to the problem 

of grain-boundary embrittlement or partial melting (near the solidus) which 

can mask the true solid-phase transition between fracture and flow behaviour 

under uniaxial stress or under triaxial compression at low confining pressures. 

In the author’s laboratory the transition is currently being studied in pure 

H2O-ice. The range of test conditions currently used in experiments on rocks 

is shown in Figure 5.6. These encompass a lower pressure range using gas 

apparatus (Murrell & Ismail 1976, Paterson 1986) or uniaxial creep apparatus 

(Murrell & Chakravarty 1973, Murrell eft a/. 1986), and a higher pressure range 

using solid-medium apparatus (Griggs 1967). Physical conditions (pressure, 

temperature, stress, and deformation) can be determined much more accu- 

rately in a gas apparatus than in a solid-medium apparatus, so data from the 

former is to be preferred. The brittle—ductile transition for calcite rocks is well 

within the technical capability of current apparatus. However, the transition 

for silicates is only now beginning to come within the scope of new develop- 

ments in apparatus. In Figure 5.6 are shown estimates of the pressure— 

temperature conditions, taken from Figure 5.5c, for the brittle—ductile 

transition for an olivine (Mg2SiO4) rock (e.g. dunite). It can be seen that 

by pushing the temperature range of his gas apparatus above 1200°C, Pater- 

son (Chopra & Paterson 1981, Paterson 1986) has been able to study ductile 

behaviour of olivine rocks at pressures of 300 MPa. Study of the ductile 

behaviour at lower temperatures requires higher pressures, and the author is 

currently attempting to push the pressure—temperature range of a gas appara- 

tus up to 1 GPa/1200°C. The main problem is the choice of material for the 

loading rams. Paterson (1986) uses alumina rams, but it can be seen from 

Figure 5.5c that a careful choice of alumina properties will be needed, depend- 

ing on the strength of the silicate rock concerned. 
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CHAPTER SIX 

Régimes of plastic 

deformation — processes and 

microstructures: an overview 

David J. Barber 

6.1 Introduction 

The preceding chapters are broadly concerned with brittle régimes of deform- 

ation and fracture, a research field that has rightfully assumed growing 

importance in recent years, but that is still poorly covered in textbooks. The 

contributions that follow are concerned with aspects of plastic flow. To many 

readers, the territorial background to the plastic deformation of solids will be 

more familiar than the background to theories of brittle behaviour, given in 

the overview by Meredith (this volume). As will be apparent from the earlier 

contributions, deformation involving microcracks, brittle fracturing, and 

other cataclastic effects leads to marked discontinuities in strain. Ductile 

behaviour in the deformation of materials, on the other hand, is essentially 

characterized by smoothly varying distributions of strain. The experimental 

signatures of ductile and brittle régimes and the transition between the two 

opposed behaviours under experimental conditions are well known (see, for 

example, Hobbs ef al., 1976, p. 62). Factors bearing on the transition have 

already been discussed in the chapter by Murrell (this volume). 

Although ductile deformation can be achieved by the action of several dif- 

ferent mechanisms, these generally require changes of shape of the grains 

within the material, and so we find that intragranular slip, twinning, and 

diffusion-assisted processes are commonly involved. The potential for compe- 

tition between brittle and ductile mechanisms is always inherent, but is strongly 

influenced by temperature, pressure, grain size and, at high temperatures, by 

strain rate. It is well known by Earth scientists that microcracking and failure 

by fracture are inhibited by increasing the hydrostatic pressure, promoting 

processes of ductile flow. Similarly, increasing the temperature or decreasing 

the strain rate assist the thermally activated processes such as slip, diffusion, 

and recrystallization. In this overview, it will be assumed that readers will be 

familiar with the accepted ideas concerning slip systems in crystals, the rdle of 

defects in the viscous flow of crystals, diffusion mechanisms, etc. 
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Progress in understanding the processes of plastic or ductile flow has been 

evident for many years, but much of the theory has been addressed to rather 

simple systems, materials with high crystal symmetry, metals and their alloys, 

etc. The ideas and results from this research, although encouraging and often 

pointing ways forward, are seldom directly applicable to the more complex 

systems and environments encountered by ceramists and Earth scientists. 

Moreover, theories of plasticity are generally phenomological in nature, inter- 

preting stress—strain or strain—time relationships on the basis of assumptions 

about insensitivity to other factors (e.g. typically strain rate in the former 

case). As experimental data has been accumulated, we have become increas- 

ingly aware that the flow of solids, even when the complicating effects of 

cataclastic processes are absent, is responsive to several factors, including the 

obvious variables of temperature, 7, and strain rate, €, but also pressure, P, 

strain, €, grain size d and strain history, chemical environment and, addition- 

ally, the effects of possible phase transformations. The microstructural 

complexities of rocks and ores, coupled with the adverse environments in 

which they are frequently found or employed, often makes it difficult to 

discount effects arising from these additional parameters. Thus, not only is it 

problematic to devise meaningful laboratory tests, but the interpretation of the 

deformation microstructures of a particular geological system is consequent 

upon knowing what factors were pertinent. This type of problem is seldom 

faced by those outside the Earth sciences: modern ceramics are becoming very 

complex, but it is usually clear in what environments they will operate. 

The contributions in the second half of this monograph indicate some of the 

directions in which progress is being made in studies of complex non-metallic 

systems. As in the first part, most authors provide a review element relevant 

to the topics. This material demonstrates the enthusiasm and success with 

which Earth scientists, especially, have applied ideas about, and engaged in 

methods for, the study of micromechanisms of flow in crystalline solids, 

particularly to minerals and essentially monomineralic rocks. Inevitably, much 

of the progress has been in the interpretation of the results of laboratory test- 

ing of single crystals, ceramics, mineral aggregates and rock samples, but this 

is already paying off in the analysis of the quite complicated natural features 

such as shear zones. Moreover, we now see geologists extending their work 

into the study of deformation effects in even more complex rock systems, and 

into situations in which chemical and metamorphic effects are important or 

rate-determining. 

In this overview it is clearly not feasible to give a full review of our current 

state of knowledge about ductility in non-metals. However, the task is 

simplified by the fact that the e, €é, and T conditions frequently relevant to both 

ceramics and rocks decree that creep is the most important phenomenon for 

both. During creep a material can be said to flow ‘at its own pace’ (Poirier 

1985). Creep tests are often carried out under constant load, but clearly this 

does not guarantee constant stress, even though in creep the deformation 
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processes tend to act to maintain a constant average level of stress. Rate- 

dependent plasticity, or creep, is the most important form of plastic 

deformation for rocks, since it pertains to conditions existing in the Earth’s 

mantle. Earth scientists are sometimes uncertain about what constitutes creep 

and how other processes relate to it, probably because so much of the liter- 

ature about creep has been written from the viewpoint of metallurgists and 

engineers. To define creep precisely is not easy, since it embraces both differ- 

ing test conditions and various régimes of deformation. An attempt to clarify 

the breadth of application of the term as used by the different groups of 

materials scientists, for both natural and applied materials, is given in Figure 

ols 

An understanding of creep is very important for engineering applications of 

ceramics, which generally aim to exploit their superior long-term strength to 

metals at high temperatures. However, it is worth emphasizing here that creep 

tests on ceramics (and metals) differ in one important aspect from those 

carried out on rocks and minerals. The latter almost invariably use a confining 

pressure to inhibit cataclasis, and thus better to represent subsurface geologi- 

cal conditions. This monograph has no chapter that specifically covers creep, 

and so this overview is largely a summary of its present-day treatment, with 

emphasis on results from experimentally deformed specimens. 
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Figure 6.1 Ranges of strain rates applying to various experimental, natural, and commercial 
cases of plastic deformation. 
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6.2 The phenomenology of creep 

Many deforming materials exhibit linear relationships between strain and 

time, over a restricted range of strain, for some particular combinations of 

temperature and applied stress. This régime of constant strain rate is known 

as steady-state creep, and corresponds to the region of constant gradient in 

the solid curve illustrated schematically in Figure 6.2. The broken curves 

indicate qualitatively the effects of increasing the testing temperature and 

increasing the applied stress. 

As will become clear in the following section, creep can arise from several 

different micromechanisms of deformation, which are unified by the mathe- 

matical treatment of the resulting flow laws. Creep phenomena and the micro- 

processes responsible for them have been described and quantified in the books 

by Gittus (1975), Frost & Ashby (1982), and Poirier (1985), the latter written 

with the geologist and geophysicist particularly in mind. A more general view 

of plastic deformation mechanisms in rocks is provided by Nicolas & Poirier 

(1976), who also provide details of the mid-1970s state of knowledge about 

deformation in some individual minerals that are major rock constituents. 

Davidge (1980) provides an introduction to the deformation behaviour of 

ceramic materials. Other useful reviews concerning creep, and the micro- 

processes contributing to it, are those of Weertman (1970), Stocker & Ashby 

(1973), Murrell & Chakravarty (1973), Ashby & Verrall (1978), Frost & Ashby 

Strain, & 

tertiary 

creep secondary creep 

(steady-state creep) 

time, t 

Figure 6.2 Typical form of a strain versus time creep curve (solid line) for a material at a suffi- 

ciently high temperature (7 = 0.57,,) for there to be no net hardening, showing the transient (pri- 

mary) creep stage, the steady-state-creep régime, and the beginning of accelerating (tertiary) creep. 

The broken curves show the effects of increased stress and increased temperature. 
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(1982), and Langdon (1985). To understand the microprocesses, it is important 

to have an appreciation of the microstructures of materials. Hobbs et al. 

(1976) and Wenk (1976) contain good introductions to microstructures in 

rock-forming minerals. Later sections of this overview (Sections 6.3.2.2 and 

6.6) discuss microstructures further. 

Creep tests conducted at constant applied load may produce behaviour in 

which an approximately constant strain rate, @, occurs. Restricting our consid- 

erations to these régimes of constant é implies creep in which there is no 

net strain hardening or work hardening; this is usually achieved through 

the countervailing effects of recovery or recrystallization processes. Such 

behaviour is analogous to the viscous flow of a fluid and, for crystalline solids, 

applies to creep occurring at moderate to high temperatures. This type of 

behaviour goes under the broad heading of ‘power-law creep’, for which 

é€a«o” and, speaking very approximately, this corresponds to temperatures 

above ~0.37,, for pure metals, and above ~0.47,, for ceramics (which may 

be thought to include rocks!). However, as subsequent discussion will indicate, 

perhaps rather higher temperatures are needed for true power-law behaviour, 

and the ranges of temperature over which various laws operate vary consid- 

erably with the nature of the materials. The temperature must be such that 

diffusive mechanisms can overcome any tendency for stress concentrations to 

build up (these are manifest as strain hardening). Thus we are dealing with the 

balancing of microprocesses of strain hardening and recovery, both of which 

are time-dependent processes. Hart (1970, 1976) has argued that a constitutive 

equation of state for a flowing solid is 

J (a, €, €,T) =0 (6.1) 

However, we know that pressure is another important external state varia- 

ble, and also that the plasticity of a material is affected by its history — both 

need to be recognized and incorporated. Deformation history implies an influ- 

ence of the initial internal microstructural state on subsequent deformation 

behaviour, which can be represented by an internal state variable Z, probably 

a function of é, €, grain size, and other factors such as non-stoichiometry. The 

influence of the latter on the deformation of oxides has been reviewed by 

Castaing ef al. (1984). Another external variable could also be introduced, to 

indicate the influence of chemical environment, which can both enhance some 

deformation processes and generate others. For example, the oxygen partial 

pressure affects the plasticity of UO (Seltzer et a/. 1972, Chung & Davies 

1979), of spinel (Duclos 1984), of olivine (Poumellec & Jaoul 1984, Ricoult & 

Kohlstedt 1985) and the fracture of MnZn ferrite (Kosinski et a/. 1979). The 

effects of hydroxyl ions on the strength of quartz (e.g. Griggs & Blacic 1965, 

Griggs 1967, Hobbs et a/. 1972) and amethyst (Kekulawala eft al. 1978) are 

well known, while water-induced effects have also been found for albite, 

NaAlISi30g (Tullis ef a/. 1979) and for diopside, CaMgSi2O¢ (Boland & Tullis 
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1986). The possible scope and interpretation of such chemical effects have been 

considered by Hobbs (1981) and others, and are being pursued (Ord & Hobbs 

1986), but as yet are not well developed. For simplicity, we now exclude them 

and, following Hart (1976), on the basis of equation (6.1) we take as a suitable, 

fairly general, empirical constitutive equation 

Ure, Aleve) per) 0 (6.2) 

so that steady-state creep can be represented by an equation of form 

€=€(0, 2) PAT) (6.3) 

These variables are likely to have wide ranges of values, so that it is common 

to normalize them in some fashion, thereby making it possible to correlate 

data from a group of materials (e.g. oxide ceramics) in terms of a single curve 

(e.g. see Ashby & Brown 1981 for more details). The normalization of the tem- 

perature of a substance to its melting point, Tj, in degrees Kelvin, giving the 

homologous temperature, is one example that will be familiar to most readers, 

and is used in this overview and elsewhere in this monograph. 

The variation of creep rate with o and 7 within the quasi-steady-state régime 

is often employed as the equation of state for creep. Parameters used to 

express the variation are examined in terms of a thermodynamic treatment of 

deformation, which allows comparison to be made between measured parame- 

ters and the values anticipated if particular physical processes predominantly 

control the creep deformation. Evans & Wilshire (1986) have expressed doubts 

that creep ever really conforms to true steady state, and have suggested that 

quoted constant strain rates in constant stress tests probably only represent 

minima. They have based a theoretical treatment of creep on the idea that 

there is a balance struck between decaying primary and accelerating tertiary 

stages. 

It is usually found that creep rate increases exponentially with 7, so that 

it is convenient to make plots of the logarithmic values of € against 1/7, 

assuming an Arrhenius-type relationship of the form 

éax exp(—Q/RT) (6.4) 

where Q is an apparent activation energy which can be associated with the rate- 

controlling process, and is proportional to the gradient of the plotted curve. 

R is the universal gas constant. 

How the creep rate will depend on the applied stress is less clear, because 

the predominant micromechanisms are likely to alter as the stress changes, and 

very different mechanisms can be involved. This innate difficulty is frequently 

overcome by a log-log plot of € against o, a device that will often yield a 

straight-line relationship for a restricted range of stresses, thereby implying 
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that there is a power law relating creep rate to stress: 

ome Are (6.5) 

where 7 is a constant called the stress exponent. In practice 1 tends to increase 

from a value of unity at very low stresses to higher values at very high stresses. 

The influence of pressure on creep rate is complex, since it varies with the 

processes that facilitate the deformation. Pressure effects are therefore not 

discussed here, and readers should refer to Sherby ef a/. (1970), Brown & 

Ashby (1980a), and Sammis e¢ a/. (1981) for an introduction. 

It is clearly possible to combine the relationships (6.4) and (6.5) to produce 

an empirical equation of state: 

&€= &0" exp(— Q/RT) (6.6) 

In this equation & is not entirely temperature independent, since it involves the 

rigidity modulus, G. The apparent activation energy, Q, can be shown to be 

equal to the activation enthalpy, AH, and so from (6.6) we have 

ae 0 In(é/éo) an= — R Sa) i (6.7) 

Since R is the gas constant, AH is consequently the enthalpy per mole. In prac- 

tice, AH can be determined during a creep test by making ‘jumps’ between two 

temperatures, 7, and 72, and measuring the corresponding quasi-steady-state 

strain rates €; and &,, whereupon, from (6.7), 

In(é2/é1) RHE R sue 
Torrente (6.8) 

Values of AH and Q determined by such means for the high-temperature creep 

of simple solids (especially metals) are found to be close to the activation 

energy for self diffusion (see Section 6.3.3). 

Heard (1985) gives a concise review of modern experimental methods for 

determining mechanical properties, and the chapter by Tullis (this volume) 

illustrates the effectiveness of such methods in studies of quartzo-feldspathic 

rocks. Poirier, Sotin & Beauchesne (this volume) present a new method 

whereby rheological laws for the high-temperature creep of minerals and rocks 

can be reliably derived from experimental data. Instead of separately fitting 

straight lines to Arrhenius plots of strain rate versus stress, the best overall fitt- 

ing surface is applied to the experimental data by means of a global non-linear 

inversion procedure. Poirier ef a/. discuss the advantages of this new method 

over the traditional approach, which include the facilitating of objective 

comparisons between several possible laws. An example of the practical 
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application of the method is given for the creep of single crystals of barium 

titanate. These have the perovskite structure, and studies of their rheological 

properties are relevant to the flow behaviour of the deep mantle. 

In this overview, only passing mention has so far been made of the 

dependence of the creep rate on previous deformation history, embodied in the 

microstructural parameter % of equations (6.2) and (6.3). The parameter 

should be taken to represent both intrinsic physical properties (e.g. elastic con- 

stants) and materials variables such as microstructural state (grain size and 

phase distribution). This is a murky area about which insufficient is known. 

Microstructural studies show that a creep specimen usually develops a 

characteristic microstructure, which changes continuously and yet retains its 

essential properties (see also Section 6.3.2.2). (More pronounced examples of 

such behaviour are to be found when materials deform superplastically: see 

Section 6.3.4.2.) Thus, starting with a set of test specimens that have compara- 

ble microstructures leads to similar quasi-steady-state microstructures. How- 

ever, it has been noted that, even with single-phase materials, the dislocation 

microstructures that develop during creep are markedly inhomogeneous (Nix 

& Ilschner 1980). Thus the quasi-steady state apparently does not indicate a 

uniform local balance between hardening and softening processes, but instead 

the presence of regions that are hard and regions that are soft, with continual 

interchanges in these states (e.g. Ecob & Bilde-Sorensen 1987). These findings 

imply that even initially quite different microstructures in single-phase 

materials can result in comparable creep microstructures, but this may not 

apply for all creep régimes. Some types of microstructure are found to be very 

resistant to removal (by annealing, etc.), and can at least be expected to have 

marked effects on the early course of deformation, which may possibly persist 

beyond the transient (primary) stage of creep (indicated in Fig. 6.2). 

6.3 Creep mechanisms 

As has already been mentioned, the quasi-steady-state creep of a polycrystal- 

line aggregate does not necessarily imply a single mechanism of deformation. 

Two or more may act simultaneously, but they can be modelled individually, 

and may sometimes act independently of each other. The possible mechanisms 

are often classified in terms of intragranular (or lattice) processes, and inter- 

granular (or boundary) processes, and treated separately (e.g. see Langdon 

1985). For simplicity and brevity, this practice is not adopted here, and 

only a summary is given, although mechanisms not involving diffusion are 

included. 

6.3.1 Creep solely by dislocation glide 

The glide of dislocations almost inevitably gives rise to interactions with obsta- 

cles in the slip planes (pinned dislocations, precipitates, grain boundaries, 
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Figure 6.3 Glide of dislocations impeded and controlled by discrete obstacles in the slip plane. 

etc.), as indicated in Figure 6.3. The strain rate is then limited by the rate at 

which such obstacles can be overcome (e.g. by bowing out and pinching-off 

loops around the obstacles or by the thermally activated cross slip of disloca- 

tions). The absence of climb to assist in freeing dislocations from obstacles 

implies creep at low strain rates and of limited extent, although able to give 

behaviour resembling power-law creep. Weertman (1957) has examined the 

more universal case in which glide is controlled by the Peierls stress. He pro- 

posed that this be overcome by the motion of double kinks, and showed 

that this mechanism gives a stress exponent, n, of 2.5. In general, however, 

stress exponents arising from the fitting of low-temperature creep to a power 

law have no physical meaning, as pointed out by Poirier (1985). Glide- 

controlled creep may be important in ice (Weertman 1983), in covalently 

bonded solids, and possibly in the low-temperature creep of halite. 

6.3.2 Dislocation (recovery-controlled) creep 

6.3.2.1 GENERAL 

Above ~ 0.47, gliding dislocations in metals are still arrested by any physical 

obstacles in the slip planes, but these may be overcome by climb stimulated 

by the enhanced lattice diffusion associated with the higher temperatures. In 

ceramics and minerals, the temperatures at which climb may become effective 

can differ considerably from those predicted by the above-mentioned metals 

yardstick since, in a given compound, climb will be controlled by the slowest 

diffusing atomic species. There is more than one way in which climb can assist 

a dislocation to circumvent an obstacle, but a simple method is that proposed 

by Weertman (1968, 1972), illustrated schematically in Figure 6.4. In this model, 

segments of edge dislocation of opposite sign, trapped in close proximity by 
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Figure 6.4 The generation of dislocations from sources (S) in the glide planes and the climb of 

the dislocations, as proposed by Weertman (1968) for power-law creep. 
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Figure 6.5 Stress — strain rate diagram of selected experimental test data for olivine. The unbro- 

ken line. gives the fit to the data provided by power-law creep with a stress exponent of 3 (from 
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pile-ups, are able to annihilate one another by climbing. The dislocation 

sources, denoted by S, are able to generate dislocations repetitively, and the 

strain rate is governed by the rate of climb and annihilation. It is found fairly 

generally that recovery-controlled creep, of which the Weertman model is one 

variety, gives a power-law dependence of strain rate on stress. The predicted 

stress exponent, n, is 4.5. The descriptive and specific terminology ‘recovery- 

controlled dislocation creep’ is usually shortened to the more ambiguous form 

‘dislocation creep’. Several authors have shown that any such recovery- 

controlled creep process can be expected to give a power-law dependence on 

stress with n equal to 3 (for a clear proof see Poirier 1985, p. 109), but that 

n may rise to higher values, typically 4 to 5, or perhaps 6 through the existence 

of stress concentrations such as pile-ups. It is common in the metallurgical 

literature to invoke stress exponents in power-law creep with values up to 10 

(e.g. Mukherjee et a/. 1969), but although these help to fit the experimental 

data to rate equations, it is doubtful whether they have physical significance. 

A recent review of dislocation theories of high-temperature creep is provided 

by Nix & Gibeling (1985), while Weertman & Weertman (1987) have discussed 

the wide range of values of 1 to be found in recovery-controlled creep for 

different homologous temperatures (7/7) and different stress levels. 

The stresses of interest to geologists are generally in the range 1-100 MPa, 

and laboratory tests have shown that at these stress levels and moderately high 

temperatures almost all rocks and minerals flow according to power-law creep. 

However, some relatively fine-grained materials, near the lower stress limit, 

seem to show Newtonian (linear) behaviour (e.g. see Murrell & Chakravarty 

1973). Creep data for various selected olivine assemblages, from pure 

forsterite, Mg2SiO4, to dunites and peridotites, can be fitted to a power law, 

with a stress exponent n=3 for o < 100 MPa, as shown in Figure 6.5. If 

stresses up to 500 MPa are used for experiments, 77 is close to 3.5 (Kirby 1983). 

6.3.2.2 MICROSTRUCTURES FORMED DURING DISLOCATION CREEP 

An important microstructural characteristic of dislocation creep (i.e. recovery- 

controlled or power-law creep) in most materials is the continuous formation, 

dispersal and re-formation of locally heterogeneous networks of dislocations, 

which constitute a microstructure of cells or subgrains. Here glide, climb and 

partial annihilation of dislocations all contribute to generate the cell or sub- 

grain structure, but climb is the rate-controlling process. Such microstruc- 

tures, consisting of cells separated by tangles of dislocations, or more well 

defined arrays or nets of dislocations forming subgrain boundaries, have been 

reported in a variety of metal samples from creep tests and have been widely 

illustrated in the metallurgical literature. Corresponding microstructures in 

non-metals are less well documented and so, for reference, dense tangles of 

dislocations defining evolving cells in experimentally deformed calcite are illus- 

trated in Figure 6.6a, while more regular arrays of dislocations constituting 

subgrain boundaries in a naturally deformed dolomite are shown in Figure 
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Figure 6.6 (a) Microstructure of cells separated by tangles of dislocations in calcite 

experimentally deformed at 500°C and 10~* s~!, under 1 GPa confining pressure (1 MV electron 

micrograph from Barber & Wenk, unpublished). (b) Microstructure of small subgrains separated 

by arrays and nets of dislocations in a naturally deformed dolomite (1 MV electron micrograph 

from Barber 1977, Tectonophys. 39, 193-213). 

6.6b. The creation of a well defined deformation microstructure with many of 

the dislocations in subgrain boundaries has been called creep polygonization 

(Poirier 1985), as being analogous to the polygonization generated by the static 

recovery of a deformed material. Such a substructure is indicated diagram- 

matically in Figure 6.7; although it is not static on a subgrain scale it does not 

undergo an overall evolution with time, i.e. there is dynamic equilibrium. As 

noted in Section 6.2, the concept of steady-state creep is only an approxima- 

tion, but the assumption of a steady state is useful because it admits the simpli- 

fying idea of a substructure in dynamic equilibrium. The substructure can then 

be characterized in terms of parameters for dislocation density, o, and sub- 

grain size a’. 

The average size of the cells and subgrains in creep microstructures is 

independent of temperature, but their nature is affected. Most is known about 

metals, where it is observed that an increase in test temperature and an 

increase in the stacking fault energy of the material depletes the numbers of 

dislocations within the cells, while the cell walls are decreased in width as 

more regular nets and arrays of dislocations form (i.e. ‘true’ subgrain boun- 

daries, as discussed in many dislocation textbooks). The two microstructural 

parameters, p, and d’, are commonly found to have the following relation- 
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Figure 6.7 Schematic illustration of power-law creep in a polycrystalline aggregate resulting 

from the climb of dislocations to form a microstructure of subgrains (after Frost & Ashby 1982). 

ships to stress, o: 

p=C(o/Gb)* sd’ = Kmb(G/)” (6.9) 

where b is the modulus of the Burgers vectors of the dislocations, 

(0.7 < m <1), and both C and K,, are constants. K,, is a constant of about 

10 for metals, and is much larger (25—80) for ionic crystals and oxides 

(Takeuchi & Argon 1976). The chapter by Derby (this volume) makes use of 

these relationships in discussing the effect of dynamic recrystallization on grain 

size. For some representative creep-related microstructures, see Caillard & 

Martin (1982), Hobbs (1968), White (1973), and Durham ef a/. (1977). 

6.3.2.3 DYNAMIC RECRYSTALLIZATION DURING DISLOCATION CREEP 

Dynamic recrystallization may accompany dislocation creep, thus providing 

softer grains than those in which there is simply a balance between glide and 

climb, and thereby facilitating deformation. Dynamic recrystallization 

(sometimes called syntectonic recrystallization by Earth scientists) appears to 

be particularly important in the deformation of non-metals. (It should be 

distinguished from static recrystallization, which is the migration of grain 

boundaries and the creation of new grains in the absence of external stress. 
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This is a well known phenomenon described in various books, and is not rele- 

vant to creep). 

Dynamic recrystallization can occur either by strain-induced grain- 

boundary migration or by progressive increase in subgrain misorientation 

(Sellars 1978, Poirier 1985). 

Strain-induced grain-boundary migration (SIGB) can be recognized by the 

appearance of local bulges on high-angle boundaries. First reported by Bailey 

& Hirsch (1962) in metals, it has since been found in non-metals, and the types 

of boundaries which may bulge or migrate have been widened to include kink- 

bands, twins, and deformation bands (e.g. see Etheridge & Hobbs 1974 (mica), 

McClay & Atkinson 1977 (galena)). Tullis & Yund (1985) report that the pro- 

cess plays a critical rdle in the lower-temperature portion of the dislocation- 

creep régime. Dynamic recrystallization by SIGB generally does not occur in 

metals that have rapid rates of dynamic recovery (Roberts 1986), although 

pure iron appears to be an exception (Glover & Sellars 1973). For many metals 

it is thus excluded from their creep régimes and occurs principally during hot 

working. This is not true for silicates, or probably for the majority of non- 

metals. Pervasive waves of extensive grain growth and dynamic recrystalliza- 

tion by SIGB, as can occur in the creep of NaCl (Guillopé & Poirier 1979) and 

in some metal alloys at high temperatures, can repeatedly return the deforma- 

tion to primary creep, thus removing any semblance of steady-state behaviour. 

It also gives anomalously high strain rates and, according to Frost & Ashby 

(1982), confuses the high-stress — high-temperature regions of deformation- 

mechanism maps. Derby (this volume) investigates the link between applied 

stress and grain size when dynamic recrystallization by SIGB occurs, and sug- 

gests that there may be a universal relationship. 

Dynamic recrystallization by means of progressive increase of subgrain rota- 

tion, without SIGB (i.e. just by increasing the misorientations across subgrain 

boundaries) has been documented for many non-metals, e.g. olivine (Poirier 

& Nicolas 1975) and calcite (Schmid ef a/. 1980). In this process, subgrain 

boundaries that have formed by dynamic recovery progressively absorb more 

dislocations, so that the orientation relationships between parent grain and 

daughter subgrains become less and less evident with increasing strain. Sub- 

grains do not form in all materials, e.g. they are absent when creep is con- 

trolled by solute drag (see Nix & Ilschner 1980), and thus this mechanism of 

dynamic recrystallization is denied to such materials. However, it appears to 

be an important aspect of dislocation creep in many rock-forming minerals, 

and a good discussion of its rdle has been provided by Urai et al. (1986). 

The chapter by Derby (this volume) starts from the observation that 

dynamic recrystallization by means of SIGB leads to a steady-state mean grain 

size during the deformation of laboratory samples of metals and alloys. For 

example, in deformation at constant strain rate, the grain size is associated 

with a steady-state stress. This is caused by cycles of nucleation and recrystal- 

lization being initiated at different times at different sites within a deforming 

151 



REGIMES OF PLASTIC DEFORMATION 

aggregate, so that the mean properties tend to constant values. Derby 

examines whether this interrelationship between grain size and stress can be 

used as a predictor of stress. 

The arguments presented by Derby centre around the accepted idea of 

Bailey & Hirsch (1962) that the basic mechanism for dynamic recrystallization 

is essentially the same as that for static recrystallization, and that the small 

strain-free volumes of recrystallized material that are created when grain 

boundaries bow out under stress are the nuclei for grain growth. Why this pro- 

cess should lead to a steady-state relationship between stress and grain size is 

contained in a model for the mechanism proposed by Derby & Ashby (1987). 

This model suggests that the steady-state grain size is the product of a balance 

between the grain-boundary migration rate and the nucleation rate for new 

recrystallization events. It predicts a simple relationship between grain size and 

the stress exponent of the creep law prior to the onset of recrystallization. A 

new analysis of data from tests is shown to support a relationship between 

mean grain size and stress and to be consistent with the model of recrystallizing 

microstructure. Normalization of the grain size in terms of Burgers vector and 

normalization of average stress in terms of temperature-compensated shear 

modulus further implies a relationship that is universal for many materials 

with different crystal structures. It is suggested that the relationship can be 

used as an indicator of process stress from measurements of mineral grain size. 

6.3.2.4 POWER-LAW BREAKDOWN 

Power-law breakdown can occur at high stresses, even well within the tempera- 

ture régimes where diffusion is easy. This is generally attributed to a return to 

glide-controlled flow, as shown in Figure 6.8. Various equations have been 

proposed to fit the €-o dependences observed experimentally, but are not 

detailed here (see, for example, Brown & Ashby 1980b, Frost & Ashby 1982). 

When discussing the microstructures developed during dislocation creep 

(Section 6.3.2.2), a subtle distinction was drawn between cells and subgrains 

on the basis of the dislocation content and orderliness in the boundaries. This 

may not always be important, but it has been pointed out by Pharr (1981) that 

the more regular arrays and nets that constitute subgrain boundaries are less 

resistant to destruction by gliding dislocations than are dislocation tangles. 

Pharr has inferred that a subgrain microstructure more readily leads to power- 

law breakdown than one of irregular cells. 

6.3.2.5 —HARPER-DORN CREEP 

A special case observed for some materials with a larger grain size is that 
deformation at low, constant stress conforms to a linear (Newtonian) law 
between € and o (i.e. nm=1). Macroscopically it is therefore similar to 
Nabarro—Herring creep (see Section 6.3.3), but it differs microscopically, and 
is therefore known as Harper—Dorn creep (Harper & Dorn 1957). The 
specimens exhibit a low, constant dislocation density (e.g. ~10° cm~? in 
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Figure 6.8 Schematic illustration of the breakdown of power-law creep, caused by the competing 

effects of glide upon the climb/subgrain mechanism (after Frost & Ashby 1982). 

Al—5%Mg; Yavari etal. 1982). The observed microstructures have led 

Langdon & Yavari (1982) and others to conclude that Harper—Dorn creep is 

a special case of creep controlled by the climb of edge dislocations. Lee & 

Ardell (1986) have attributed Harper—Dorn creep entirely to the coarsening of 

dislocation networks. The mechanisms for creating and sustaining the disloca- 

tions are still unclear. Although this form of creep is mainly known for metal- 

lic systems (e.g. Al alloys), it has been reported in CaO (Coath & Wilshire 

1977, Dixon-Stubbs & Wilshire 1982) and in the perovskite-structured fluoride, 

KZnF;3 (Poirier ef al. 1983). 

6.3.3 Diffusion creep 

Creep at high temperatures and low stresses enables the processes of diffusion 

and grain-boundary sliding (GBS) to predominate over all others. Deviatoric 

(i.e. non-hydrostatic) stress fields at grain surfaces produce gradients in 

chemical potential and, as first suggest by Nabarro (1948), these gradients 

produce diffusive fluxes of vacancies and atoms which can accommodate 

changes in grain shapes. Provided that it is also possible for sliding to occur 

on grain surfaces, macroscopic straining of an aggregate is facilitated without 

the opening-up of intergranular cracks and the loss of the aggregate’s 
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integrity. Creep in which such diffusive migrations govern the deformation of 

an aggregate or polycrystal is well described by the expression ‘creep by 

diffusional flow’, but this is usually abbreviated to ‘diffusion creep’. 

The flow of a compressed polycrystal by diffusion creep is illustrated 

schematically in Figure 6.9. The precise régime that applies at high 

temperatures will depend on the balance between lattice diffusion (through the 

grain interiors), grain-boundary diffusion, and GBS. Thus the grain size of the 

material determines the controlling microprocess. 

If both lattice and grain-boundary diffusion are operative, the strain rate for 

diffusional flow is proportional to the applied stress (i.e. the stress exponent, 

n, is unity) and the strain rate is 

& = CoDers| da? (6.10) 

where C is a constant which incorporates the atomic volume and Boltzmann’s 

constant, dis the grain size, and Der is the effective diffusion coefficient, which 

is 

Dep = Dy (1 + m 6Dp/aD,) (6.11) 

Figure 6.9 Schematic illustration of creep of a polycrystalline aggregate by diffusional flow (after 
Frost & Ashby 1982). 
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where D, and Dy are the volume (lattice) and boundary-diffusion coefficients 

respectively, and 6 is the effective thickness of the grain boundaries. 

At the highest temperatures, lattice diffusion is rate controlling and thus the 

strain rate scales simply, as in (6.10), as D,/d*. This régime is known as 

Nabarro—Herring creep, in recognition of Herring’s refinement (1950) of 

Nabarro’s (1948) theory. At lower temperatures, grain-boundary diffusion 

predominates over lattice diffusion and the strain rate scales as D,/d’, giving 

a régime called Coble creep (after Coble 1963). The constitutive equations for 

both forms of diffusional creep are derived assuming that grain boundaries are 

perfect sources and sinks for vacancies. Knowledge gained recently about 

grain-boundary structure shows that some forms of grain boundaries have 

high degrees of lattice coincidence (e.g. see the work of Bollmann 1970), while 

others contain arrays of grain-boundary dislocations (Balluffi et a/. 1983). The 

latter are most likely to act as the sources and sinks of vacancies in grain 

boundaries, and thus not all boundaries will be equally effective in diffusive 

creep processes (see also Section 6.5). 

The quantity 6 in (6.11) is not the average structural thickness of the grain 

boundaries but the width of the associated regions of high diffusivity. This 

could be larger than the structural thickness, especially in rocks and ceramics 

(see Section 6.5). In one oxide, NiO, there is nevertheless good agreement 

between the quantity 6 and the structural widths of grain boundaries (see 

Atkinson & Taylor 1981, Ricoult & Kohlstedt 1983). However, even the 

structural thicknesses of grain boundaries in simple polycrystalline metals 

could not be directly measured until a few years ago, which is why there is even 

now relatively little information on the structure of grain boundaries and their 

properties (however, see Chadwick & Smith 1976, Balluffi 1980, Peterson 

1983, Yan & Heuer 1983; also see Section 6.5). 

It is apparent from (6.10) and (6.11) that the measurement of strain rates 

for aggregates with well defined grain sizes within the Coble and 

Nabarro—Herring régimes could yield measures of the grain-boundary 

diffusivity and lattice diffusivity, respectively. Such approaches have been 

applied to several ceramic systems, e.g. aluminium oxide (Cannon & Coble 

1975) and manganese—zinc ferrite (Nishikawa & Okamoto 1980). However, 

there are often discrepancies between the diffusivities derived from creep tests 

on ceramics and from more direct methods, and these may have one of several 

origins. Similar problems have arisen with minerals, as illustrated by forsterite 

and olivine. The activation energies for diffusion derived from creep (e.g. 

Kohlstedt & Ricoult 1984) disagree with values derived for oxygen from 

diffusion experiments (Jaoul ef a/. 1980), leading to questions about what is 

the rate-controlling process. Even more serious problems seem to exist with the 

data for silicon diffusion in olivine (Condit 1985). 

Both diffusion coefficients and microstructural parameters have ranges of 

values in polycrystals. As yet, few models take account of this fact. This 

implies that there can be local variations in the predominant microprocess. Raj 
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& Ghosh (1981) have used a model with distributed parameters to show that 

they can lead to a transition from dislocation creep to diffusion creep that 1s 

spread over several orders of magnitude in strain rate. 

6.3.4 Other grain boundary processes 

6.3.4.1 GRAIN-BOUNDARY SLIDING 

Grain-boundary sliding is seen to be a natural partner to the grain-shape 

changes occurring in diffusional creep, but there is evidence that it can also 

occur at low stresses in power-law creep, especially when the grain size is very 

small. The stress exponent for GBS alone appears to be > 1 (Langdon & 

Vastava 1982), but not enough is yet known about GBS and its relevance under 

various conditions and for different materials. However, GBS cannot be con- 

sidered as a self-sufficient mechanism for generating macroscopic strains since 

an aggregate deforming only by GBS soon begins to lose integrity because of 

the effects of the displacements at the grain triple junctions. Therefore GBS 

must be accompanied by processes for accommodating the excess material and 

filling the voids that are otherwise generated. 

Tvergaard (1988) has studied the influence of GBS on creep and creep rup- 

ture by model analysis, finding that some models predict that GBS should have 

little effect on creep at high stresses, whereas it should accelerate creep at lower 

stresses. Ruano & Sherby (1988) have suggested that diffusion creep is not 

always as dominant at high temperatures as the literature indicates, and that 

GBS or Harper—Dorn creep are more likely for low stresses in fine-grained 

materials. Clearly, a material’s microstructure and, especially, the nature of 

its grain boundaries will be crucial. It is found that many ceramics undergo 

strong GBS at high temperatures because intergranular glassy films form dur- 

ing their sintering. An example is silicon nitride, Si3N4 (Soma ef a/. 1984), in 

which glassy phases form by oxidation when compacts are being sintered. 

6.3.4.2 SUPERPLASTICITY 

Superplasticity is the stable flow of a fine-grained material under tension, to 

very large strains, without necking. In metals (to which the term only applies, 

sensu strictu, aS above), Superplasticity usually occurs at low stresses and 

moderate-to-high homologous temperatures (Padmanabhan & Davies 1980). 

Although superplasticity is rather loosely defined and indeed does not imply 

a unique mechanism, it is not really an appropriate term to apply to rocks and 

ceramics, which are very seldom tested for ductility in tension. If they were, 

none would approach strains of ~ 5000 per cent as occurs with several metals 

(e.g. Ahmed & Langdon 1977). However, the term ‘superplasticity’ is found 

in the literature of non-metals with the even looser sense of meaning the flow 

of polycrystalline materials to moderate strains at low stress levels. 

Superplasticity can arise in at least two ways; (a) by means of phase 

transformations, and (b) through the strong involvement of GBS processes. 
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Behaviour of type (a) is called transformational superplasticity and will not be 

described here in detail. Vaughan ef al. (1984), Poirier (1985), and Green 

(1986) provide introductions appropriate to the Earth sciences. The process 

may have relevance to tectonically active regions of the Earth’s crust and 

mantle, where cycling of materials through different P and 7 conditions may 

occur (e.g. see Sammis & Dein 1974). In ceramics, phase transformations are 

mainly used to promote high strength rather than softening, the prime example 

being the striking improvements possible with partially stabilized zirconias 

such as MgO-—PSZ, all such developments stemming from the paper by Garvie 

et al. (1975). 

The second form of superplasticity, (b), is usually called ‘structural 

superplasticity’ or ‘micrograin superplasticity’, since it is dependent on a very 

WY 
ae 

Figure 6.10 Adjacent-grain switching process in a superplastic régime. The aggregate undergoes 

a strain of more than 50 per cent without overall deformation of the grains. There is some local 

deformation at the intermediate stage to accommodate the grain-boundary sliding (after Ashby 

& Verrall 1973). 
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fine grain size. When this occurs, it is observed that grains remain equi-axed, 

even after large strains, which is only possible if GBS occurs. Ashby & Verrall 

(1973) proposed GBS in a new ‘grain-switching’ guise (see Fig. 6.10), in an 

attempt to model this aspect of superplasticity, incorporating diffusive 

mechanisms for grain-shape accommodation. Although the model produces a 

constitutive equation that can give €« o*, as observed for some materials, it 

has serious limitations, as do most of the microscopic models (see Gifkins & 

Langdon 1978 for a review and criticisms). The literature on this subject 

reveals a range of behaviour, with dynamic recrystallization playing a role in 

some cases (as modelled by Ghosh & Ghandi 1986), while in others some larger 

grains are found to elongate considerably. On one point there is fairly general 

agreement, however, and that is that GBS typically makes more than a 50 per 

cent contribution to the total strain (e.g. Chokshi & Langdon 1985, Kashyap 

et al. 1985). Structural superplasticity in ceramics (using the term in its loosest 

sense) is promoted by liquid phases on grain boundaries at high temperatures 

(Raj et al. 1984) (the accumulation of impurities at grain boundaries during 

processing can clearly lead to local lowering of the melting point). However, 

structural superplasticity also occurs in very pure, single-phase oxide ceramics 

(Panda etal. 1985, Venkatachari & Raj 1986). Such structural superplastic 

behaviour is less well documented in minerals, but has been reported in 

ultrafine-grained limestone (Schmid ef a/. 1977). 

6.3.4.3 FLUID-ENHANCED DIFFUSIVE FLOW: PRESSURE SOLUTION 

The deformation of rocks by means of the process generally called pressure 

solution is another difficult problem (but in this case special to the Earth sci- 

ences), in which the diffusive transport of matter in solution at grain surfaces 

and grain boundaries is rate controlling. Its results are to be seen in some grain 

overgrowths, corrosion pits on pebbles in conglomerates, and the interpenetra- 

tion of pebbles and fossils. Pressure solution is not a high-temperature 

process, since the agents of the mass transfer are fluid films between the 

grains. Deformation arises from the migration of soluble material through 

the fluid medium from regions of relative compression to regions of 

relative dilatation. The analogy with Coble creep is clear, and so pressure 

solution can be treated in a similar way, mathematically, as has been shown 

by McClay (1977). The natures of the fluids and the interface microstructures 

at grain boundaries in rocks and minerals are matters of great interest and 

conjecture, because the microprocesses underlying pressure solution have been 

unclear (for discussions see Rutter 1983, Green 1984). 

This monograph contains an important theoretical chapter by Lehner on the 

subject of pressure solution. The author starts with a brief review of accepted 
facts and previous relevant work, and then proceeds to postulate models for 
the micromechanisms involved, from which he is ultimately able to derive con- 
stitutive relations, in the form of transport equations and rate equations for 
the deformation of an aggregate by means of pressure solution. 
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The development of macroscale constitutive theories for the behaviour of 

materials during deformation has tended to lag behind progress in document- 

ing and understanding microscale mechanisms. This is clearly seen in the case 

of geological materials and is especially true when solid deformation and 

liquid-phase transport are coupled with phase changes or chemical reactions. 

Lehner selects the special problem of pressure solution in order to expound 

and discuss a general and systematic approach to the development of consti- 

tutive theories. The aim of Lehner’s analysis is to establish a framework for 

theoretical studies of large deformations in porous rocks which exhibit stress- 

enhanced solubility in their aqueous pore fluid. Few scientists encountering his 

approach for the first time will find it easy to assimilate, but the chapter is an 

outstanding contribution to the difficult task of understanding pressure- 

solution phenomena. Reading it with sufficient tenacity to understand at least 

the basic principles of Lehner’s approach will repay the effort. This task is 

facilitated by the author’s summary of the main steps in the theoretical devel- 

opment and the results thus derived. 

The basic entity addressed by Lehner is a representative elementary volume 

of a granular rock in which grain boundaries, possessing an island or asperity 

structure, are invaded by the pore-fluid solvent phase during pressure solution. 

By using averaging techniques and a three-scale description, a macroscale 

Gibbs equation is derived for the aggregate sample. Grain boundary displace- 

ments resulting from pressure solution and their conjugate thermodynamic 

forces are incorporated into this Gibbs equation, using a formalism that 

involves internal variables. Phenomenological relations which link the phase- 

boundary displacements to the thermodynamic forces are discussed for the 

limiting cases of diffusion-rate control and interface-reaction-rate control. The 

general form of a rate-type constitutive description for rock deformation by 

pressure solution is derived. It is suggested that this can form a basis for future 

quantitative studies of pressure solution. 

The chapter by Spiers & Schutjens (this volume, immediately following 

Lehner’s chapter), continues with the theme of pressure solution, but with a 

mixture of theory and experiment. The experimental data come from compac- 

tion creep tests on rock salt, NaCl, which the physicist and ceramist tend to 

view as a model solid, but one lacking importance as a practical structural 

material. Unfortunately, perhaps, the practising Earth scientist cannot take 

such an esoteric stance, since halite forms natural enclosures for hydrocarbon 

reservoirs, etc. Moreover, halite formations have recently been considered for 

the storage of radioactive waste products, so that the rheological and dilatant 

properties of rock salt and its marked susceptibility to pressure solution 

assume even greater significance. This is the stimulus underlying the work 

described by the Utrecht researchers. It has led to a piece of fundamental 

research that advances theoretical modelling of fluid-enhanced deformation, 

and usefully illustrates and illuminates the nature of grain-contact microstruc- 

tures in one particular type of aggregate. 
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Spiers & Schutjens develop a theoretical model for the densification of 

porous polycrystalline aggregates by fluid-phase diffusional creep, using an 

approach based on considerations of thermodynamic dissipation. In this 

approach, grain contacts are assumed to possess a time-statistically stable 

island structure. An expression for the creep rate is obtained by assuming that 

all work performed on a sample is dissipated in driving the mechanism respon- 

sible for the fluid-phase-assisted creep. When grain-boundary diffusion is rate 

controlling, the theory leads to an equation for the rate of densification creep 

at a given temperature that is proportional to the effective pressure and varies 

inversely with the cube of the grain size. The predictions of the constitutive 

model are tested against the results of compaction creep experiments on sieved 

NaCl powder immersed in saturated brine at room temperature. For effective 

pressures less than 2.2 MPa, the experimental results are in good agreement 

with the model, with all the samples exhibiting classical pressure-solution 

microstructures, together with clear evidence that grain boundaries contained 

a fluid-filled network of channels during deformation. 

6.3.4.4 EFFECTS OF CHEMICAL REACTIONS AND METAMORPHISM ON 

DEFORMATION BEHAVIOUR 

Research into fluid films is also given an impetus by findings which indicate 

that the presence of fluids can give significant oxygen exchange between some 

silicates at low temperatures (Giletti ef a/. 1978). The whole question of the 

interplay between chemical reactivity and deformation has become the focus 

of much thought amongst Earth scientists, and papers in this area, plus many 

references, are contained in Thompson & Rubie (1985). Rubie (this volume) 

provides a more specific review and contribution on the subject of reaction- 

enhanced deformability and the effects of metamorphism. Metamorphism 

embraces all processes whereby rocks are changed under the actions of 

pressure, or heat, or a combination of both. Rocks which have been metamor- 

phosed under similar P and 7 conditions are said to belong to the same 

metamorphic facies and normally will have attained the same metamorphic 

grade. Metamorphic reactions in themselves can be very complex, since 

several minerals in close proximity may be involved. Additionally, there are 

reactions possible as a result of pore fluids under pressure, retrograde meta- 

morphism (the result of holding a high-metamorphic-grade rock for a very 

long time at a temperature below that at which it achieved that grade), etc. 

Some of the effects of such complexities (e.g. pressure solution) lie outside the 

usual experience of those not working in the Earth sciences. Others do not, 

since one result of retrograde metamorphism may be the activation of an 

atomic ordering mechanism which can only occur at a low temperature. 

Systems that exhibit such behaviour are well known to ceramists and metallur- 

gists since they can, for example, preclude the use of slow cooling to minimize 

built-in elastic strains in structural members. 
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The data reviewed by Rubie shows that, in many (but not all) cases, the 

deformability of rocks can be greatly enhanced by concomitant metamor- 

phism, and that mineral reactions can result in a large increase in strain rate 

at constant stress, or a large decrease in strength at constant strain rate. In 

experimental studies, the mechanisms responsible for this behaviour can be 

evaluated from a combination of mechanical properties data and microstruc- 

tural observations. In studies of naturally deformed rocks, however, because 

only microstructural data are available, it is much more difficult to identify 

unequivocally the deformation mechanisms that operate. 

The existing data are interpreted as suggesting that an important process of 

reaction-enhanced deformability involves the formation of transiently fine- 

grained reaction products. Consequently, the deformation mechanism may 

change from dislocation creep to a grain-size-sensitive process such as diffu- 

sion creep, possibly with a large contribution from grain-boundary sliding (i.e. 

diffusion-accommodated grain-boundary sliding). Evidence is presented which 

indicates that this process can operate during dehydration, solid—solid, and 

hydration reactions, both in laboratory experiments and during natural rock 

deformation. The limited amount of pertinent data suggests that strain rates 

may increase by a factor of up to 10°—10%at constant stress. 
Rubie’s chapter continues by discussing and making an assessment of the 

relative importance of other reaction-augmented deformation processes. 

These include enhancement of the rate of diffusion creep by fluids released 

during dehydration reactions, cataclastic flow as the result of a reduction in 

the effective confining pressure during devolatilization reactions, incongruent 

pressure solution, and transformation plasticity. It is concluded that some of 

these mechanisms may only have a small effect on rheological behaviour, but 

current difficulties in confidently evaluating their relevance emphasize the need 

for further carefully designed experimental studies. 

6.4 The classification of deformation régimes and mechanical 
properties 

In the past decade or so, the construction of deformation-mechanism maps to 

indicate the operational fields of the various deformation régimes has become 

established (Ashby 1972, Stocker & Ashby 1973, Frost & Ashby 1982). Exam- 

ples are presented and used in chapters within this volume (Murrell, Tullis), 

which show that such maps are a useful way of classifying the deformation 

behaviour of different materials and making comparisons between them. 

Another way of bringing out similarities in deformation properties is by the 

use of isomechanical groups (substances with similar structures and bonding 

that have analogous normalized mechanical properties, e.g. see Ashby & 

Brown 1981). This approach has been discussed by Murrell (this volume). 
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6.5 The structure of grain boundaries and interfaces between 
phases, and the nature of intergranular films 

Electron microscopy and related methods can play important rdles in studies 

of the fundamental structures of grain boundaries and other types of inter- 

faces. It is also possible to investigate whether very thin intergranular films 

exist, and to quantify the thicknesses and compositions of more substantial 

asperities and second phases on surfaces and at interfaces. If we can also 

characterize zones of enhanced chemical reactivity, it will be possible to 

constrain our models and thus enable their predictions to be examined more 

critically. 

The structures of grain boundaries and interfaces between phases are clearly 

most important, but the once widely held idea that grain boundaries were 

amorphous zones is not long out of favour, and so our present knowledge is 

still inadequate. Considerations of grain-boundary structures essentially began 

with the work of Bollmann (1970), and considerable progress has been made 

with metals (Balluffi 1980). Rather less is known about grain boundaries in 

ceramics (Clarke 1987), and the information that is available largely stems 

from the work of Balluffi et a/. (1981, 1983), and Sass, Carter, and their col- 

leagues (e.g. Carter et al. 1979, 1980; Carter & Sass 1981). Yan & Heuer (1983) 

also contains some representative papers. Much less still is known about the 

structures of grain boundaries in minerals, and very few studies have yet been 

undertaken (e.g. White & White 1981, Ricoult & Kohlstedt 1983, Hay & Evans 

1988). Some knowledge exists about interfaces between phases in rocks and 

minerals because of the use of TEM methods (including lattice imaging) in 

various studies of phase transformations (e.g. Van Landuyt ef a/. 1987), of the 

contacts between hosts and exsolved phases (e.g. Williame ef a/. 1976), and of 

alteration processes (e.g. Eggleton & Banfield 1985, Ahn ef a/. 1985). How- 

ever, the properties of such interfaces are not necessarily directly relevant to 

interfaces formed by igneous processes or by sintering. 

The importance of grain boundaries in diffusion creep (Section 6.3.3) has 

led to attempts to determine how effective various types of grain boundary are 

as sources and sinks of point defects. Jaeger & Gleiter (1978) and Gleiter 

(1979) have concluded that the efficiency of grain boundaries as vacancy 

sources depends on their atomic structures. High-angle boundaries are better 

sources than those with small angles of misorientation, and grain-boundary 

dislocations play a significant rdle. (Grain-boundary dislocations, essential to 

the structures of low-angle (< 10°) boundaries, also occur in most high-angle 

boundaries, where they accommodate any small deviations from the nearest 

coincidence geometry of the two abutting lattices (see Balluffi et a/. 1983).) 

A study by Ricoult & Kohlstedt (1983) is particularly interesting because it 

finds that the structural thicknesses of low-angle grain boundaries in olivine 

are ~7 nm, which is about one-third of the thickness of similar boundaries in 
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metals. Ricoult & Kohlstedt employed the TEM methods pioneered by Carter 

et al. (1979), which have also been used to study grain boundaries in Al.O3 

(Carter etal. 1980). (Essentially, the lengths of the streaks of diffracted 

intensity from a grain boundary are inversely proportional to the structural 

thickness of the boundary.) The results are surprising at first sight, because the 

structures of grain boundaries in ceramics and minerals are generally expected 

to be complicated by the electrostatic interactions between the two or more 

charged ion species forming the compounds. As yet we do not know whether 

the structural widths obtained for olivine are representative of silicates in gen- 

eral, but in some oxides the widths appear to be even less (see the discussion 

in Ricoult & Kohlsted 1983). However, as already mentioned in Section 6.3.3, 

the structural width of grain interfaces is not necessarily the most important 

parameter for grain-boundary processes, and what matters is the thickness of 

any boundary zone having a chemical potential differing from that of the grain 

interiors. Modern techniques such as SIMS and AES are capable of providing 

this type of data, but so far they have been exploited almost entirely for 

materials with commercial importance, especially semiconductors. 

6.6 Microstructures, preferred orientation, and models of 

crystalline plasticity 

6.6.1 Microstructures in rocks and ceramics 

Rocks constitute most of the Earth (at least, most of the crust and mantle) and 

also most of the inner planets of the solar system. All terrestrial rocks that 

have been molten and many that are of interest from the viewpoint of defor- 

mation processes possessed melt-crystallization microstructures at the onset of 

deformation. Man-made ceramics, unlike rocks and man-made metals, are 

seldom formed by crystallizing a melt. Most ceramics are currently produced 

by the sintering together of compactions of particles at comparatively high 

temperatures (typically >0.757;,) to consolidate the compact and eliminate 

most porosity. Newer forms of ceramics have different fabrication methods, 

which include the crystallization of glass (therefore quite akin to a melt- 

derived microstructure), sputter-deposition, etc. Despite the differences in the 

processing of ceramic materials, the need to equilibrate them at high tempera- 

tures tends to imbue them with microstructures that superficially resemble 

those of rocks of high metamorphic grade, especially when considering 

monomineralic examples of each category. 

Minerals are, of course, the basic crystal components of rocks, classified in 

terms of crystal structure and chemical constituents. Minerals are products of 

nature, senso strictu. They tend to incorporate trace impurities that are a 

signature of their formation environments and therefore have a degree of 

uniqueness. Nevertheless, the crystalline phases to be found in ceramics largely 
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overlap the mineral phases to be found in rocks, exhibiting identical symme- 

tries and crystal structures, and often only minor differences in chemical com- 

position. It is thus convenient to adopt the view that minerals are the basic 

crystalline constituents of both rocks and ceramics. 

The term ‘microstructure’ has been widely used in the foregoing sections. 

While many readers may be clear about its meaning, one should stress that the 

term has tended to expand in scope as modern techniques achieve ever greater 

resolution. Most materials scientists (and here we count rocks as materials) 

now take the term ‘microstructure’ to mean all forms of structural inhomo- 

geneity extending from that visible with low-power optical magnification down 

to features separated by distances as small as 1 nm. Indeed, transmission elec- 

tron microscopy (TEM; resolution limit ~0.15 nm) has effectively produced 

an overlap between the terms ‘microstructure’ and ‘crystal structure’. Micro- 

structures are very diverse in form as well as in scale and there is no agreed 

way of describing them, which introduces an element of confusion. Hornbogen 

(1986) has suggested a scheme for classifying microstructures, but as yet it 

seems to have won few adherents. 

The chapter by Tullis (this volume) is an excellent illustration of what can 

be achieved through a research programme that allows comparison of the 

microstructures generated by deformation of polycrystalline materials under 

both laboratory and natural, geological conditions. Knowledge of the P and 

T conditions applying in the laboratory is used to interpret the natural defor- 

mation conditions. 

Tullis’s experimental deformation studies have been remarkably successful 

in producing microstructures in monomineralic and polymineralic quartz- 

feldspar aggregates which are very similar to those observed in naturally 

deformed aggregates from a range of metamorphic grades. This indicates that 

the same processes have been operative. Monomineralic aggregates of quartz 

and of feldspar show many similarities but also display important differences 

in deformation behaviour. Experiments on quartzites show that with increas- 

ing P and T there is a broad régime of faulting, a narrow régime of cataclastic 

flow, and then a broad régime of climb-accommodated dislocation creep. Up 

until now, the experimental studies have been unsuccessful in producing diffu- 

sion creep or pressure solution, In feldspar aggregates the faulting régime is 

narrower, the cataclastic régime is broader, the experimentally accessible 

portion of the dislocation creep régime is accommodated by recrystallization 

rather than by climb, and fluid-assisted grain-boundary-diffusion creep occurs 

in very fine-grained aggregates. Observations of naturally deformed 

feldspathic rocks indicate a higher temperature régime of  climb- 

accommodated dislocation creep. Tullis notes that quartz and feldspar violate 

the simple metallurgical rule that ductility is proportional to fractional melting 

temperature, since quartz has a much higher 7, than feldspar but a lower 
temperature for the onset of dislocation creep. 

The experimental deformation studies of Tullis on polymineralic aggregates 
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are limited in direct application to relatively low metamorphic grades, because 

of the onset of partial melting at the high temperatures necessitated by the 

relatively fast experimental strain rates employed (10° *—10~°s~!). Within the 
experimentally accessible window, studies of granite and aplite demonstrate a 

switch in the relative strengths of the two components and a corresponding 

change in textural evolution. At the lower temperatures, where dislocation 

activity is very limited, dispersed quartz grains remain undeformed while the 

feldspar matrix undergoes ductile cataclastic flow. At higher temperatures in 

the dislocation creep régime, portions of original feldspar grains remain only 

slightly deformed and become dispersed, while quartz and recrystallized 

feldspars form a weak, continuous matrix. In rocks in which feldspars form 

the stress-supporting framework, the difference in strength between original 

and dynamically recrystallized grains at low-to-intermediate metamorphic 

grades tends to favour ductile shear zones on all scales, whereas deformation 

is more homogeneous at high grades where climb-accomodated creep becomes 

possible. 

Following the Tullis chapter is one by Knipe, reporting work that uses 

similar microstructural characterization methods to those employed by Tullis 

and her colleagues, but which serves to demonstrate the ways in which micro- 

scale observations of deformation processes can be used to build up a picture 

of macroscale faulting and the emplacement of thrust sheets, while incident- 

ally providing compelling evidence of the complexity of tectonic systems. The 

author reports the results of his studies of the Assynt region of the famous 

thrust fault of north-west Scotland, the Moine Thrust. 

Analysis of the deformation features preserved in quartzites involved in the 

evolution of the Moine Thrust Zone is used to illustrate how microstructural 

studies can aid the assessment of the deforming mechanisms, kinematics, and 

dynamics that were operative in tectonic events. The microstructures preserved 

in fault rocks developed along the major thrusts, together with the features 

characteristic of deformation within each of the thrust sheets of the Assynt 

region, are reported. Each of the fault zones has been active over a different 

range of metamorphic conditions and preserves evidence of a different combi- 

nation of deformation mechanisms experienced during different pressure— 

temperature-time paths. The microstructures are used to infer the 

deformation mechanism path of each thrust fault and integrated into the 

likely P—T-t paths. 

Knipe’s study reveals changes in the deformation mechanisms, the strain 

path, and the type of strain-rate cycles associated with the emplacement of the 

different thrust sheets. Deformation along the thrust faults which have 

experienced the highest temperatures is dominated by dislocation creep pro- 

cesses. However, Knipe finds that the later stages of emplacement along the 

Moine Thrust saw an increase in the importance of fracturing and involved a 

complex history of alternating thrust sheet thinning and shearing. The last 

stages of deformation in the fault zone rocks were accompanied by vertical 
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shortening by diffusive mass transfer, indicating a decrease in the differential 

stress levels that induced deformation. Cataclastic flow dominated the 

emplacement of the lower-level thrust sheets, which took place over lower 

temperatures. Plastic deformation by dislocation movement is found to be an 

important subsidiary deformation mechanism in the intermediate level Assynt 

Thrust sheet but is more pervasive in the higher structural levels of this sheet. 

Evidence of a change to vertical shortening by diffusive mass transfer after 

emplacement of the Assynt Thrust is preserved in the fault rocks; this defor- 

mation pre-dates deformation and rotation of the Assynt Sheet by the underly- 

ing Sole Thrust system. Although most faults in the lowest thrust sheet, the 

Sole Thrust system, are dominated by cataclastic rocks, a fault tip preserves 

evidence of slow-strain-rate deformation by diffusive mass transfer, and prob- 

ably represents the final decline of displacement activity on the whole thrust 

system. 

Where possible, Knipe uses the deformation microstructures to speculate on 

the magnitude of the deformation and displacement rates associated with the 

evolution of the Moine Thrust Zone. In addition, the stability of the micro- 

structures generated in the different thrust sheets is related to the different 

P-T-t paths of each thrust sheet. The variation in microstructures of 

cataclastic gouge zones preserved in the different thrust sheets is interpreted as 

indicating that these zones are particularly susceptible to annealing during 

cooling. 

6.6.2 Preferred orientation—deformation textures 

One of the most important effects produced by the deformation of a crystalline 

aggregate is the changes in the crystallographic orientations of the individual 

crystals. These changes, most obvious in materials deformed to strains =10 

per cent, result mainly from slip within individual crystals, leading to their 

crystallographic rotation. As a consequence, initially isotropic aggregates 

develop a pronounced crystallographic preferred orientation or ‘texture’, 

which can be measured by X-ray, optical, or electron beam methods. Materials 

deforming by brittle mechanisms generally do not develop preferred grain ori- 

entations, but do exhibit preferred orientations for cracks. 

Earth scientists also employ the term ‘fabric’ in describing the appearance 

of rocks, a term which is rather all-embracing and tends to de-emphasize the 

heterogeneities to be found on the macroscale. With the increased importance 

of microstructural studies to Earth scientists, the word ‘microfabric’ has come 

into use, embracing. both microstructure and preferred orientation. The 

geological significance of microfabrics is discussed by Hobbs (1985). The word 

‘texture’ as a synonym for preferred orientation is widely used by metallur- 

gists, and has growing acceptance in the wider materials and Earth science 

communities. 

The pattern of preferred orientation of a deformed aggregate or rock is typi- 
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cally represented by a map showing how the distribution of a crystallographic 

property varies in space. This is obtained by means of a projection into two 

dimensions, resulting in a pole figure, or fabric diagram. The information in 

these pole figures must correlate with microstructures, since both are a conse- 

quence of the activity of particular slip systems (GBS and cracking may also 

be involved). Introductions to the réle of slip systems are to be found in the 

texts of Barrett & Massalski (1981) and Hobbs ef al. (1976). Other papers (e.g. 

Van Houtte & Wagner 1985) give more detailed arguments. A deformation 

texture is a record of the last major deformation process to affect a fabricated 

material or a natural rock. In the former case, the process parameters will nor- 

mally be well known, but for the rock they will not and must be deduced, if 

possible. The question for geologists is whether or to what extent it is possible 

to use observed preferred orientations to interpret recent deformation history. 

In attempting to answer this question by studying the change in orientation of 

grains during deformation, and in simulations combining the effects on all 

such grains in a polycrystalline assemblage, it is generally assumed that slip 

and deformation twinning are the important mechanisms (Gil Sevillano ef al. 

1980). In this review, space is too limited to describe the often more minor 

rules of twinning, kinking, etc. (Barber (1985) gives a brief introduction and 

useful references to these mechanisms, while Van Houtte & Wagner (1985) 

review the réle of twinning in texture development and how it can be mod- 

elled.) 

Recent activity in the development of texture analysis and its use in inter- 

preting the processes underlying the deformation of materials is well illustrated 

in the text by Wenk (1985), which contains references to many papers report- 

ing recent research activity in this field. Mention was made in Section 6.2 of 

the influence of initial microstructure on o—€ relationships. This aspect has 

also been engaged by those working in the field of texture (e.g. Lister & Hobbs 

1980, Bunge 1987), and there have been attempts to include changes in texture 

and microstructure in constitutive equations (e.g. Kocks 1976). Tullis (this 

volume) briefly discusses some recent developments in texture studies that are 

especially relevant to rock deformation. 

6.6.3 Modelling of crystalline plasticity 

Theories of polycrystalline plasticity that take into account the deformational 

mechanisms active in individual grains tend to be very complex, but all start 

from simplifying assumptions about the relationships between macroscopic 

stress, or strain, and the microscopic distributions of stress, or strain. A prime 

requirement for a polycrystalline aggregate to deform to significant plastic 

strain is that parting should not occur at grain boundaries, which implies that 

strain continuity must be maintained. Taylor (1938) met this point by making 

the hypothesis that all the grains in an aggregate undergo the same homoge- 

neous strain as experienced by the body as a whole. In general this can only 
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be achieved if at least five slip systems are active, enabling each grain to 

undergo a general shape change and thus maintain contact with its neighbours 

(von Mises 1928). However, consideration of the conditions of stress equil- 

ibrium implies that, in general, both stress and strain will be heterogeneous 

within the grains. Nevertheless, Taylor theory often approximates to the way 

that materials of high crystal symmetry behave during deformation. An 

introduction to modified forms of Taylor theory and other approaches to the 

simulation of texture development are to be found in Van Houtte & Wagner 

(1985). 

There are several examples of the successful use of Taylor theory to model 

plastic deformation in monomineralic rocks. Simulated textures for quartzites 

and limestones are found to be in reasonable agreement with those observed 

in experimentally deformed samples (e.g. Lister & Hobbs 1980, Wenk ef al. 

1986). The main problems with Taylor theory stem from the basic assumption 

of homogeneous strain and the requirement that all grains in an aggregate 

deform at the same rate and, accordingly, undergo the same shape change as 

the whole. In general, minerals tend to have low symmetry, with the conse- 

quence that their slip systems are asymmetrically disposed and often have large 

differences in critical resolved shear stresses. This causes the single-crystal yield 

surface to be strongly anisotropic. For such low-symmetry minerals, some 

crystal orientations are much stronger than others, and thus there is a spread 

in strain rates between the grains of their polycrystals. The situation becomes 

even worse if a material fails to meet the von Mises criterion (von Mises 1928) 

and lacks five independent slip systems. The yield surface is then not closed, 

so that crystals cannot deform homogeneously. It is clear that in such cases 

Taylor theory may only be applied if some of its rigorous constraints are 

relaxed. Others argue that Taylor theory is so inappropriate to strongly anis- 

otropic materials that other types of theory must be developed and applied. 

The chapter by Takeshita, Wenk, Canova & Molinari (this volume) begins 

with a brief review of research pertinent to rocks in regard to Taylor theory, 

and then proceeds to the particular case of olivine. The authors examine mod- 

elling of the development of texture and plastic anisotropy by applying both 

relaxed-constraint Taylor theory and a viscoplastic, self-consistent theory, a 

comparison that has recently been made for halite (Wenk ef a/. 1989). It is 

shown that the two approaches give similar result for olivine, corresponding 

well with what is observed from experiments and with natural fabrics. On the 

basis of this model, it appears that dislocation climb is rate controlling, and 

that simple shear is the most economical strain mode, at least at high tempera- 

ture. It is also shown that (010) and (100) pole figures can be used to determine 

the sense of shear if the shear plane can be identified. 

Turning to a different type of anisotropy, fabrics that result from the 

dynamic recrystallization of rocks from the upper mantle, dunite and lherzo- 

lite, have been used to explain the anisotropy of seismic-wave velocities in the 
upper mantle (Carter ef al. 1972). Past arguments, based on experimental 
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creep ‘data, as to whether (100) or [011] slip predominates in the peridotites 

(essentially olivines) of the upper mantle, may be irrelevant if dynamic 

recrystallization predominates (for more details see Lliboutry 1987). Clearly, 

the modelling of upper mantle flow by laboratory-derived steady-state-creep 

laws is open to doubt, and texture analysis is demonstrably relevant to some 

important problems. 

It will be clear from this overview that any understanding or modelling of 

plastic deformation is dependent on knowledge of the basic microprocesses 

that are available for relieving stress in a given substance, how the critical 

resolved shear stresses for slip systems vary with temperature, etc. In recent 

years the development of new ceramic materials for structural applications in 

hostile environments (e.g. nuclear reactors or gas turbines) has necessitated 

a great deal of research into their deformation mechanisms, especially at 

high temperatures. Many oxide ceramics are notable for being able to retain 

the same basic crystal structure over a range of stoichiometries. Non- 

stoichiometry not only changes the kinetics of diffusion (which may therefore 

modify climb behaviour) but may also affect deformation mechanisms directly 

(e.g. by changing the height of Peierls barriers). The chapter by Heuer, Keller 

& Mitchell (this volume) describes research to find which slip systems operate 

as a function of temperature, composition, and crystal orientation in uranium 

dioxide, UO2. This material is mostly used as a nuclear fuel, and its mechanical 

properties are important because of the large stresses suffered by fuel rods dur- 

ing use. It crystallizes with the fluorite structure (as does zirconia in its cubic, 

fully stabilized, form). Uranium dioxide compositions can embrace a wide 

range of oxygen contents at high temperatures while still maintaining the 

fluorite structure. 

The chapter by Heuer efa/. illustrates the investigation of deformation 

mechanisms by the use of single crystals. It is well known that UO2+, shows 

a tendency to soften with increasing excess oxygen content (x) when deformed 

at high temperatures (Ronchi & Blank 1970). However, a more precise descrip- 

tion of its behaviour is still needed. It is shown that, at low temperatures, 

{111}<011) is the preferred slip system, and that the same slip system also 

operates at high temperatures for some orientations of non-stoichiometric 
crystals. It is also shown that additional mechanisms are, for various com- 

binations of x and crystal orientation, either {100}<011) slip or non- 

crystallographic slip, combining activity on {100} and {111} planes, or on 

{110} and {111} planes. The findings are then discussed in terms of the 

structure of dislocations in the fluorite structure, and the chapter concludes by 

listing a number of questions that still remain unresolved. 

An understanding of slip mechanisms and factors that influence them may 

often entail an even more detailed study of the properties of the dislocations 

involved. A sublime example of this situation is presented by Hennig-Michaeli 

& Couderc for the ore mineral chalcopyrite, CuFeS2. Its tetragonal structure 

can be thought of as an ‘ordered’ sphalerite (ZnS) structure, but a further 
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complication is that the strongly covalent bonding represents an effective ionic 

state between CutFe**S3~ and Cu*Fe**S3~. The plastic deformation 
behaviour of chalcopyrite is more complex than that of sphalerite, because a 

multiplicity of glide mechanisms contribute. The study focuses on dislocation 

reactions occurring in experimentally deformed crystals, including the dissoci- 

ation of perfect dislocations into partials, cross slip of extended dislocations, 

and interactions between dislocations associated with different glide modes. 

The single-crystal specimens were tested by compression along several low 

index directions, under a confining pressure, at two different temperatures. 

It is shown that, at 200°C, the main slip modes are {112}<311) and 
{112}<311), producing high-density bands of straight dislocations with 

Burgers vector, b =5 (311), which are dissociated into four non-collinear 

partials. Other observed Burgers vectors in the {112} plane are b=4<{111), 
b = (110) and b = (201). All of these also undergo dissociation. Twinning is 
found to proceed by the motion of partial dislocations with b = 1111). It is 

found that dislocations in crystals suitably orientated to slip on (001)<110) are 

homogeneously distributed, and they dissociate into two collinear partials 

with b =4<110) which are observed to cross slip readily onto {112} planes. 

Dislocations with b = (010) introduced by glide on {100}<010) are split into 

two non-collinear partials, b = $<021). 

The main deformation modes at 400°C are slip on (001)<110) and 

{112}<111). Dislocations with b = 4<111) are homogeneously distributed and 
cross slip from {112} into {110}. The interaction of dislocations with b = 

} (111) gliding in different {112} planes is found to generate dislocation 
segments with b= (110). 

6.7 Concluding remarks 

It will be apparent from the foregoing sections that much of the progress in 

understanding the flow properties and creep of materials has come about 

through research on metals, for which there is now a huge amount of data. 

Unfortunately, far less information is available for non-metals and, although 

it is clear that many of the metallurgical findings have relevance, they cannot 

simply be directly applied to ceramics, or to rocks — as demonstrated by the 

findings of Tullis (this volume). Important factors are the very different nature 

of the bonding in non-metals, the generally greater complexity of their 

atomic structures and their lower symmetries and, often, the very different 

environments under which they are deformed. Contributory factors to the 

relative dearth of knowledge about deformation processes in ceramics and 

minerals are the much greater commercial importance of metals, and practical 
impediments such as the greater difficulty in studying microstructures in non- 
metals by TEM prior to the widespread adoption of the ion-thinning method 
(Paulus & Reverchon 1961) in the 1970s (Barber 1970). 
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Lack of basic data is still a hindrance to progress in the elucidation of the 

microprocesses of flow, and perhaps nowhere is this more true than in the case 

of diffusion data for non-metals. In particular, very little is known about diffu- 

sion mechanisms in minerals. Once again, the complexity of obtaining data for 

compounds where the relevant temperatures are quite high and several atomic 

species may be mobile largely explains the lack of data for many oxides and 

most silicates prior to 1960. However, the recognition that diffusion between 

phases could be sufficiently fast to play a role in metamorphic processes (Fyfe 

et al. 1958, Spry 1969), the charting by EPMA of compositional zoning in 

metamorphic minerals such as garnets, and interest in geothermometry, have 

all stimulated the need for diffusion data. The need is widely recognized, but 

there are relatively few groups engaged in this type of work, which is difficult, 

not well suited to the present-day dictates of rapid and guaranteed results, and 

probably not given sufficient encouragement. For an introduction to diffusion, 

see Manning (1974): for summaries of data on oxides and silicates, see Freer 

(1980) and Freer (1981) respectively. 
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CHAPTER SEVEN 

Experimental deformation 
and data processing 

Jean-Paul Poirier, Christophe Sotin & Solange Beauchesne 

7.1 Introduction 

The methods and procedures of experimental deformation of minerals and 

rocks, now a valued tool of structural geology, tectonics, and geophysics, have 

been transferred almost in totality from the practice of physical metallurgy. 

Indeed, even in the newer field of materials science, dealing with ceramics and 

other materials, the traditional methods for deriving rheological laws from 

high-temperature creep experiments have been religiously handed down from 

adviser to student. 

The purpose of this chapter is to try and make the Earth scientist reader 

receptive to the idea that these hallowed methods are not necessarily the best, 

even though they are used by everybody (including, until very recently, one 

author of this contribution). The principle of an alternative method will be 

presented and demonstrated using preliminary results of high-temperature 

creep experiments on single crystals of barium titanate (a crystal with the 

perovskite structure). 

7.2 The traditional methods 

Let us first rapidly — and critically — review the traditional methods used to 

derive a rheological law from the data obtained in laboratory deformation 

experiments. 

A rheological law makes sense only in the case of steady-state (or quasi- 

steady-state) deformation, and we will accept here that it is the equation 

relating all relevant physical and mechanical parameters that fits the experi- 

mental data best. 

For metals, there are usually four parameters (stress, strain rate, tempera- 

ture, and grain size), but there can be many more for ceramics and minerals, 

e.g. oxygen partial pressure, degree of non-stoichiometry and, of course, 

hydrostatic pressure. 
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The most usual kinds of experiments are constant-stress creep tests or 

constant-strain-rate experiments (especially with Griggs-type apparatus). In 

the former case the steady-state strain rate é is measured for several values of 

applied stress o and temperature T (and possibly other parameters), whereas 

in the latter case the strain rate is imposed at a given temperature and the 

measured stress is that corresponding to a plateau of the stress—strain curve. 

In both cases, the results consist of values of creep rates for couples of values 

of stress and temperature, which, in most instances, cannot be displayed as a 

simple matrix, i.e. raw data can seldom be arranged in suites of values of creep 

rates at various stresses for the same temperature, or creep rates at various 

temperatures for the same stress. From then on, two main classes of methods 

have been and still are used: 

(a) The experimental values of € are normalized in temperature using a value 

of activation energy chosen a priori or determined by trial and error. The 

parameter thus found (the Zener—Hollomon parameter; see Poirier 1985) 

is logarithmically plotted against the stress normalized by the shear 

modulus, on a single master curve, thus yielding the stress dependence. 

This method, popularized by Dorn’s school, involves too much a priori 

massaging of the data to be of real value when one wants to find an 

unknown rheological law. We mention it here for the sake of complete- 

ness and will not discuss it further. 

(b) The most popular current method for finding a rheological law consists 

of plotting separately Iné versus 1/7 and Iné versus Ino (Poirier 1985). 

In each plot, straight lines are fitted to the points corresponding to 

experiments performed at the same stress or temperature. The slope of 

the lines in the Arrhenius plot provides the activation enthalpy of creep: 

if the slope does not depend on stress a power law is acceptable, if not, 

the activation enthalpy is stress dependent, leading to an exponential 

stress dependence of the creep rate. The In € versus Ino plot provides the 

stress exponent n, at least for the values of o corresponding to a constant 

slope. This procedure, although widely used, is far from being satisfac- 

tory for many reasons, as listed below: 

(1) The rheological law to be found (é, o, 1/7, P, d, etc.) =0 can be 

represented by a surface in the space of the parameters; strain rate 

€, stress o, temperature 7, pressure P, grain size d, etc. The 

problem is to find the best surface, fitted to the experimental data, 

represented by points with experimental error bars in that space. 

Now, in the usual procedure, sections of the surface by planes 

o=constant, 7=constant etc. are independently fitted to the 

experimental results, yielding parameters such as d(In €)/d(1/7) or 

d(In €)/dIno, which will be identified as the activation enthalpy or 

the power-law stress exponent. Even though some check of internal 
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consistency can be provided by graphically correlating the 

Arrhenius and In é—Ino plots (Poirier 1985), there is no reason to 

believe that the best fits (supposing that they are the best, see 

below) in each of these sections coincide with sections of the best 

overall fitting surface. 

If, as it often is the case, there are few points, if any, at the same 

stress or temperature, it is difficult to fit lines to the data in the 

Arrhenius or Iné—Ino plots unless one reduces the data to a few 

common temperatures or stresses, using values of the activation 

energy or stress exponent derived from few experimental points, a 

procedure that is at best self-consistent; however, its impact on the 

results is usually not estimated. 

If the Arrhenius or the In €—Ino plots are curved — not an unusual 

occurrence — it is a matter of arbitrary choice to divide the curves 

into approximately linear portions and to assume different creep 

régimes, or to find a law that accounts for the observed temperature 

and stress dependence (usually an empirical law). 

The technique for fitting a straight line through the experimental 

points is fraught with often unsuspected difficulties and ambig- 

uities. Most often, straight lines are fitted by linear regression of 

Iné on 1/7 or Ino. This means that, due to the usual way of repre- 

senting the data, the sum of the squares of distances from the 

experimental points to the line, parallel to the strain-rate axis, is 

minimized. If the correlation coefficient is different from 1, the 

regression of Iné on 1/T will be different from that of 1/7 on Iné 
(the correlation coefficient is related to the angle between the two 

lines), the values found for the activation energy, or the stress 

exponent, will be different, but there is absolutely no reason why 

Iné versus 1/T (or Ino) should be privileged over 1/T (or Ino) 

versus Iné; this is, however, currently done. In a sense, eyeball 

fitting is more satisfactory. Multilinear regression answers the 

objections made in (i) and allows the determination of a best fitting 

surface (instead of separate sections). However, it is the surface 

Iné=f(o,1/T) that is determined by minimizing the sum of 

the squares of the differences in Ine between the experimental 

points and the surface (e.g. Heard & Kirby 1981). Considering 

o=g(€,1/T) or 1/T=h(Eé,o,...) would yield different results, 

equally worthy of consideration. 

Whether the fit to scattered experimental points is obtained by eye- 

ball, linear, or multilinear regression, it cannot take into account 

the experimental errors and uncertainties in the determination of 

the creep rate and the measurement of stress (especially with the 

Griggs-type apparatus), temperature, and grain size (usually not 

unimodal). No statistically meaningful standard deviation can be 
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quoted for the parameters of the rheological law. Even though, in 

most cases, values of QO or n are quoted with an uncertainty, it has 

no statistical value and may even be overestimated (for instance, by 

fitting lines through the extremities of error bars). 

(vi) It follows from these observations that in the case in which different 

laws can be fitted to the results (e.g. a climb-controlled power-law 

or a glide-controlled law with a stress-dependent activation energy), 

it is impossible to decide objectively which law fits the data best — 

with weighty consequences when the laws are to be extrapolated. 

7.3 A global inversion method 

We are faced with the problem of extracting a few rheological parameters 

(activation energy, stress, pressure, grain size, oxygen pressure dependence, 

etc.) from what is, in the best case, a large number of experimental data 

values; each experimental point is characterized by the values of the measured 

(or imposed) strain rate, the imposed (or measured) stress, the temperature, 

hydrostatic pressure, grain size, oxygen partial pressure, etc. All of these 

values have experimental errors attached, due to either heterogeneity or fluc- 

tuations of the measured quantity, or to the measurement technique. 

Similar, even more complicated, problems exist in geophysics, such as, for 

instance, determining the density and elastic constants of the Earth’s material 

as a function of depth from the arrival times of seismic waves at various sta- 

tions. These problems are solved by the use of inversion methods. 

The method proposed here, to determine rheological laws from creep data, 

is a generalized non-linear inversion technique originally due to Tarantola & 

Valette (1984). Sotin & Poirier (1982) proposed use of the method for process- 

ing creep data, and it has been presented in detail in Sotin (1986). In what 

follows, we will summarily present its principle and, by use of an example, 

illustrate the advantages that it presents over the traditional method. 

The method has the great advantage of not privileging any of the data; 

indeed, it treats all experimental data and unknown parameters on an equal 

footing, as unknown quantities. The experimental data have a most probable 

value equal to the measured value and a variance equal to the square of the 

experimental error, and the creep parameters have a most probable value fixed 

a priori (within reasonable limits) with an infinite or very large variance. Data 

and parameters are assumed to follow a Gaussian (or lognormal in the case 

of €) probability law. 

We will consider here the simplest case in which the only variables are the 

temperature and stress, and the creep law to be fitted is a power law of the 
form: 

é= Ao" exp [- (Q/RT)| 
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or 

In€é=InA+alIno— Q/RT 

The parameters to be determined are In A, n, and Q. The same method would 

apply if there were more variables to take into account (P, grain size, etc.) and 

consequently more parameters to determine (activation volume, grain-size 

dependence, etc.). 

If there are N experiments, for the ith experiment we have a triplet of 

experimental data: 

In &} 

Xi= | Oj with i< N 

The N xis are taken together with the creep parameters (xn+1=In A, 

XN+2=N, Xn+3 = Q) as the 3N+3 components of a single vector X. 

The inversion yields the most probable vector X, compatible with the 

experimental errors and obeying the N, generally non-linear, equations: 

Fi(X) = Ine;—In A — nlno; + O/RT; =0 

X is calculated by iteration from an algorithm embodying the least-squares 

minimization procedure in the non-linear case (which involves matrices of par- 

tial derivatives of the /;’s with respect to the x;’s; Sotin & Poirier 1984). The 

iteration is stopped when a test of convergence indicates that f;(X) < 107°. 

Thus, the inversion procedure yields best values of the parameters and 

recalculated values of the experimental data, which can be compared to the 

initial values. The a@ posteriori standard deviation can be calculated. Large 

residuals from some experimental data may warrant re-examination and 

possibly elimination of the data (if a good reason to eliminate them is found), 

or division of the data population into subpopulations, which will be treated 

independently. If the iteration converges too slowly, or not at all, it may be 

a sign that the law is not appropriate. Thus, this method allows objective com- 

parison between several laws. The best law is the one that leads to the best and 

quickest inversion with the smallest residuals and standard deviation. Let us 

also note that statistical tests (chi-squared test) can be performed on the results 

in order to assess the validity of the assumption of Gaussian behaviour of the 

errors. 

7.4 An example of creep data processing 

As an example, we will consider preliminary results of creep experiments on 

single crystals of barium titanate (with perovskite structure), BaTiO3. No 

definitive value should be attached to these results, which must be taken here 
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only as a suite of real creep data, to be used in a case study of data processing. 

The article on creep of barium titanate has been published recently 

(Beauchesne and Poirier 1989). The creep data considered here consist of the 

strain-rate values measured in 32 experimental runs at five stresses and various 

high temperatures. The stresses are applied by putting weights in a pan: it is 

therefore easy to fix the nominal stresses at predetermined values. However, 

this is not done as easily for the temperatures, which are measured after stabil- 

ization of the furnace temperature. The data are given in Table 7.1 as values 

of Iné and 10*7 for the five applied stresses. 

Table 7.1 Data from creep experiments on 

barium titanate. 

o (MPa) 104/T In €¢ Alné 

9 5.75 — 12.23 ~ 1.30 
5.75 = 12:35 ~ 0.93 
5.75 =13.12 +0.61 
5.76 — 13.45 + 1.52 
5.76 — 13.34 +1.22 
5.91 —14.11 +0.64 
5.96 —13.74 = 1.28 
6.15 — 15.12 -0.81 
6.32 — 16.12 $112 

12 5.75 — 11.35 — 0.24 
5.76 ~ 10.98 -0.21 
5.76 — 11.58 — 0.28 
5.96 — 13.30 ~0.02 
6.15 — 14.92 + 1.61 

14 5.74 ~ 10.80 —0.64 
5.94 — 12.17 ~0.01 
6.16 — 13.36 —0.73 
6.61 — 16.52 +0.11 

18 5.96 —11.23 —0.12 
6.04 — 12.50 + 2.06 
6.12 — 12.57 +0.92 
6.22 — 13.43 + 1.33 
6.37 — 14,22 +0.83 
6.71 ~ 16.60 + 1.16 

25 6.36 ~ 12.60 +0.05 
6.39 —12.41 ~1.49 
6.53 ~ 14,33 + 2.49 
6.53 ~ 13.41 ~ 0.39 
6.76 ~ 15.65 + 1.66 
6.79 — 14.46 — 1,97 
6.79 — 15.02 ~ 0.58 
7.01 — 16.34 — 1.93 
ee 

In &¢ are experimental values. 

A In e are reduced residuals, expressed in standard 

deviations. 



J.-P. POIRIER, C. SOTIN & S. BEAUCHESNE 

The rheological law to be fitted to the results is the power law written in the 

form: 

Iné=InA+nIno— Q/RT 

Arrhenius plots of the data for the five stresses (9, 12, 14, 18, and 25 MPa) 

are shown in Fig. 7.1. In each case the usual linear regression of Iné on 1/T 
has been carried out and the line drawn through the data points; the line 

corresponding to the section of the best fitting surface, determined by global 

inversion, is also represented. 

In strain rate 
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Figure 7.1 Arrhenius plots for high-temperature creep of barium titanate at stresses of 9, 12, 14, 

18, and 25 MPa. The unmarked straight line through the data points corresponds to the linear 

regression fit of In € on 1/7, and the line marked INV corresponds to the section of the best surface 

obtained by inversion, by the constant-stress plane. 
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Table7.2 Activation energies of creep calculated from the 

slope of linear regression fits to the data, for runs at various 

stresses, o. 

o (MPa) O (kJ mol” ') QO’ (kJ mol” ') r 

9 472 $31 0.94 

12 WHE! 790 0.99 

14 546 547 1.00 

18 563 573 0.99 

25 484 550 0.94 

Q is the activation energy calculated from the linear regression of 

In € on 1/T. 
Q’ is the activation energy calculated from the linear regression of 

1/T on In e. 
r is the correlation coefficient. 

First, let us consider the results of the traditional method: the linear regres- 

sion fits of straight lines to the data points in the Arrhenius plot have correl- 

ation coefficients between 0.94 and 1, and there is no a priori reason to reject 

any of the sets of data obtained for various stresses. The situation is rather 

favourable in the sense that, due to high correlation coefficients, the values of 

the activation energies, Q, determined from regression of Iné on 1/7 and 1/7 

on Iné are reasonably close (Table 7.2). However, if one considers the values 

of QO obtained for various stresses (Table 7.2 and Fig. 7.2), the problem imme- 

diately becomes apparent: there is a wide scatter in the values of O and, even 

worse, one gets the impression that the scatter would be much reduced only 

by eliminating one series of measurements. For instance, the value of O for 

o = 12 MPa is much higher than the rest, and if one could eliminate this value 

800 
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Figure 7.2 Activation energy as a function of stress for high-temperature creep of barium 

titanate. The best activation energy obtained by inversion is 547.6 + 16.6 kJ/mole ', within the 

band marked INV. 
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Q would appear to be stress independent, as is expected from a power-law 

creep: conversely, if one could eliminate the value of O for o=9 MPa, there 

would appear to be an unmistakable dependence of Q on o. Indeed, the 

experiments at 9 MPa were the last to be performed and, until then, we 

thought that there was a stress dependence of Q. 

After carefully screening the experimental procedure and the raw data for 

the runs at 9 and 12 MPa, it appeared that there was absolutely no good reason 

to eliminate either one of the runs and that they were quite as good as the 

others. Even though such quandaries may not occur extremely frequently (or 

at least are not frequently reported), the situation is rather typical and clearly 

illustrates the shortcomings of the traditional methods. The same situation 

obtains for the stress exponent: the In eé—Ino plots at various temperatures lead 

to different values of m between which it is not easy to choose (Fig. 7.3). As 

we Shall presently see, the global inversion technique is free from such incon- 

veniences. 

The inversion was carried out using two different rheological laws: a power 

law with stress-independent activation energy, 

Ineé=In A+nIno— Q/RT 

In strain rate 

Se py a Se Se 
ail eae, 2,3 2,4 230 2,6 PRG 

In stress 

In strain rate In strain rate 

In stress In stress 

Figure 7.3. Determination of the stress exponent by linear regression of Iné on Ing. For 

T = 1350°C, n=3.6; for T= 1400°C, n=3.8; and for T=1470°C, n=5.1. 
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and a law with a stress-dependent activation energy, usually reflecting glide- 

or cross-slip control, 

Iné=In A +nIno— Qo/RT + Bo/RT 

The errors on temperature, stress, and strain rate were respectively taken as 

(i) 

(ii) 

(iii) 

ATS SY AC* AcloH0.04 “and “‘Alvée=2IntZ 

For the power law, the a priori values and standard deviations of In A, 

n, and O were respectively taken as 

nA? = OF 100; 1 es and O = 300 + 300 kJ mol! 

After eight iteration steps, convergence to better than 10° ° was already 

obtained, with residuals smaller than 2.5 standard deviations at most 

(Table 7.1). The chi-squared test showed that the assumption of Gaus- 

sian statistics was correct to within a 95 per cent confidence limit. The 

final values of the parameters were 

In A = — 43.46 + 2.44, n= 4.28 + 0.19, and 

O=2547,6,2166 ki mol 

For the law with stress-dependent activation energy the a priori values 

and standard deviation of In A, n, Qo, and B were respectively taken as 

In A = — 50 + 100, jf = Sy BE 3). Qo = 300 + 300 kJ mol7?, 

and B=10+10m?mol7! 

Iteration was stopped after 18 steps, when it became obvious that there 

would be no better convergence: successive values of f;(X) oscillated 

about zero, but never came closer than 10° *. The values of the parame- 

ters were then 

In A= — 25.8+11.06, n=3.25 + 0.66, 

Qo= 571.4 22.4kImol—>,) (and B=0.001 +04 mmol ~ 

The experimental results clearly ‘invert better’ with the first law than 

with the second: the convergence is better, the standard deviations of the 

creep parameters are smaller, and the residuals are also smaller. We have 

therefore an objective reason in this case to prefer the power law with 

stress-independent activation energy to the law with a stress-dependent 
activation energy. 
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The lines representing the sections of the best surface by constant-stress 

planes are represented on the Arrhenius plot of Figure 7.1. It appears that they 

can be quite different from the lines obtained by regression. The values of the 

activation energy obtained by inversion are also reported in Figure 7.2: the 

inversion procedure leads to a stress-independent activation energy with a 

reasonably small standard deviation that, despite the appearances, really takes 

into account the experimental results that, in the traditional approach, led to 

a value of Q far above the average. 

7.5 Conclusion 

We have shown by means of one example that global inversion techniques, 

when used to process experimental creep data, provide much more consistent 

and reliable results than the traditional method of separately finding the effect 

of temperature and stress by linear regression on plots at constant stress or 

temperature. The inversion technique allows an argumented choice between 

various rheological laws and provides creep parameters with standard devi- 

ations that authentically reflect the experimental uncertainties. There is no 

doubt that it allows safer extrapolation of creep laws to geological conditions. 
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CHAPTER EIGHT 

Experimental studies of 

deformation mechanisms and 

microstructures in 
quartzo-feldspathic rocks 

Jan Tullis 

8.1 Introduction 

Experimental rock deformation studies provide two kinds of information. 

First, they provide information which will help to interpret the preserved 

micro- and macroscale structures in naturally deformed rocks, in terms of the 

P and T conditions of deformation, the flow stresses and finite strains, and 

whether the deformation was brittle or ductile, seismic or aseismic. Second 

they provide data which can be used in predictive modelling of the thermo- 

mechanical evolution of structures on various scales, ranging from single 

faults and folds to plate boundaries to whole mantle convection. In all cases 

the usefulness of the experimental studies depends on a demonstration that, 

despite large differences in strain rate, the same processes have operated in 

both the experimental and the natural deformations. 

In the past there has been considerable scepticism that deformation 

experiments lasting only a few hours to a few months could possibly involve 

the same processes as natural deformations lasting millions of years, but a 

combination of theory, experiments, and observations provides considerable 

confidence that this is in fact true. For metals, ceramics, and rocks, the current 

understanding is that there are a relatively small number of distinct grain-scale 

deformation mechanisms, each of which is dominant at a particular set of P 

and 7 conditions, has a particular steady-state flow law relating flow stress to 

strain rate, and produces a characteristic set of deformation microstructures. 

Under a differential stress all deformation mechanisms will tend to operate, 

but at different rates, depending on the P and 7 conditions; usually one 

mechanism will contribute most of the strain, and thus be dominant. This is 

shown conveniently on a deformation mechanism map (Ashby 1972); a map 

for olivine was calculated by Stocker & Ashby (1973), and numerous examples 
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are compiled by Frost & Ashby (1982). The axes of these maps are commonly 

normalized flow stress and temperature, and boundaries are drawn where two 

mechanisms contribute equal strain rates, thereby defining fields in which 

single mechanisms are dominant. The whole map is contoured for total strain 

rate. A schematic version of a deformation mechanism map is shown in 

Fig. 8.1. Although we do not have sufficient fundamental information on dif- 

fusivities etc. for most minerals to construct accurate maps, a combination of 

existing flow law data plus analogies with well studied metals gives us con- 

fidence in the overall configuration. Fracture and cataclastic flow occur at low 

temperature and high stress, dislocation glide at somewhat higher tempera- 

ture, dislocation creep at still higher temperature and lower stress, and diffu- 

sion creep (both grain boundary and volume) at moderate to high temperature 

and low stress. The locations of the mechanism field boundaries depend on 

pressure, grain size, presence of fluids, etc. For example, the field of diffusion 

creep is greatly expanded by smaller grain size (smaller diffusion distances) and 

the presence of fluids (faster boundary diffusion paths); see the cases calcu- 

lated by Rutter (1976). 

Successful experimental studies of a particular deformation mechanism 

require that its field of dominance on a deformation mechanism map include 

both natural and experimental strain-rate contours. Brittle deformation pro- 

cesses have very little strain-rate dependence, and so experimental studies can 

be carried out at approximately the same pressure and temperature as those 

of the natural deformation. However, for thermally activated ductile deform- 

ation mechanisms, there is a stronger strain-rate dependence and so in order 

to activate the same process as in nature, experimental studies must utilize 

unnaturally high temperatures. In Fig. 8.1 it is shown why most experimental 

Figure 8.1 Schematic deformation- 

mechanism map, with axes of shear 

stress normalized by shear modulus, 

and temperature normalized by 

melting temperature, adapted from 

maps for olivine by Frost & Ashby 

(1982), for a grain size of ~50 pm. 

Fields of dominance for plasticity, 

power-law creep, and diffusion creep 

are shown, together with an 

experimental strain-rate contour 

107 14/s (10-°s~') and a natural strain-rate 

contour (10° *s>"). 

10-3 

power law 

creep 
1074 

normalized shear stress, 7/1 

} BI 
diffusion creep 

0.0 0.2 0.4 0.6 O:,8 Beets :.0 

homologous temperature, T/Tm 
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studies of ductile deformation in rocks have involved dislocation creep: it is 

the dominant mechanism for most metamorphic conditions in the crust (and 

upper mantle), but it is also operative at faster strain rates and higher tempera- 

tures, largely because of its dependence on solid-state diffusion (see Poirier 

1985). This gives rise to the experimentalist’s common rule of trading time for 

temperatures. In Fig. 8.1 it is also indicated why experimental studies of diffu- 

sion creep have been more difficult: the stresses and strain rates are very low. 

However, recent experience shows that by using very high temperatures and 

fine grain sizes, experimentally measurable strain rates can be obtained (e.g. 

Rutter & White 1979, Karato etal. 1986). 

In this chapter a brief review of some results from experimental deformation 

studies of quartzo-feldspathic aggregates is presented, with examples of their 

applicability to naturally deformed rocks. The chapter will focus almost 

entirely on studies of deformation mechanisms and microstructures, as there 

has been a recent review of applicability of experimental flow laws by Paterson 

(1987). 

8.2 Experimental techniques 

8.2.1 Apparatus and sample assembly 

In order to inhibit cracking and allow extensive ductile deformation of aggre- 

gates in laboratory times, it is necessary to apply moderate pressure as well as 

elevated temperatures. Most early apparatus employed gas or liquid confining 

media and an external furnace; the modest temperatures and pressures achiev- 

able in these apparatus were sufficient to induce ductile deformation in 

materials such as carbonates (e.g. von Karman 1911). However, ductile defor- 

mation of quartz single crystals and aggregates required much higher pressures 

and temperatures, and was first achieved in the early 1960s in an apparatus 

designed by D. T. Griggs which utilized a weak solid as the confining medium 

and an internal furnace (Carter ef al. 1964, Christie et a/. 1964). Present 

versions of gas and solid confining media apparatus are used for somewhat 

different kinds of studies. Both types of apparatus can achieve temperatures 

of at least 1200°C. Solid medium apparatus are capable of operation at slower 

strain rates and pressures up to 3000 MPa, whereas most gas apparatus are 

constrained to <600 MPa. However, in gas apparatus the load cell is internal, 

whereas in solid media apparatus it is external. Thus gas apparatus have much 

greater stress sensitivity, and are much better suited for determination of flow 

laws, including the transition between two different mechanisms (e.g. Schmid 

et al. 1977, Karato et al. 1986). However, solid-medium apparatus must be 

used when high pressures are required, such as for studies of dislocation creep 

of quartz and feldspar (e.g. Mainprice & Paterson 1984, Kronenberg & Tullis 
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1984), ‘the activation volume for creep of silicates (Green & Borch 1987), and 

the interaction of deformation and phase changes (e.g. Snow & Yund 1987). 

In a major innovation, Green & Borch (1989) have recently designed and suc- 

cessfully used a molten salt assembly in a Griggs-type apparatus; this provides 

a stress sensitivity of +10 MPa together with a pressure capability of at least 

4 GPa. 

The experimental studies described in this chapter have all been carried out 

using a modified Griggs-type (solid-medium) deformation apparatus; details 

of the apparatus and sample assembly can be found in Kronenberg & Tullis 

(1984) and Tullis & Tullis (1986). A few pertinent points may be mentioned 

here. Early versions of the sample assembly had large longitudinal temperature 

gradients from the centre to the ends of the sample, resulting in extremely 

inhomogeneous deformation and complicated deformation histories as 

material points moved across the gradients (e.g. Fig. 1 in Tullis eft a/. 1973). 

Present-day assemblies ensure that 90 per cent of the sample is within + 10°C 

of the thermocouple temperature. Earlier versions of the sample assembly 

utilized talc or alsimag as the confining medium, but the strength of these 

materials contributed significantly to the externally measured sample strength. 

At present it is most common to use a thick sleeve of NaCl (Fig. 8.2), or to 

make the whole assembly of NaCl (Kirby & Kronenberg 1984). Other confining 

media such as CaCQO3 and machinable glass ceramic have been used at temper- 

atures >900°C, where NaCl melts (at 1500 MPa), but these materials contri- 

bute significantly to the externally measured sample strength due to high 

friction against the cold top moving piston. 

Recently, increasing attention has been paid to controlling the chemical 

environment of samples during deformation. For over 20 years it has been 

known that trace amounts of water have a pronounced weakening effect on 

quartz deformed in the dislocation creep régime; quartz single crystals and 

aggregates were observed to be stronger when deformed in an anhydrous 

medium, and weaker (as well as exhibiting ‘higher temperature’ micro- 

structures) when deformed in a hydrous medium (Griggs & Blacic 1965, Green 

etal. 1971). More recent experiments, using Pt-jacketed samples with 

~0.1—0.5 wt% water mechanically sealed inside, show that in a NaCl assem- 

bly the added water is retained and induces weakening, but in a CaCO; assem- 

bly it is rapidly lost (e.g. Kronenberg & Tullis 1984). Buffered experiments in 

gas apparatus on olivine show important effects of fo, and fi, (e.g. Kohlstedt 

& Hornack 1981, Poumellac & Jaoul, 1984). Following predicted effects on 

other minerals by Hobbs (1985), buffered deformation experiments on quartz 

and feldspar have been attempted in solid-media apparatus (Ord & Hobbs 

1986, Tullis & Yund 1988), although no certain effect has yet been 

documented. 

In contrast to most metallurgical tests, almost all rock deformation appar- 

atus, whether gas or solid confining medium, employ an axial compression 

geometry, with o2=03. This produces deformation microstructures with 
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pressure axial compression experiments in a Griggs-type apparatus. The use of a stepped furnace, 

metal jacket around the sample, and low thermal conductivity end pistons minimizes temperature 

gradients within the sample. The use of a thick NaCl liner allows high sample strains. 



Je WULTEIIS) 

higher’ symmetry than found in many natural deformations, limiting the use- 

fulness of experimental investigations of preferred orientation development, 

for example. However, sample assemblies in such apparatus can be modified 

to produce approximations of plane strain (e.g. Tullis 1977) or simple shear 

deformation (e.g. Schmid ef a/. 1987; Dell’ Angelo & Tullis, 1989). Some rock 

deformation studies have employed a ‘cubic’ apparatus with six independently 

moveable pistons (e.g. Kern & Karl 1969); this apparatus allows more general 

deformations, but it is somewhat limited in the temperatures and pressures it 

can achieve, and most studies have been carried out on non-silicates. 

Another limitation of experimental studies involves the relatively low total 

strain. Axial compression experiments in gas apparatus are usually limited to 

= 20 per cent shortening, due to impingement of the sample on the furnace. 

In solid-medium apparatus much greater shortening strains (~ 75 per cent) are 

possible, and it is only at such high strains that quartzo-feldspathic rocks begin 

to appear ‘mylonitic’. Multiple experiments to increasing strains show a sub- 

stantial evolution of the deformation microstructures, such as original grain 

flattening, amount of recrystallization, and intensity of preferred orientation. 

These raise questions about the common practice of assuming steady-state 

flow and determining flow laws from very low strain experiments. 

The level of the applied load in a creep experiment (generally used to deter- 

mine flow laws), or the flow stress in a constant-displacement-rate test (usually 

employed to study microstructures), is of some concern. Many rock deform- 

ation studies employ very high differential stresses in order to produce measur- 

able strains in laboratory times; ‘unnaturally’ high confining pressures are then 

required to prevent significant microcracking. Even if the stress is 

low enough to avoid cracking, it may be above the power law breakdown 

stress (e.g. Tsenn & Carter 1987; Blenkinsop & Drury 1988), where dislocation 

creep changes to dislocation glide. Natural stress magnitudes are difficult to 

measure, but are generally believed to be <200 MPa (e.g. Solomon ef al. 

1980). Many experimental studies carried out to date have employed much 

higher stresses, raising questions about the significance of flow-law 

extrapolations (e.g. Paterson 1987). In general, the deformation processes 

characterizing high-grade metamorphic régimes (low stress, high temperature, 

and slow strain rate) remain less well investigated experimentally than those 

of lower grade. 

As one final caution, it should be remembered that although experimental 

deformation studies allow one to control the deformation conditions, one 

must still infer the operative processes from various kinds of observations 

after the deformation. An innovative deformation technique which allows one 

to make direct optical observations of deformation in progress has been devel- 

oped recently (Means 1983, Urai 1987). This technique employs analogue 

materials such as octochlorobenzene or minerals of low melting temperature, 

in aggregates one grain thick, sheared between glass plates under a micro- 

scope. Although the direct applicability of some of these materials to the 

195 



DEFORMATION OF QUARTZO-FELDSPATHIC ROCKS 

behaviour of silicates remains to be documented, the ability to trace the evolu- 

tion of individual recrystallizing grains, for example, has allowed important 

insights. 

8.2.2 Starting materials 

Some experimental deformation studies utilize single crystals, in order to investi- 

gate fundamental properties such as the yield strength for different slip systems, 

but microstructural (and flow-law) studies usually employ polycrystalline aggre- 

gates. To date most studies have been carried out on natural monomineralic 

aggregates, such as quartzite (e.g. Figs 8.3A & 8.5A), novaculite, dunite, 

ortho- and clinopyroxenite, albite rock (e.g. Fig. 8.6A) and anorthosite, 

with relatively few studies on polyphase aggregates such as aplite (e.g. 

Fig. 8.7A) and diabase. However, it is not always possible to find a naturally 

occurring pure, fresh aggregate with a grain size fine enough (<300 ym) to 

provide a statistically valid number of grains in the small samples required for 

high-temperature and high-pressure experiments (e.g. 6 x 12 mm in the Griggs 

apparatus). Thus increasing use has been made of sintered aggregates, so that 

the grain size and composition can be controlled. In some cases, carefully sized 

powders are loaded into Pt capsules and sintered in situ at high pressure and 

temperature, with the deformation experiment performed on that same sample 

(e.g. Tullis & Yund 1985), and in other cases larger samples are sintered 

hydrostatically and then cored to provide samples for deformation (e.g. 

Fuchan & Paterson, 1988). The principal difficulty in the latter case is in 

achieving theoretical density without melting (e.g. Zeuch & Green 1984). 

Sintered samples have made it possible to create very pure fine-grained aggre- 

gates and thus to achieve diffusion creep (e.g. Karato ef a/. 1986). They have 

also made it possible to prepare systematically varying amounts of two phases 

to study the deformation of polyphase aggregates (e.g. Jordan 1987). 

8.2.3 Observational techniques 

Various kinds of observational techniques are critical to the success of 

experimental deformation studies. The demonstration of identical microstruc- 

tures on all scales is the only method we have of inferring that the deformation 

processes have been identical in experimental and natural deformations. Even 

in studies designed principally to obtain mechanical data, it is imperative that 

microstructural observations be made to identify the process(es). 

Optical petrographic microscope observations remain of fundamental 

importance, but new technology in the past 20 years or so has resulted in 

valuable additional methods of characterizing microstructures. One of the 
most important developments has been the ion milling technique (Tighe & 
Christie 1969, Barber 1970), which has allowed silicates to be prepared for 
transmission electron microscopy (TEM). TEM observations, commonly util- 
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izing magnifications of x 20 000-80 000, are the only way directly to observe 

dislocations in most rocks, although dislocations in olivine can be rendered 

optically visible by oxidation (Kohlstedt eta/. 1976), providing greatly 

increased areas that can be viewed. TEM has proved to be of great importance 

in placing tighter constraints on the operative deformation mechanisms in 

experimentally deformed samples, and it is the correlation of TEM with opti- 

cal microstructures between experimentally and naturally deformed rocks 

which gives the best evidence for operation of the same processes. However, 

it is important to remember that one cannot assume that the process which 

produced the optical or especially the TEM microstructures preserved in the 

rock was necessarily that which contributed most of the finite strain (e.g. 

Brodie & Rutter 1985). 

There has recently been a renaissance of interest in crystallographic pre- 

ferred orientations, due to new technological developments as well as new 

geological questions for which this information is useful. The ability to deter- 

mine complete crystallographic orientations of aggregates using X-ray or 

neutron diffraction (e.g. Wenk 1985), together with computer models capable 

of predicting complete patterns for general states of strain and any assumed 

combination of slip systems (e.g. Lister ef al. 1978; Etchecopar & Vasseur 

1987; Wenk ef al., in press) has proved very powerful. Electron channelling 

techniques have recently been developed to determine the orientations of 

individual grains (e.g. Lloyd ef a/. 1987). X-ray and universal stage measure- 

ments of carefully characterized naturally deformed samples (e.g. Law 1986; 

Schmid & Casey 1986) as well as experimentally sheared samples (e.g. Schmid 

et al. 1987; Dell’Angelo & Tullis, 1989) have allowed asymmetric preferred 

orientations to be used as a_ sense-of-shear indicator. In addition, 

experimental and modelling studies are being used to interpret seismic aniso- 

tropy of the mantle and core in terms of flow mechanism and strain geometry 

(e.g. Jean-Loz & Wenk 1987, Karato 1988). 

Scanning electron microscopy (SEM) is extremely useful for characterizing 

microcracks, pores, and other surface features at magnifications intermediate 

between those of the optical and the transmission electron microscopes. It has 

proved to be especially useful in studies of fault initiation (e.g. Tapponnier 

& Brace 1976, Wong 1982) and cataclastic flow (e.g. Hirth & Tullis 1989). 

8.3. Experimental deformation of quartz aggregates 

8.3.1 Overview 

Experimental deformation studies of quartz aggregates at strain rates of 

10~>-10~ °s~! show a field of brittle faulting at lower pressures and tempera- 
tures (e.g. Heard & Carter 1968); a narrow régime of dislocation glide plus 

cracking and crushing at intermediate pressures and temperatures (Hirth & 
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Tullis 1986); and a régime of dislocation creep at high pressures and tempera- 

tures (e.g. Green ef a/. 1971, Tullis et a/. 1973). Quartz has a very high melting 

temperature (~ 1750°C at 1500 Mpa, dry; ~ 1680°C at 300 MPa, dry), and for 

an experimental pressure and strain rate of 10 ®s~1! it shows steady-state dis- 

location creep at 7/7), > 0.45, whereas for a natural pressure and strain rate 

of 10° '4s~! this occurs at 7/Tm~ 0.2. Trace amounts of water have a large 
effect on the strength in the dislocation creep régime (e.g. Jaoul ef al. 1984, 

Kronenberg & Tullis 1984), and the ‘water’ defect (see below) appears to be 

responsible for the restriction of dislocation creep in experimental deforma- 

tions to ‘unnaturally’ high pressures (21000 MPa; Mainprice & Paterson 

1984, Kronenberg & Tullis 1984). To date there have been no reports of high- 

temperature (‘dry’) diffusion creep, nor of steady-state pressure solution 

(although see Rutter & White 1979). Quartzites experimentally deformed at 

various temperatures within the dislocation creep field develop microstructures 

which appear to be identical to those observed in naturally deformed rocks 

from low to high metamorphic grade; the striking similarities have given con- 

fidence that experimental studies can be of great use in understanding the 

deformation of the crust. 

8.3.2 Faulting and cataclastic flow 

Experimentally deformed non-porous quartzites exhibit a broad régime of 

brittle faulting, but only a narrow window in P and T space of what might 

be termed cataclastic flow (Hirth & Tullis 1986). At 10~°s~' new dislocations 

are first noted at ~ 300°C, but quartzites fault in a brittle manner up to 900°C 

at 300 MPa (Mainprice & Paterson 1984) and up to 600°C at 1500 MPa (Hirth 

& Tullis 1986). At 1500 MPa and 700—800°C quartzites show macroscopically 

ductile deformation, with sharp deformation bands, patchy undulatory 

extinction, and inhomogeneous flattening of original grains (Fig. 8.3a). TEM 

shows very high densities of tangled dislocations in a roughly cellular arrange- 

ment, with cracks and very-fine-grained crush zones developed after about 20 

per cent strain (Fig. 8.4a); some grain growth and/or boundary-migration 

recrystallization of these crush zones occurs with continued strain (Hirth & 

Tullis 1986). 

The presence of porosity has a strong effect on the transition from faulting 

to cataclastic flow, at least for strains <25 per cent (Hirth & Tullis 1989). 

Figure 8.3 Optical photomicrographs of Heavitree quartzite; all micrographs are the same scale. 

(A) Starting material: (B—D) samples deformed at 800°C, 1500 MPa, and 107° s~' to increasing 

amounts of strain. Compression direction is vertical. (B) 12 per cent shortening: note local grain- 

boundary migration and deformation lamellae in some grains; horizontal cracks result from 

unloading. (C) 45 per cent shortening: note grain-boundary recrystallization and sweeping undula- 

tory extinction in many grains. (D) 64 per cent strain: note increased amounts of recrystallization, 
and deformation lamellae in some grains. 
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Quartzite with 7 per cent porosity shows a transition from brittle faulting to 

distributed cataclastic flow at a pressure of ~ 600 MPa, in low strain tests at 

room temperature and 10°-*s~' (Hadizadeh & Rutter 1981), consistent with 
other studies on porous basalt (Shimada 1986). Cataclastic flow occurs due to 

gradual pore collapse associated with work hardening. However, this is only 

a transient behaviour; samples begin to weaken at strains =20 per cent when 

net dilatancy initiates, and at ~ 25 per cent strain they undergo brittle faulting 

(Hirth & Tullis 1989). Thus porous quartzites ‘revert’ to the behaviour of non- 

porous quartzites once the porosity is eliminated. 

These experiments on dry samples indicate that the low-temperature 

strength of quartz, with its lack of cleavages, makes distributed cracking 

(cataclastic flow) impossible in ‘flawless’ aggregates. Stable distributed crack- 

ing occurs only at moderately high confining pressures, when there are high 

densities of immobile dislocation densities, or pores, to provide local stress 

concentrations. Trace amounts of chemically active fluids might be expected 

to slightly enlarge the régime of cataclastic flow by speeding the rate of stable 

crack propagation (e.g. Atkinson 1984); however, it appears that such fluids 

enhance dislocation creep even more (e.g. Tullis & Yund 1980). 

There are some important applications of these experimental studies of 

faulting and cataclastic flow to natural deformations. At shallow crustal 

conditions, non-porous quartzite units should be extremely strong. Porous 

sandstones and quartzites should initially undergo distributed cataclastic flow, 

but after a small amount of macroscopically ductile strain they should switch 

to brittle faulting; such a transition has been described by Aydin & Johnson 

(1983). 

8.3.3 Dislocation creep 

8.3.3.1 AXIAL COMPRESSION 

Experimental deformation studies of quartz aggregates have been com- 

plemented by numerous studies of natural and synthetic single crystals, 

designed to determine slip systems. The latter have been fraught with some 

difficulties related to the nature and influence of the ‘water’ defect in quartz 

(see below), but there is general agreement between all studies of 

experimentally and naturally deformed quartz that slip on (0001) <1120) is 

easiest at lower temperatures, with slip on {1010} [0001] becoming easier at 

Figure 8.4 Transmission electron micrographs (bright field) of Heavitree quartzite deformed at 

800°C, 1500 MPa, and 10-°s~'. (A) Sample shortened 12 per cent: dislocation density is quite 

variable, and this micrograph represents the ‘average’; there are few if any subgrain boundaries. 

(B—D) From sample shortened 60 per cent. (B) Planar zone of very high density of tangled dis- 

locations corresponding to optical-scale deformation lamellae. (C) Subgrains and recrystallized 

grains derived from them by progressive misorientation. (D) Recrystallized grains which have 

grown somewhat from original subgrain size; some of them have developed subgrain boundaries. 
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higher temperatures (e.g. Baeta & Ashbee 1970, Tullis e¢ a/. 1973). The dislo- 

cation creep behaviour of aggregates described in this section pertains to 

samples deformed at ~ 1500 MPa and 10-°s~!, because quartzites deformed 

at experimental strain rates are brittle to semi-brittle at confining pressures 

below ~ 1000 MPa (see section below on effect of water). 

The details of the transition from cataclastic flow to dislocation creep 

remain somewhat sketchy. For a strain rate of 10-°s~', quartzites deformed 

at 800°C have a high yield strength (~ 1000 MPa at ~20 per cent strain) 

followed by strain softening (to ~400 MPa at 50 per cent strain). Near the 

peak stress the grains exhibit deformation bands and a patchy undulatory 

extinction. TEM shows extremely high densities of tangled dislocations, and 

some very small recrystallized grains both along grain boundaries and within 

grains. With continued strain, the deformation is inhomogeneous, with some 

grains highly flattened and others remaining relatively undeformed; recrys- 

tallized grains form along most grain boundaries (Fig. 8.5B). TEM shows that 

in this strain interval the dislocation density is reduced, and subgrains are 

developed and form recrystallized grains by progressive rotation. The delayed 

onset of climb and the weakening which accompanies it are not well 

understood, but have important implications for determining the conditions 

and rheologies of steady-state flow. 

At 900°C and above, quartzites undergo steady-state dislocation creep after 

strains of only ~5 per cent with a flow stress of <400 MPa. In the lower- 

temperature portions of this régime (~ 900—1000°C), original grains are quite 

homogeneously flattened with increasing strain (Figs. 8.3B, C & D), and defor- 

mation lamellae (primarily sub-basal) are common (Figs. 8.3B, D & 8.4B). 

Strain-induced grain-boundary migration produces ‘suturing’ of grain boun- 

daries and some recrystallized grains at low strains (Fig. 8.3B), although at 

higher strains recrystallized grains result primarily from progressive subgrain 

misorientation with some subsequent migration (Figs 8.4C & D; Hobbs 1968, 

Guillopé & Poirier 1979), giving rise to a ‘core and mantle’ structure (e.g. 

White 1977). At still higher temperatures (1100—1200°C) there are more (and 

larger) recrystallized grains even at low strain (Figs 8.5C & D), and these and 

the original grains contain larger subgrains. Complete recrystallization occurs 

at moderate strain, and the microstructure maintains a dynamic steady state 

at all further strains. At these very high temperatures, recovery and recrystal- 
lization keep pace with deformation, and the deformation textures are almost 
indistinguishable from those resulting from annealing. 

Figure 8.5 Optical photomicrographs of Black Hills quartzite; all micrographs are the same 

scale. (A) Starting material: (B—D) samples shortened ~ 50 per cent at 1500 MPa, with increasing 

temperature and/or decreasing strain rate: compression direction is vertical. (B) 800°C, On 2 sie 
deformation is quite inhomogeneous; some grains are flattened and others remain undeformed; 
recrystallized grains are very small. (C) 900°C, 10°°s~!: deformation is more uniform, recrystal- 
lized grains are larger and more numerous. (D) 1100°C, 1075s7?: dynamic recrystallization is 

almost complete, and the recrystallized grain size is quite large. 
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Accompanying the change in dominant slip systems with increasing temper- 

ature there is a progressive change in the preferred orientation of deformed 

original grains (Tullis et a/. 1973), from a maximum of c axes ( [0001] ) parallel 

to compression to small circle girdles about compression, the opening angle of 

which increases with temperature to a maximum of ~40°C. There is no 

change in pattern at the displacive transition between low or a quartz (tri- 

gonal) and high or @ quartz (hexagonal), implying no change in the active slip 

systems (Gleason & Tullis 1989). Flints that have syntectonically recrystallized 

during deformation at the same conditions show the same patterns of prefer- 

red orientation in the a field, but a very different pattern (a c maximum) in 

the B field (Green et a/. 1971). These results indicate that oriented, anisotropic 

grain growth during deformation in the #3 field significantly affects the prefer- 

red orientation (e.g. Hobbs 1968, Jessel 1988). 

8.3.3.2 SIMPLE SHEAR 

The above studies have shown that axial compression can produce ‘mylonitic’ 

textures, with highly flattened original grains and necklaces of small recrys- 

tallized grains; this helps to demonstrate that the principal requirement for 

mylonite production is high strain, rather than some particular strain geometry 

(Tullis et a/. 1981). However, in nature most mylonites probably involve non- 

coaxial deformation, as indicated by recrystallized grains and preferred orien- 

tations which are oblique to the flattening foliation (e.g. Simpson & Schmid 

1983, Lister & Snoke 1984). There has been some debate about the sense of 

shear associated with a given sense of obliquity of the preferred orientation, 

because two theoretical models predicted opposite tendencies (Lister & Hobbs 

1980, Etchecopar & Vasseur, 1987). However, careful studies of field situa- 

tions in which there are unambiguous strain markers appear to show that 

quartz c axes are concentrated with the sense of shear (Schmid & Casey 1986), 

and recent improved models of preferred orientation development predict the 

same thing (Wenk ef al. 1989). 

Simple shear is difficult to attain experimentally. Rotary shear apparatus are 

capable of high strains (Handin ef a/. 1960, Tullis & Weeks 1986), but current 

versions cannot operate at the high temperatures and pressures required to 

render quartz ductile. Dell’ Angelo & Tullis (1989) adapted the inclined-piston 

technique of Friedman & Higgs (1981) and Schmid er a/. (1987) to a Griggs- 

type apparatus. They deformed quartzites in combined shear and compression 

within the dislocation creep régime (800°C, 10°°s~'). Use of a TEM grid as 
a strain marker enabled accurate measurements of the two components; shear 

strains ranged up to 2.9 and axial shortening to 60 per cent. Optical micro- 

structures in the sheared samples include several features that are commonly 
observed in naturally sheared quartzites, but are absent in axially compressed 
samples. The flattening foliation is continuously curved from edges to centre 
of the thin sample, because thermal and mechanical constraints at the 
sample/piston interfaces cause strain to be lower there. Although there is no 
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clearly ‘defined planar element in the shearing orientation, there is a faint 

planar fabric at 35—40° to the shear-zone boundaries, defined by concen- 

trations of recrystallized grains and by impurity segregations. The recrystal- 

lized grains are oriented with their long axes distinctly oblique to the original 

grain flattening foliation and approximately normal to the instantaneous com- 

pression direction in samples with a range of shear strains. Thus they may 

represent a ‘steady-state foliation’ (Means 1981). Finally, the c axis preferred 

orientation is distinctly oblique to the original grain flattening foliation; the 

maximum is displaced with the sense of shear. 

8.3.3.3. EFFECT OF CHEMICAL ENVIRONMENT 

A considerable effort has been devoted to experimental investigations of the 

effects of trace amounts of water on the deformation of quartz in the disloca- 

tion glide and creep régimes. Many experiments have involved deformation of 

single crystals of natural or synthetic quartz, and these will not be reviewed 

(see Blacic & Christie 1984; McLaren ef a/., 1989). However, there have also 

been a number of studies demonstrating hydrolytic weakening in quartz aggre- 

gates. One of the first was the demonstration that flints, containing 1-2 wt% 

water, are weaker and undergo considerably more recrystallization than nova- 

culites, containing ~0.1 wt% water (Green ef a/. 1971). More recent system- 

atic studies have shown that addition of 0.1—0.5 wt% water results in a 

decrease of strength, activation energy, and stress exponent, for novaculites 

and quartzites of grain sizes in the range 2—200ym deformed at 

1000—1500 MPa, compared to ‘as-received’ samples. Similarly, vacuum dry- 

ing results in an increase in strength and brittleness, as well as in the activation 

energy and stress exponent (Jaoul efa/. 1984, Kronenberg & Tullis 1984). 

There is a strong effect of confining pressure on the dislocation creep strength 

for quartzites and novaculites: as-received as well as water-added aggregates 

become stronger at pressures below ~ 1000 MPa, and at 300—500 MPa they 

fail in a brittle manner after only a few per cent strain (Kronenberg & Tullis 

1984, Mainprice & Paterson 1984). However, flints deform ductilely even at 

low pressure (Green eft al. 1971, Mainprice 1981). 

The mechanism by which water affects the strength of quartz aggregates is 

not known, but it occurs too fast to be due to volume diffusion of an O-related 

species. Quartzites (average grain size, d~100 wm) deformed with 0.1 wt% 

water added are significantly weakened after <2h, which corresponds to a 

diffusion distance of only ~ 1—2 yum; this suggests that pipe diffusion along 

pre-existing dislocations might be important (Tullis & Yund 1985a). However, 

this would not explain the striking pressure dependence of weakening. 

Until recently most experimental rock deformation studies of quartz aggre- 

gates have not attempted to control the chemical environment of the sample, 

other than sometimes to provide a source of water. On the basis of theoretical 

considerations, Hobbs (1983) suggested that the fo, and fy, environment dur- 

ing deformation might have a significant effect on diffusion rates and therefore 
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rock strength, by influencing the types and concentrations of crystal defects 

present. However, buffered deformation experiments on novaculite (with 

water added) at 850°C, 10-°s~', and 1500 MPa showed no measurable effect 

of fu, or fo, on flow strength in the dislocation creep régime (Tullis & Yund 

1988). 

8.3.3.4 APPLICATIONS 

The optical and TEM microstructures and crystallographic preferred orien- 

tations produced in quartz aggregates experimentally deformed in the dis- 

location glide and creep régimes are remarkably similar to those observed in 

naturally deformed rocks from low to high metamorphic grades (e.g. Wilson 

1973; White 1973, 1976; Liddell et a/. 1985; Price 1985), indicating that it is 

possible to activate the same processes. Perhaps one area deserving more 

experimental study is deformation at very high temperatures, where dynamic 

recrystallization is complete at very low strains. Another area requiring further 

work is hydrolytic weakening. Recently the first documentation of hydrolytic 

weakening in natural quartz-bearing rocks has been described (Kronenberg 

et al., 1990). We need to identify the cause of hydrolytic weakening in 

experimentally deformed aggregates, the reason for its strong pressure 

dependence, and the way in which pressure trades off for time; only then can 

we have confidence in extrapolating experimental results on microstructures, 

as well as on rheologies, to natural deformations. 

8.3.3.5. PRESSURE SOLUTION 

Microstructural evidence shows that pressure solution is a common deform- 

ation mechanism in quartz aggregates naturally deformed at temperatures of 

~ 100—250°C (Kerrich et al. 1977, Mitra 1978), but the low stresses and strain 

rates required by this deformation mechanism mean that laboratory studies 

have for the most part been unsuccessful. Several studies of compaction of 

loose sand in the presence of various fluids have succeeded in producing 

solution at high-stress grain contacts and deposition within pores (e.g. Ernst 

& Blatt 1963), although local crushing may have contributed. Rutter & White 

(1979) carried out shearing experiments on saw-cut Tennessee sandstone with 

artificial gouge and fluid present, and found that the stress exponent changed 

from ~3 to ~1 at astrain rate of 10° ’s~', associated with SEM evidence of 

dissolution and precipitation of faceted microcrystals. More success has been 

had recently with experimental studies of pressure solution in halite aggregates 

(e.g. Hickman & Evans 1988; Spiers & Schutjens, this volume). It is possible 

that very low stress experiments on very-fine-grained aggregates, perhaps using 

fluids in which quartz is more soluble than it is in water, will allow measurable 

strain rates without concurrent dislocation motion or fracture. However, it is 

likely that many advances will have to come from a combination of careful 

field observations coupled with theory (e.g. Lehner, this volume). 

206 



Sy PULEIS 

8.4 Experimental deformation of feldspar aggregates 

8.4.1 Overview 

Experimental deformation studies of feldspar aggregates (mostly fine-grained 

anorthosites and albite rocks) show many similarities with quartzites, but also 

important differences. At a strain rate of 10°-°s~', feldspars show a more 
restricted field of brittle faulting at low pressures and temperatures (Seifert 

1969, Borg & Heard 1970), a wider régime of cataclastic flow at intermediate 

pressures and temperature (Tullis & Yund 1987a), and a broad transition 

region to dislocation creep (including mechanical twinning) which only occurs 

at high pressures and temperatures (Kronenberg & Shelton 1980, Tullis & 

Yund 1987b). Within the dislocation creep field there appears to be a transition 

from recrystallization-accommodated creep to climb-accommodated creep at 

higher temperatures and slower strain rates than are accessible experimentally, 

with important textural and mechanical effects (Tullis & Yund 1985b). Trace 

amounts of water have a large effect on the strength in the dislocation creep 

régime (Tullis & Yund 1980), and as for quartz, seem to cause dislocation 

creep at laboratory strain rates to be restricted to high pressures (Shelton ef al. 

1981). For very fine grain sizes at high temperatures and low stresses, a régime 

of grain-boundary diffusion creep has been identified (Ji & Mainprice 1986, 

Tullis & Yund 1988). Naturally deformed feldspars appear to show evidence 

of all of these processes, as well as others that are not accessible experimentally 

due to the onset of melting. 

Feldspars have a much lower melting temperature than quartz (~ 1200°C at 

1500 MPa, dry; ~1100°C at 300 MPa, dry), but at both experimental and 

natural strain rates, steady-state dislocation creep of feldspars requires higher 

temperatures than does that for quartz. For feldspars deformed experi- 

mentally at 1500 MPa and 10°-°s~!, steady-state dislocation creep requires 

T/Tm > 0.85, and for natural deformations at 300MPa and 10°*s' it 
requires 7/7; > 0.45. Thus the behaviour of quartz and feldspar contradicts 

the simple metallurgical rule that materials with high melting temperatures 

have higher creep resistance. 

8.4.2 Faulting and cataclastic flow 

Feldspar aggregates undergo faulting at low temperatures and at low 

pressures. At a strain rate of 10~°s~', anorthosite shows brittle faulting up 

to at least 1500 MPa at temperatures < 300°C, and up to at least 900°C at 

pressures <500 MPa (Hadizadeh & Tullis 1986). This behaviour is similar to 

that of non-porous quartzites. 

In contrast to quartzites, feldspars have a broad régime of cataclastic flow 

at intermediate temperatures and pressures. In this régime deformation 
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involves stable distributed cracking, primarily on the two cleavages, with rota- 

tion and frictional sliding of the fragments (Tullis & Yund 1987a). The crack- 

ing component is indicated optically by multiple grain scale faults on one or 

both of the two cleavages, which produces a marked flattening foliation 

(Fig. 8.6B). A component of strain due to dislocation processes appears to be 

suggested by optical microstructures such as strong, patchy undulatory extinc- 

tion, strong crystallographic preferred orientation, and features suggestive of 

subgrains and recrystallized grains. However, TEM shows only penetrative 

cracking and development of crush zones; no dislocation multiplication or 

motion has occurred (Tullis & Yund 1987b). At ~ 25 per cent strain the largest 

uncracked region is ~2 wm across, and there are numerous sharply bounded 

crush zones with fragments down to <0.01 um in size, which have rotated so 

as to produce rings in the electron diffraction patterns. This confirms that 

optical-scale undulatory extinction can be produced by penetrative fine-scale 

cracking and crushing, as demonstrated earlier by Marshall & McLaren (1977) 

and Tullis & Yund (1977). The preferred orientation is produced by the mul- 

tiple faulting on crystallographically controlled (cleavage) planes, which leads 

to external rotations just as does dislocation glide on a single set of planes 

(Tullis & Yund 1987b). This same behaviour has been observed in naturally 

deformed amphiboles (Allison & LaTour 1977). 

There has long been a belief that increasing pressure alone serves to stabilize 

cracks and to accomplish a transition from faulting to cataclastic flow (e.g. 

Paterson 1978). Most models for this process involve dislocations, either dislo- 

cation pile-ups to nucleate cracks which do not travel beyond the locally 

extensile stress field, or dislocation emission from crack tips, which blunts and 

thus slows the cracks. Such models closely approximate the behaviour of more 

ductile minerals, such as calcite (e.g. Heard 1960; Fredrich ef a/., 1989). 

Feldspar is the first material for which it has been demonstrated that a transi- 

tion to distributed cracking occurs in the absence of dislocation activation, and 

that increases in temperature as well as pressure are required (Tullis & Yund 

1987a). The rdle of pressure may be to limit the propagation of cracks away 

from nucleating flaws such as pores, fluid inclusions, and alteration products, 

but the rdle of temperature is not yet well understood. 

In both albite and anorthosite there is quite a broad transition zone between 

cataclastic flow and dislocation creep (Tullis & Yund 1987b). Optically, this 

produces a transition from rather uniformly flattened grains to equant, un- 

deformed grain fragments in a matrix of very fine recrystallized grains 

(Figs 8.6B—F). For an experimental strain rate of 107-*s~', mechanical twins 

(albite and pericline laws) are first noted at 600°C, and high densities of tan- 

gled dislocations with a crude cellular arrangement are first noted at 700°C. 

Most of the strain in the latter samples still appears to occur by grain-scale 

faulting and crushing. At 800°C the dislocation density is uniformly high, and 
the absence of subgrains and presence of straight dislocation segments as well 
as dissociated dislocations indicates that there has been no climb. In these 
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samples there is definite evidence that some of the early formed, very-fine- 

grained crush zones have undergone grain growth and/or dynamic recrystal- 

lization; this may explain the strain weakening shown by these samples. At 

900°C there is still a component of grain-scale faulting, but some of the strain 

occurs by recrystallization-accommodated dislocation creep (Tullis & Yund 

1985b). 

8.4.3 Dislocation creep 

Experimental deformation studies of feldspar aggregates rest on studies of 

mechanical twinning and slip systems provided by single-crystal deformation 

experiments, as well as studies of diffusion, ordering and disordering, and 

exsolution. The latter are well summarized in review volumes (e.g. Brown 

1983, Ribbe 1983). Essentially the same slip systems are observed in experi- 

mentally and naturally deformed alkali and plagioclase feldspars (Gandais & 

Willaime 1983, Tullis 1983); the most common system appears to be (010) 

[001], and the dislocations are frequently dissociated. 

Because climb in feldspars is evidently much more difficult than it is in 

quartz, the accommodation mechanism for creep of feldspars in the lower- 

temperature portion of the creep régime is different from that for quartz (Tul- 

lis & Yund 1985b). At lower temperatures (700—1100°C at 10-°s~'), at which 
climb cannot counteract the work hardening associated with intersecting slip 

systems, original grains rapidly develop a high density of tangled, immobile 

dislocations. However, along their margins they undergo dynamic recrystal- 

lization by a process of strain-induced boundary migration. Small grain- 

boundary bulges pinch off to form recrystallized grains. These grains are 

initially strain free and so can undergo an increment of easy glide. When they 

eventually strain harden they are replaced by new grain-boundary migrations. 

There is a significant contrast in strength between the very fine (~ 1 um) 

recrystallized grains and the coarser original grains; thus aggregates show an 

initial strength peak, followed by strain weakening as an interconnected matrix 

of fine recrystallized grains develops around the margins of all the original 

grains. 

Optical microstructures in experimentally deformed feldspars clearly reflect 

this different accommodation mechanism for creep. Whereas quartzites show 

progressive flattening of original grains, with recrystallized grains developing 

by grain-boundary migration at the lowest strains but by subgrain rotation 

thereafter, in feldspar aggregates the original grains remain equant, although 

they develop a patchy undulatory extinction and sometimes even undergo 

some grain-scale faulting. Very fine (~1 um) recrystallized grains develop 

along the grain boundaries, grain-scale faults, and deformation bands 

(Fig. 8.6E). When they form an interconnected matrix they take up almost all 

of the sample strain; as strain increases, the original grains are gradually 

reduced in size due to progressive boundary recrystallization, increasing the 
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proportion of fine-grained matrix, but the recrystallized grain size remains 

essentially the same (Fig. 8.6F). 

The contrast in strength between original and recrystallized grains readily 

leads to strain localization within the latter. For example, in samples of 

bimodal grain size (half 2-10 ym, half 150—180 pm), almost all of the sample 

strain occurs within the readily recrystallized fine-grained matrix, and the 

larger grains remain as undeformed augen (except where impingement occurs) 

out to very high strain (Tullis & Yund 1985b). Similarly, in samples pre-faulted 

to very low strain, and subsequently deformed at higher temperature within 

the dislocation creep régime, the small amount of gouge sinters and recrystal- 

lizes and ductile strain is localized in this material (Tullis ef a/., 1990). 

There is some question concerning the deformation processes occurring in 

the fine, recrystallized grains. Macroscopically these fine-grained regions are 

superplastic, and so it is tempting to infer that there might be a large compo- 

nent of diffusion creep or grain-boundary sliding, as found by Schmid ef al. 

(1977) in fine-grained calcite aggregates. Although it is almost impossible to 

prove or disprove dominance of a deformation mechanism just from micro- 

structural examination (e.g. Brodie & Rutter 1985), several features argue 

against a substantial component of either of these mechanisms, at least in the 

experimental samples. First, the recrystallized grains contain a variable dislo- 

cation density; some contain none, some a moderate density, and some a high 

density of tangled dislocations, just like the original grains. Second, the 

recrystallized regions have a strong crystallographic preferred orientation, 

judging from optical effects. Both of these features are consistent with disloca- 

tion creep, but not with grain-boundary sliding or diffusion creep. The most 

convincing argument is provided by distinct microstructural contrasts with 

samples which have undergone diffusion creep (see below). 

The flow law for steady-state recrystallization-accommodated dislocation 

creep of feldspars has not yet been determined. However, all experimental 

determinations of dislocation creep flow laws from coarse-grained aggregates 

(e.g. Carter ef a/. 1981, Shelton & Tullis 1981) are for samples not even close 

to steady state; they reflect the properties of the work-hardened original grains 

rather than those of the just developing recrystallized grains. The problem in 

determining an appropriate flow law is that high confining pressures must be 

used, as for quartz, due apparently to some aspect of the ‘water’ defect, and 

this requires solid confining medium apparatus. The development of a liquid 

salt sample assembly (Green & Borch, 1989) should allow more accurate flow- 

law determinations. 

Experimental studies of albite rock and anorthosite show very similar defor- 

mation behaviour, and observations of experimentally deformed aplite and 
granite indicate that potassium feldspar is also similar (e.g. Tullis & Yund 
1977). In all these feldspars there are indications that climb is becoming some- 
what easier at the highest experimentally accessible temperatures. However, 
the relatively low melting temperature of feldspars precludes our ability to 
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docunient experimentally a transition to climb-accommodated creep. In cases 

such as this we must depend on careful examination of samples that are natu- 

rally deformed at high metamorphic grades to infer a change in mechanism. 

Another consequence of the high temperatures of experimental deformation 

studies is the fact that all dislocation creep studies are necessarily carried out 

on completely disordered feldspars (e.g. Yund & Tullis 1980), whereas in 

natural deformations at low to moderate grade the feldspars would be 

ordered. 

Observations of naturally deformed feldspars confirm and supplement the 

experimental results. Feldspars deformed at greenschist to lower amphibolite 

grade typically occur as relatively undeformed augen with long, fine-grained 

‘tails’, indicating deformation by recrystallization-accommodated dislocation 

creep (e.g. Simpson 1985). At these conditions, ductile shear zones are com- 

mon in feldspathic ‘basement’ rocks (e.g. Simpson 1982), very probably due 

to the weakening associated with dynamic recrystallization. In contrast, in 

feldspars deformed at upper amphibolite to granulite grade, dislocation climb 

apparently becomes sufficiently easy to allow climb-accommodated creep. In 

these high-grade rocks, feldspars show the same features as exhibited by 

quartz at lower grade, such as flattened original grains containing subgrains, 

coarse recrystallized grains, and smooth, sweeping undulatory extinction (e.g. 

White & Mawer 1986). These higher-grade rocks do not show ductile shear 

zones, but tend to deform homogeneously (e.g. Voll 1976). 

8.4.4 Effect of chemical environment 

The addition of trace amounts of water (~0.1—0.2 wt%) reduces the strength 

of feldspar aggregates in the dislocation creep régime, as it does in quartz 

aggregates (Tullis & Yund 1980). Samples deformed with added water at 

~1000—1500 MPa have a lower stress exponent and activation energy than as- 

received samples, whereas vacuum-dried samples have a higher stress exponent 

and activation energy (Shelton & Tullis 1981). At pressures <= 1000 MPa all 

samples are stronger and fail in a brittle manner, just as found in quartz aggre- 

gates (Shelton efal/. 1979, Tullis & Yund 1980). The mechanism of the 

observed hydrolytic weakening is not well understood, although the rates of 

O and Al/Si diffusion are greatly increased in the presence of water, whereas 

those of Na and K appear to be unaffected (Yund 1986). 

Only recently have deformation experiments under controlled fo, and fu, 

been attempted, motivated by studies of the effect of these variables on diffu- 

sion rates. High pressure (21000 MPa) and higher fy, have been shown to 

increase the rate of Al/Si interchange (disordering) in albite and in potassium 

feldspar (Goldsmith 1987, 1988), as well as the interdiffusion rate of 

CaAl/NaSi in peristerites (Yund & Snow, 1989). These results suggest that the 

concentration of the water-related defect in the crystal structure increases with 

pressure, but is also influenced by fy,. This in turn suggests that there should 
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be some effect of fu, (in addition to the well documented effect of pressure) 

on flow strength. However, there might not be a strong effect of fu, on defor- 

mation by recrystallization-accommodated dislocation creep, because this 

mechanism does not involve volume diffusion. An effect might be expected in 

the higher-temperature climb-accommodated creep régime, but unfortunately 

the latter appears to be experimentally inaccessible. 

8.4.5 Diffusion creep 

Diffusion creep has been inferred in very-fine-grained aggregates of albite 

deformed by creep at high temperatures and atmospheric pressure. For fine- 

grained synthetic albite, Ji & Mainprice (1986) found a transition in stress 

exponent from n~ 3 to n~ 1.5 at the temperature at which partial melting 

began. They inferred that the increased diffusion rate in the melt regions along 

grain boundaries promoted a transition from dislocation to melt-assisted 

diffusion creep, similar to the observations at higher pressure of Cooper & 

Kohlstedt (1984) on olivine basalt and Dell’Angelo eft a/. (1987) on synthetic 

granite. 

Diffusion creep has also been inferred from experiments on fine-grained 

(2—10 pm) synthetic albite aggregates deformed with added water (~1 wt%) at 

900—1100°C and 10~°s~! (Tullis & Yund 1988). The experiments were carried 
out in a solid confining medium apparatus, and the samples strengths were 

unmeasurably low (<100 MPa), so it could not be verified that the stress 

exponent was close to 1. However, the textural evidence was quite convincing, 

especially by contrast with similar samples deformed ‘dry’ by recrystallization- 

accommodated dislocation creep at the same conditions. Some of the grains 

in the deformed samples were larger than any in the starting powder, and 

many had perfect lath shapes with square corners, instead of the polygonal 

grains seen in the dislocation creep régime. TEM revealed abundant small 

pores along the grain boundaries, and a very low average dislocation density 

within the grains. Furthermore, the same behaviour was observed at both 500 

and 1500 MPa, in striking contrast to the situation for dislocation creep. 

Therefore it appears that these samples had undergone some combination of 

grain-boundary diffusion creep, grain-boundary sliding, and fluid-phase trans- 

fer (pressure solution). 

8.5 Experimental deformation of quartzo-feldspathic aggregates 

8.5.1 Overview 

Relatively few experimental deformation studies have been performed on 
polyphase aggregates of quartz and feldspar, but they are very useful for 
checking our ability to predict the behaviour of such aggregates from the 
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known behaviour of monomineralic aggregates of the constituents. Several 

studies have been conducted on fine-grained granite (d ~ 500 ym) and aplite 

(d ~ 200 um), consisting of roughly 30-35 per cent each of quartz, microcline, 

and plagioclase, with <5 per cent biotite and accessories, in which the 

feldspars form the connected matrix phase and the quartz grains are more dis- 

persed. For deformation at a strain rate of 10° °s~', these aggregates show a 

field of brittle faulting and frictional sliding at lower pressures and/or temper- 

atures (Tullis & Yund 1977, Stesky 1978), a field of cataclastic flow at pressures 

of ~600—1500 MPa and intermediate temperatures (Tullis & Yund 1977, 

Carter et al. 1981), and a field of dislocation creep at high pressures and tem- 

peratures (Tullis & Yund 1977, 1980; Dell’Angelo & Tullis, 1982). The onset 

of partial melting affects the strength and may change the dominant deforma- 

tion mechanism, depending on the grain size, amount of melt, and strain rate 

(van der Molen & Paterson 1978; Dell’Angelo & Tullis 1988). 

8.5.2 Faulting and cataclastic flow 

Samples deformed at <500 MPa or <300°C develop through-going faults. In 

coarser-grained Westerly granite (d ~ 500 pm) the faults may be influenced by 

a given biotite grain or feldspar cleavage; in finer-grained aplites (d ~ 200 pm) 

the faults tend to avoid quartz grains and to go through feldspar grains. 

At pressures of ~ 700—1500 MPa and temperatures of ~ 300—700°C, aplites 

undergo macroscopically ductile cataclastic flow, due to distributed cracking 

and grain-scale faulting in the two feldspars. However, the dispersed quartz 

grains are stronger (due in part to their lack of cleavages), and they remain 

almost completely undeformed (Fig. 8.7B). Thus the aplites develop a texture 

opposite to that of quartzo-feldspathic aggregates at higher metamorphic 

grade, where feldspar grains remain as relatively undeformed augen in the 

midst of ductilely deformed quartz and mica. This low-temperature deform- 

ation texture of less strained quartz and more strained feldspars has been 

observed in naturally deformed rocks, in the vicinity of faults (e.g. Evans 

1988). 

8.5.3 Dislocation creep 

At pressures of ~ 1000—1500 MPa, there is a broad transition with increasing 

temperature from cataclastic flow to dislocation creep, which involves a rever- 

sal in the relative strengths of the quartz and feldspar and a profound change 

in the deformation texture (Dell’Angelo & Tullis 1982). At 800°C and 

1500 MPa, the quartz grains deform by climb-accommodated dislocation 

creep, and the feldspars by a mixture of cataclastic flow and recrystallization- 

accommodated dislocation creep. The two phases have approximately equal 

strength, as the grain strains are almost equal to each other and to the sample 

strain, and the samples show steady-state flow (Fig. 8.7C). 
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DEFORMATION OF QUARTZO-FELDSPATHIC ROCKS 

At 900°C the behaviour of quartz and feldspar has completed its reversal. 

Quartz grains undergo quite homogeneous flattening with increasing strain, 

but their average grain strain exceeds the sample strain (after sample strains 

of ~40 per cent; Fig. 8.7D). Sub-basal deformation lamellae are quite com- 

mon. The preferred orientation of the quartz grains appears to be identical in 

form and strength to that developed in pure quartzites deformed to the same 

strain at about the same conditions, indicating that the presence of neighbour- 

ing feldspar grains has little influence (Dell’Angelo & Tullis 1986). Dynamic 

recrystallization in the quartz grains is less evident than in quartzites strained 

an equivalent amount, presumably because there are relatively few quartz/ 

quartz grain boundaries. However, by ~ 50 per cent sample strain most grains 

have recrystallized grains (d = 3—10 ym) at their margins which appear to have 

been derived by progressive subgrain rotation. 

The feldspar grains in the 900°C samples behave very differently. With 

increasing strain they undergo ‘boudinage’, and become separated into 

several lozenge-shaped pieces which do not show significant internal strain 

(Fig. 8.7D). Connecting the lozenges are thin tails of dynamically recrystal- 

lized grains, much smaller in size (~1 pm) than the recrystallized quartz grains 

(Fig. 8.7E). The weakness of these recrystallized grains (and the quartz grains) 

compared to the original feldspar grains means that by strains 260 per cent 

the aggregate changes its interconnectedness: fragments of original feldspar 

grains become dispersed in a matrix of weaker quartz and recrystallized 

feldspar. Accompanying this change of texture is a progressive strain weak- 

ening. Another reflection of the weakness of the recrystallized feldspar grains 

is the fact that early-formed faults in aplite samples develop highly localized 

ductile shear during subsequent high-temperature deformation, just as they do 

in pure feldspar aggregates, whereas pre-faulted quartzites deform homog- 

eneously (Tullis ef a/., in press). A further consequence of the contrast in 

strength between original and recrystallized feldspar grains is demonstrated in 

shearing deformation. Synthetic aggregates of half quartz and half albite 

(original grain size 100 wm) subjected to combined compression and shear at 

900°C and 10° °s~ ! develop a C and S fabric (Berthe er al. 1979) in which the 
flattened quartz grains define the S or foliation planes, and feldspar augen with 

asymmetric tails of recrystallized grains define the shear or C planes (Fig. 

8.8A,B; Dell’Angelo & Tullis, in press). 

The addition of trace amounts of water (not enough to cause partial melt- 

ing) to granite samples at pressures of ~ 1000-1500 MPa reduces their 

strength and produces ‘higher-temperature’ microstructures, including more 

recovery and dynamic recrystallization (Tullis & Yund 1980). Although water 

is known to speed the rates of stable crack growth (e.g. Atkinson 1984) in 

addition to causing hydrolytic weakening, the net effect of the added water 

appears to be to lower the temperature of the transition from cataclastic flow 

to dislocation creep. 

Experimental study of the dislocation creep régime in quartz—feldspar 
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Figure 8.8 Optical photomicrographs of synthetic aggregate of 5O per cent quartz and 50 per 

cent albite subjected to combined compression plus shear at 900°C, 1500 MPa, and 107°s7!: (A) 

taken with crossed polarizers; (B) taken with uncrossed polarizers. Feldspar grains form relatively 

undeformed ‘augen’ with finely recrystallized tails, the asymmetry of which indicates the top-to- 

the-right shear sense. Quartz grains are more homogeneously deformed and more coarsely 

recrystallized. 



DEFORMATION OF QUARTZO-FELDSPATHIC ROCKS 

aggregates is limited in the same way as that of pure feldspar aggregates, by 

the relatively low melting temperature. The texture produced experimentally 

at the highest temperature without melt consists of feldspar augen with 

recrystallized tails in a matrix of highly deformed and more coarsely recrystal- 

lized quartz (and mica), and is identical to that seen in naturally deformed 

granitic rocks of low to moderate metamorphic grade (e.g. Berthe ef a/. 1979; 

Simpson 1985). Thus we conclude that there is a range of both natural and 

experimental conditions in which quartz deforms by climb-accommodated 

dislocation creep and feldspars deform by recrystallization-accommodated 

dislocation creep. Feldspars deformed under these conditions typically form 

ductile shear zones. In contrast, at higher metamorphic grade, both quartz 

and feldspar appear to deform by climb-accommodated dislocation creep, and 

to have quite similar strengths and more similar recrystallized grain sizes. At 

these conditions the rocks are more homogeneously deformed (e.g. Voll 1976). 

8.5.4 Effect of partial melt 

The effect of partial melt on the deformation of granitic aggregates has been 

investigated at lower pressures and temperatures for which melt-free granite 

deforms in a brittle manner, as well as at higher temperatures and pressures 

for which it deforms by dislocation creep. In the former case, the fluid pressure 

of the melt reduces the stress needed for faulting. Arzi (1978) and van der 

Molen & Paterson (1979) defined a ‘rheologically critical’ melt percentage of 

about 30 per cent at which the grains in the rock lose contact, and the strength 

is governed primarily by the properties of the melt. At higher temperatures 

and pressures at which granitic aggregates deform by dislocation creep, 

experimental studies show distinct effects of grain size, melt amount, and 

strain rate on the resulting deformation (Dell’Angelo & Tullis 1988). For 

coarser grain sizes (10—200 um), relatively small amounts of melt (<5 per 

cent), and a strain rate of 10°°s~', the melt is expelled from boundaries 

normal to o; and collects along boundaries parallel to o;, but the dominant 

deformation mechanism remains dislocation creep. For larger amounts of 

melt or faster strain rates, cataclastic flow becomes the dominant deformation 

mechanism. For very-fine-grained aggregates (2-10 um), if the melt amount is 

~ 1 per cent or less the dominant deformation mechanism remains dislocation 

creep, but if it is 3—5 per cent there is a switch to melt-assisted diffusion creep 

as the dominant mechanism (Dell’Angelo ef a/. 1987), as noted in pure albite 

aggregates by Ji & Mainprice (1986). 

8.6 Summary 

The roughly eight orders of magnitude difference between experimental and 
natural strain rates might seem to suggest that the operative processes would 
be quite different. In fact, careful experiments guided by results from materials 
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scien¢e and coupled with detailed and ‘educated’ observations of microstruc- 

tures in well constrained naturally deformed rocks have been remarkably 

successful in elucidating details of most of the deformation mechanisms 

operative in the crust. The results have made it possible to more accurately 

interpret natural microstructures in terms of the processes that produced them, 

the P, T, etc., conditions under which they were formed, the orientations and 

magnitudes of the stresses and strains involved, and the strain-hardening or 

-softening nature of the deformation. Some mechanisms, such as pressure solu- 

tion of quartz, may never be amenable to laboratory study, but a combination 

of experiments on more soluble materials, combined with theory and careful 

observations of naturally deformed rocks, has already provided valuable 

information. Other mechanisms that are important in nature, such as climb- 

accommodated dislocation creep of feldspar rocks and granites, may be partly 

or entirely cut out from laboratory study by strain-rate-invariant phase 

transformations or by melting. Again, analogies with other materials and 

detailed observations of high-grade naturally deformed rocks may provide sig- 

nificant insights. Although there remain many unanswered questions, one can 

obtain an appreciation for the great amount that has been learned in the past 

25 years, since the first successful laboratory ductile deformation of silicates, 

by re-reading Griggs ef al. (1960) or Turner & Weiss (1963). A large part of 

our scientific advances has resulted from technological advances, such as new 

generations of apparatus and new observational techniques, while some have 

been stimulated by borrowing from materials science, and others have resulted 

from detailed study of naturally deformed rocks. Fortunately, many further 

advances remain to be made. 
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CHAPTER NINE 

Microstructural analysis and 

tectonic evolution in thrust 

systems: examples from the 

Assynt region of the Moine 
Thrust Zone, Scotland 

Robert J. Knipe 

9.1 Introduction 

Recent microstructural studies of experimentally and naturally deformed 

rocks have provided important information for the understanding of deform- 

ation mechanisms, rates and conditions during tectonic events (Borradaile 

et al. 1982, Schmid 1982, Hobbs & Heard 1986, Tullis 1986, Wang 1986, 

Atkinson 1987, Schmid ef a/. 1987, Knipe & Rutter 1990). The microstructures 

characteristic of different deformation mechanisms, which operate under 

different deformation conditions, have been identified and their preservation 

in tectonites used to assess natural deformation processes and kinematics 

(Pfiffner 1982; Simpson & Schmid 1983; Groshong ef a/. 1984; Lister & Snoke 

1984; Mitra 1984; Ord ef al. 1984; Brodie & Rutter 1985; Gibson & Grey 1985; 

Knipe & Wintsch 1985; Obee & White 1985; Law ef a/. 1986; Rutter ef al. 

1986; Sibson 1986; Twiss 1986; Knipe, 1989). In addition, such studies have 

helped to construct fault-zone models (Sibson 1982, 1983, 1985; Knipe 1985, 

1989: Kuznir & Park 1986; Platt & Behrmann 1986). 

Despite these advances a number of problems still exist in the use of pre- 

served microstructures for the assessment of natural deformation mechanisms. 

For example, the recognition that deformation along fault zones is likely to 

involve some form of cyclic deformation in which each event incorporates a 

range of deformation mechanisms (Sibson 1980, 1986; House & Grey 1982; 

White & White 1983; Knipe 1985, 1989; Platt & Behrmann 1986; Wojtal & 

Mitra 1986) presents a problem in the interpretation of the finite micro- 

structures preserved (Knipe, 1989). In addition, the superposition of 

microstructures which arise from the reactivation of fault zones during 
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later tectonic events with different kinematic frameworks also complicates 

microstructural interpretation. These problems highlight two important 

requirements for future microstructural studies. First, there is a need to con- 

sider the total deformation history experienced by the tectonite, i.e. to assess 

the deformation mechanism path (Knipe, 1986), and, second, as the genera- 

tion and stability of many deformation microstructures are temperature- and 

pressure-dependent, consideration of the pressure—temperature—time path 

(Thompson & England 1984, Thompson & Ridley 1987) is also necessary (e.g. 

Platt & Lister 1985). The integration of these aspects leads to a need to con- 

sider the pressure (P) — temperature (7) — strain rate — (€) — strain (e) — time 

(t) path (i.e. the PT¢€et path) when assessing the microstructural development 

of tectonites. In this chapter the deformation histories and P7¢et paths 

involved in the evolution of thrust systems are discussed. The aim of the 

chapter is to illustrate how microstructural analysis can aid the assessment of 

PTéet paths and thus help to delineate the tectonic evolution of an area by 

providing information on: (a) the mechanisms of deformation, the sequence 

of deformation mechanisms, and the nature of cyclic deformation events or 

instabilities; (b) the kinematics of deformation; (c) the conditions of defor- 

mation; and (d) the dynamics of the deformation. 

9.2 Deformation histories in thrust systems 

Large-scale thrust systems (Boyer & Elliott 1982; Butler 1982, 1987) are an 

integral feature of continental collision zones (Coward & Ries 1986) and 

involve crustal shortening by the movement and stacking of thrust sheets. The 

deformation history and thus the evolution and preservation of microstruc- 

tures in rocks incorporated in thrust systems depends upon the geometry and 

distribution of faults in the thrust system, the displacement pattern during 

the fault array evolution (Knipe 1985) and the thermal history of the thrust 

zone (Brewer 1981, Platt 1987, Thompson & Ridley 1987). 

In the case of a single master fault bringing material from deep to high levels 

in the crust, the superposition of deformation at different conditions will pro- 

duce complex finite microstructures (Sibson 1977) which may be difficult to 

unravel in detail. A more favourable situation for assessing microstructural 

development is where a sequential transfer of displacement to different faults 

takes place as the thrust array evolves. If this sequence involves the transfer 

of displacement to successively lower faults (i.e. a foreland propagating 

system), rocks deformed along deeper level faults are carried, piggy-back style, 

to higher levels; thus each fault in the array may preserve microstructures 

characteristic of deformation at different crustal conditions. The chances of 

recognizing deformation mechanisms and characterizing the different types of 

cyclic deformation events which may occur during faulting at different crustal 

levels is therefore increased in these latter situations. 
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The thrust fault system chosen for discussion in this chapter, the Moine 

Thrust Zone of north-west Scotland, is ideal for the assessment of deform- 

ation histories as it is known to have evolved by a piggy-back sequence and 

contains a range of fault rocks developed under different deformation condi- 

tions (Christie 1960; White ef a/. 1982; Law et al. 1984, 1986). The large-scale 

structural evolution of this zone is reviewed in the next section, before the 

fault-rock microstructures and deformation histories associated with the 

different faults in the array are discussed in detail. 

9.3 The Moine Thrust Zone of north-west Scotland 

The Moine Thrust Zone of north-west Scotland forms part of the Caledonian 

Orogenic Belt and involved the displacement of a series of thrust sheets 

towards the WNW over a foreland of Precambrian Gneiss and Cambro- 

Ordovician sediments (Coward 1983, Butler & Coward 1984, Butler, 1986). 

The Moine Thrust is the most important and highest thrust in the sequence; 

it probably has the largest displacement and carries Proterozoic meta- 

sediments over a deformed foreland succession contained in the lower struc- 

tural levels of the thrust zone. The Moine Thrust was the earliest of the 

structures to develop, and was carried into its present position by movement 

on the lower level thrusts. The total displacement on the thrust system is well 

in excess of 70 km (Elliott & Johnson 1980) and occurred over the time period 

between 430 and 408 Ma (Johnson ef a/. 1985). 

In places the higher faults have been breached by the lower thrusts and the 

area has been affected by post-thrust extension, considered by Coward (1982, 

1984) and Enfield & Coward (1987) to be related to post-orogenic collapse 

during the Devonian. 

Studies of the deformation processes involved in the emplacement of thrust 

sheets in the Moine Thrust Zone have taken advantage of the occurrence of 

the same quartz-rich lithologies (the Cambrian Quartzites) in various deform- 

ation states throughout the thrust belt, and have concentrated on the ductile 

deformation involved in the production of mylonites located in the higher 

structural levels (Christie 1960, 1963; Weathers ef a/. 1979; White 1979a; Evans 

& White 1984; Law eral. 1984, 1986; Ord & Christie 1984; Knipe & Law 

1987; Law & Potts 1987; Law 1987). Only a few studies of the cataclastic rocks 

present in the lower thrust sheets have been conducted (Blenkinsop & Rutter 

1986, Bowler 1987, Lloyd & Knipe 1990). This chapter considers the deforma- 

tion processes involved in the fault-rock evolution on all the major faults in 

a traverse across the Moine Thrust Zone at Assynt, and attempts to integrate 

fault-rock evolution with the larger-scale development of the thrust system. 

The Assynt area was chosen because of the recent work on the geometrical 

evolution, the thermal history, and the deformation timing in this area 

(Coward 1984, 1985; Butler 1984; Johnson ef a/. 1985). In addition, Assynt 
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Moines Figure 9.1 Sketch map of the Assynt area 

showing the main thrust sheets (after Coward 

1982). The arrows indicate the thrust move- 

ment direction. CD, Cnoc Dubh; IN, 

Assynt Thrust 
Sheet 

Sole Thrust Sheet Inchnadamph; LA, Loch Assynt; LG, Loch 

Glencoul; SB, Skiag Bridge; SG, Stack of Specimen location 
Glencoul. 

occupies an important transition area in the thrust belt as it separates a north- 

ern sector, within which the Moine Thrust is considered to have developed on 

a steeper mid-crustal ramp compared with the southern section (Coward 

1984). This difference has resulted in a deeper burial and more ductile deform- 

ation of Cambro-Ordovician rocks in the north (Coward 1984). The structure 

of the Assynt area is reviewed in Figure 9.1, which also shows the location of 

the specimens described in this chapter. The structure can be considered in 

terms of three thrust units: (a) The Moine Thrust sheet, which occupies the 

highest structural position; (b) the Assynt Thrust sheet, comprising the Ben 

More and Glencoul Thrust sheets, which occupy the intermediate structural 

levels; and (c) the Sole Thrust System, which includes the lowest thrusts 

exposed. The displacement estimates for these three systems are: ~ 70 km for 

the Moine Thrust (Coward ef a/. 1980, Elliott & Johnson 1980); ~ 28 km for 

the Ben More thrust (Elliott & Johnson 1980); 20—33km for the Glencoul 

Thrust (Coward ef a/. 1980); and 3 km for the Sole Thrust System (Coward 

1984). The fault rocks and deformation features present in each of these three 

units are described in separate sections below. 

9.4 The Moine Thrust at the Stack of Glencoul 

The rocks exposed along the Moine Thrust at the Stack of Glencoul (Fig. 9.1) 

are L—S to S—L mylonites derived from the overriding Moine (and Lewisian) 

rocks and the Cambrian Quartzites of the foot wall. The zone of intense 
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deformation is approximately 100 m thick and dips gently ESE. The Moine 

Mylonites are composed of quartz (>70%), muscovite (<15%), feldspar 

<15%), and chlorite (< 15%), and have been derived from upper greenschist 

metasediments retrograded from biotite to chloride assemblages. Johnson 

et al.(1985) suggest that the mylonites developed at temperatures of 300— 

35076 
The quartz mylonites in the foot wall to the Moine Thrust have been 

extensively studied, particularly in terms of their crystallographic fabrics 

(Christie 1960, 1963; Law et a/. 1986; Law 1987). The mylonitic quartzites 

have microstructures indicative of the operation of dislocation creep pro- 

cesses. The most recent studies of these mylonites by Law ef a/. (1986) and 

Law (1987) involved an integration of microstructural and the crystallographic 

fabric data into models of the mechanisms and kinematics of the mylonite evo- 

lution and revealed the following: 

(a) Close to the Moine Thrust (<0.15 m) the original quartz grains are 

recrystallized [S0O—100% new grains] to a grain size of 10—15 um. These 

new grains are slightly elongated and define a shape fabric which is 

oblique to the main mylonitic foliation banding marked by domains/lens 

with slightly different phyllosilicate contents (1—15%) and separated by 

thin (<1 mm wide) phyllosilicate bands. The c-axes in these rocks define 

either a single girdle (at 0.5 cm from the Moine Thrust) or a cross-girdle 

(1-14 cm below the Moine Thrust) which have skeletal outlines and 

intensity distributions that are asymmetric with respect to the main 

mylonitic foliation and lineation. Both the microstructures and the 

crystallographic fabrics are consistent with development during a strain 

path dominated by non-coaxial deformation associated with WNW- 

directed thrusting. 

(b) At distances greater than 30 cm from the Moine Thrust, the volume frac- 

tion of recrystallized grains is 40-75% and the mylonite foliation is 

defined by flattened relict detrital grains which now have axial ratios in 

the x—z plane of 50: 1 to 100: 1. The c-axis fabrics of these rocks are sym- 

metrical with respect to the main foliation and lineation, and, together 

with the presence of globular grains (equant grains in which the c-axis is 

subparallel to the shortening direction z, indicate co-axial deformation. 

(c) Law eral. (1986) argue that these different deformation paths are syn- 

chronous and that large-scale overprinting of a coaxial deformation on 

a non-coaxial deformation has not occurred. The two kinematic domains 

recognized at the Stack of Glencoul are also present in adjacent areas of 

Assynt and Loch Eriboll (Law ef al. 1984), and indicate that a component 

of extensional flow in the direction of movement accompanies the em- 

placement of the Moine Thrust sheet. Additional field evidence which 

supports this extensional flow component has also been found by Coward 
(1982, p. 252) and Butler (1984). 
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The’ size of the subgrains (2—4um) and the dislocation densities 

(4x 10° cm~? to 1x 10? cm~’), together with the size of the recrystallized 

grains (10—14 wm) in the mylonites at the Stack of Glencoul have been used by 

Weathers ef al. (1979) and Ord & Christie (1984) to estimate the differential 

stress levels associated with mylonite development. The estimated stress levels 

ranged from 11.5 to 183 MPa. Such stress levels indicate strain rates in the 

region of 107'*-107!°s~! (see Rutter 1976, fig. 9). Weathers et al. (1979) 
describe the microstructure of the ribbon mylonites as typical of low-stress, 

high-temperature, low-strain-rate deformation. In other words, dislocation 

recovery processes such as cross-slip and climb are indicated by the well 

organized low-angle boundaries, curved dislocations, and homogeneous dis- 

location distribution. Examination of these mylonites during the present study 

reveals more complex and heterogeneous microstructures related to a series of 

late or post-mylonite events. The features produced by these later deforma- 

tion events (quartz veins, concentrated shearing in  phyllosilicate-rich 

domains, shear bands, stylolites, minor forethrusts, and backthrusts) are dis- 

cussed separately below, before their relative chronology and significance is 

outlined. 

9.4.1 Quartz veins 

A prolonged history of intermittent quartz veining late in the mylonite evolu- 

tion close (<0.15 m) to the Moine Thrust is indicated by the presence of 

quartz veins (up to 600 ym wide) oriented at various angles (110°— 32°) to the 

main foliation in x—z sections. The veins at low angles (<40°) dip ESE, have 

been recrystallized to grain size similar to the mylonite matrix, and appear to 

represent early veins which have been rotated and sheared towards the WNW 

after their development. In contrast, veins at high angles to the main foliation 

are coarser grained and exhibit fewer internal deformation features. The veins 

that appear to be very late in the deformation history have suffered little or no 

rotation and are composed of large (> 15 pm) fibrous subgrains, often aligned 

perpendicular to the vein margin. They commonly contain dislocation den- 

sities 30—40 times those in the adjacent mylonitic fabric (Fig. 9.2), indicating 

a small amount of late, very localized high-strain-rate deformation. The late, 

high-dislocation-density features are concentrated within a millimetre of the 

late vein and are not pervasive in the adjacent mylonite fabric (Fig. 9.2). Many 

of the veins exhibit extremely irregular margins composed of grains larger 

(50— 500 ym) than the recrystallized matrix. This microstructure may represent 

a limited amount of grain-boundary migration at the vein margin (see later dis- 

cussion). 

9.4.2. Concentrated shearing in phyllosilicate-rich domains 

Although the late quartz veins are deformed in the quartz-rich mylonite bands, 

they are more sheared in the phyllosilicate-rich domains of the mylonites. This 
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Figure 9.2 TEM micrographs which compare the microstructures of the mylonite (A) with the 

substructure of a late vein in the mylonites (B). The mylonite is composed of a fine grained 

recrystallized aggregate with internal dislocation densities of ~4 x 10°cm~*. Note also the bub- 

bles present on grain boundary (a) are located on the boundaries which are extensional during 

WNW shearing; the shearing sense in this x—z section is indicated. The quartz vein shown in (B) 

has a substructure of elongate subgrains with high dislocation densities. 
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Figure 9.3. Optical micrograph of the Moine Thrust plane (MT) separating the phyllosilicate-rich 

Moines of the hanging wall from the quartz mylonites of the foot wall. Note the early sheared 

vein at S, and the minor extensional fault E with displacement down to ESE. The vein V truncates 

this extension but is sheared by deformation in the Moines. 

observation indicates that either the deformation associated with shearing to 

the WNW continued for longer in these phyllosilicate-rich domains or that the 

shear strain rate was higher in these units after vein formation. One late vein 

shown in Figure 9.3, which truncates the Moine Thrust, indicates that shearing 

at this stage of the deformation was concentrated in the phyllosilicate-rich 

Moine rocks of the hanging wall. 

9.4.3 Shear bands and extensional faults 

Shear bands oriented at 15—35° to the main foliation are present in the 

mylonites at the Stack of Glencoul. They are more abundant in selected hori- 

zons within the phyllosilicate-rich Moines above the Moine Thrust, but also 
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occur in the quartz mylonites of the foot wall. By far the largest number of 

these dip to the WNW and indicate WNW shearing. A few examples of exten- 

sional features which dip to the ESE are also present. Law ef al. (1986) have 

described a small listric normal fault which has a displacement down to the 

ESE and has associated dynamic recrystallization within the zone of deform- 

ation. This particular zone of extension to the ESE predates a late vein which 

truncates the Moine Thrust but is sheared to the WNW in the Moine rocks. 

The deformation of this vein and the extensional fault suggests intermittent 

changes in the strain path and deformation mechanisms from subhorizontal 

thrust sheet extension (by dislocation creep and veining) to WNW shearing 

during the late stages of mylonite evolution. The shear bands and the crys- 

tallographic fabrics in the mylonites also indicate that the component of 

extensional flow was not confined to the deformation-producing veins and 

minor normal faults. 

9.4.4 Minor forethrusts and backthrusts 

A number of minor forethrusts (overriding to the WNW) and backthrusts 

(overriding to the ESE) truncate the mylonite fabric at the Stack of Glencoul. 

The displacements associated with these features range from a few millimetres 

to ~1m. The occurrence of Moine-like, phyllosilicate-rich bands below the 

Figure 9.4 TEM micrograph of a cataclastic zone present in the Stack of Glencoul mylonites. 
Note the hexagonal grains and the lack of internal dislocation microstructures. Scale bar lpm. 
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Moine Thrust has been interpreted by Law et al. (1986) as a possible fore- 

thrust which breaches and thus repeats the Moine Thrust. The quartzite which 

has overridden the phyllosilicate-rich rocks is brecciated. In thin section both 

the minor forethrusts and the backthrusts are marked by extremely fine- 

grained material, which usually lacks any shape fabric and encloses rotated 

blocks containing the mylonitic fabric; i.e. the microstructures are indicative 

of cataclastic deformation. TEM of these zones reveals a microstructure com- 

posed of occasional large (>10 ym) grains with high dislocation densities 

[>1 x 10? cm~*] which represent mylonite fragments with modified substruc- 

tures, set in a matrix of equant hexagonal grains with a diameter of 5—7um. 

The 120° grain-boundaries and the extremely low dislocation densities 

(Fig. 9.4) characteristic of the matrix suggest a high degree of recovery. The 

significance of this microstructure, which is interpreted as a recovered catacla- 

site containing fragments of the host rock, is discussed in more detail in a later 

section. A few extremely fine-grained bands subparallel to the mylonite fabric 

do not contain any oblique shape fabric and may also represent cataclastic 

zones. 

9.4.5 Stylolites 

The veins, backthrusts, and shear bands are all truncated by subhorizontal 

stylolites, indicating that diffusive mass transfer (DMT) processes (pressure 

solution) producing vertical shortening were associated with the late stages of 

the deformation history in the mylonitic rocks (Fig. 9.5). In general, the stylo- 

lites represent the last deformation event preserved in the mylonites at the 

Stack of Glencoul, although occasional quartz veins and late extensional or 

vertical fractures do truncate these features. 

The chronology of these deformation features is reviewed in Figure 9.6, 

which emphasizes the overlap in time of the development of some features. 

The deformation history recorded by the mylonites involves changes in the 

dominant deformation mechanism and the strain path with time. The trend 

revealed from the microstructural analysis involves the following: 

(1) An early phase of mylonite evolution dominated by dislocation creep 

processes. Close to the Moine Thrust this deformation is dominated by 

non-coaxial straining, while away from the Moine Thrust a co-axial 

deformation path was followed (see Law ef al. 1986 for details). 

(2) A late stage of mylonite evolution during shearing to the WNW, where 

intermittent fracturing produced quartz veins. Subsequent deformation 

of the quartz veins involving dislocation creep processes has rotated these 

features. Such rotation is often concentrated into the phyllosilicate-rich 

bands. In addition, shear-band evolution together with minor extensional 

faulting indicate a component of extensional flow primarily in the direc- 

tion of movement, and vertical shortening accompanying the shearing 
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Figure 9.5 Optical micrograph illustrating the indentation of a coarse-grained vein into a 

phyllosilicate-rich band in the mylonites of the Stack of Glencoul. The early mylonitic fabric 

in the phyllosilicate-rich band is wrapped around the vein because of the concentration of DMT 

associated with vertical shortening. Scale bar 1 mm. 

towards the WNW. The superposition of these deformation features 

indicates an alternation of shearing and extensional deformation events. 

(3) A post-mylonite phase of forethrusting and backthrusting involving frac- 

turing and development of cataclasites. 

(4) A post-cataclastic deformation phase of vertical shortening achieved by 

diffusive mass transfer. This late deformation produced stylolites and was 

also postdated by occasional vertical fracturing (and less often by quartz 

vein development). 

The early phase of mylonite evolution represents the largest straining event 

preserved. The later events, although important to the microstructual evolu- 

tion, represent small strains. 

In general terms, the deformation history in the mylonites represents a tran- 

sition from ductile deformation by distributed dislocation creep to deform- 

ation involving more localized shearing and fracturing. All these events were 

associated with WNW thrusting which was followed by more ductile deform- 

ation (DMT), producing vertical shortening. It should be emphasized that all 

the deformation phases associated with WNW shearing involve a component 

of extension in the movement direction. Early in the deformation history 

extension was achieved by dislocation creep processes, and this is reflected 
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Figure 9.6 Review of the relative chronology of deformation features which develop late during 

the deformation history of the mylonites at the Stack of Glencoul. See text for details. 
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by the c- and a-axis fabrics (Law et al. 1986, Law 1987), while later in the 

deformation this component of strain was produced by either shear-band 

evolution or extensional veining and faulting. 

The quartzites which are more than 40 m below the Moine Thrust contain 

original grains with a weak shape fabric and well developed undulatory 

extinction (see Law ef al. 1986 for details). These rocks are also truncated by 

transgranular fracture/cataclastic zones up to 2 mm wide. The timing of the 

formation of these features, together with the deformation-mechanism history 

of the mylonitic rocks is described in terms of the thrust-zone evolution later 

in the chapter. 

9.5 The Assynt Thrust sheet 

Christie (1963) defined the Assynt Thrust sheet as being composed of the 

higher-level Ben More Thrust sheet and the lower, later Glencoul Thrust sheet. 

Both these components of the Assynt Thrust sheet carry Lewisian gneisses and 

Cambrian Quartzites. The internal structure of the Assynt Thrust sheet con- 

tains both fold and minor thrust structures, which are truncated by a late set 

of extension faults that are described in detail by Coward (1982, 1984). The 

fold structures trend oblique to the transport direction and are thought to arise 

during a sinistral shear couple associated with differential displacement in the 

Assynt sheet, where the northern portion has moved an additional 3 km 

(Coward 1984). The minor thrusts within the Assynt sheet include backthrusts 

and have associated back-folds generated during short periods of ESE 

transport (Coward 1984). 

The quartzites of the Assynt sheet do not usually show a well developed 

cleavage but more commonly exhibit small-scale fracture arrays, with displace- 

ments generally below 2 cm. These fracture arrays are marked in the field by 

either white/creamy cemented cataclasite zones, a few millimetres in width, or 

by more irregular dark fracture networks which give the rock a ‘bruised’ 

appearance. This ‘bruising’ often arises from the small amount of chlorite 

(<10%) concentrated into the gouge/breccia zones. The frequency of the frac- 

ture arrays increases near the thrust faults present in the Assynt thrust sheet, 

which are marked by cataclasite or breccia zones up to 3 cm thick. Selected 

examples of the microstructures preserved in both the rocks located along the 

fault zones and within the internal parts of the Assynt Thrust sheet are 

described below. 

In Figure 9.7 is shown the typical microstructure preserved in specimens of 

the Cambrian Quartzite collected from the upper parts of the Assynt Thrust 

sheet. This particular specimen is from just above the Ben More Thrust at Ben 

na Fhuarain (map ref. NC 262159). Optical features present within the grains 

include undulatory extinction, deformation bands, and deformation lamellae, 

all of which are associated with TEM-scale subgrain microstructures. More 
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Figure 9.7 Optical micrograph of deformed quartzite from Ben More thrust sheet. Note grain 

elongation and undulatory extinction together with transgranular cataclastic zone with gouge 

infill, C. Scale bar 1 mm. 

than 40 per cent of the grains have a spread in the c-axis orientation of more 

than 20°. Recrystallization is confined to grain boundaries and deformation 

band boundaries, and new grains only account for ~5 per cent of the rock 

volume. In addition to these microstructures which indicate deformation by 

dislocation processes, many grains also contain dense arrays of subparallel 

microfractures. 

A three-dimensional network of transgranular fractures is ubiquitous to 

these specimens and separate blocks which contain the crystal plastic deform- 

ation features. The fractures are marked by cemented gouge and microbreccia 

zones up to 2 mm wide and define blocks with a minimum size of a few cen- 

timetres. The displacement magnitude along these zones cannot be quantified 

because the zones are wider than the average grain size of 0.4 mm. The frac- 

ture zones exhibit a range of internal structure from micro-breccias (where the 

fine-grained matrix is less than 40 per cent of the zone volume and the larger 

detrital grain fragments are extremely poorly sorted in terms of grain size) to 

well developed cemented cataclasites (where the matrix accounts for more than 

85 per cent of the fracture zone volume and the detrital grain fragments are 

well sorted with an extremely small size range). The detrital grain fragments 

present: in the cataclasites contain high dislocation densities greater than 

3x 10°cm~? (Fig, 9.8). The fine-grained matrix of the cataclastic zones is 
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Figure 9.8 TEM micrograph of detrital grain within a cataclastic gouge zone from the Ben More 

Thrust sheet. Note high dislocation density within subgrains. Scale bar 1 um. 

made up of grains 2—5 ym in diameter. These grains are roughly hexagonal in 

shape and contain internal dislocation substructures (Fig. 9.9). However, in 

contrast to the detrital grain fragments the dislocation densities are usually 

lower than <3 x 10° cm~? and dislocations form a more ordered array indic- 

ative of recovery. 

The deformation features preserved in specimens from within the Glencoul 

Thrust sheet are similar to those described in the Ben More Thrust sheet but 

exhibit less evidence of deformation by dislocation movement. The original 

detrital grains exhibit undulatory extinction, deformation bands, and defor- 

mation lamellae, but rarely show evidence of recrystallization. Only very weak 

shape fabrics are usually present, although localized development of a strong 

shape fabric (axial ratios >3:1) by crack-seal extension of detrital grains is 

occasionally found near minor thrusts such as at Glas Bhein (see Fig. 9.1 for 

location). As with the Ben More specimens, transgranular cataclasite and 

micro-breccia zones are common, particularly near minor thrust planes. 

The Glencoul Thrust fault which forms the base of the Assynt Thrust sheet 

is well exposed above the southern shore of Glencoul, where the hangingwall 

rocks are Lewisian gneisses, and north of Inchnadamph between Cnoc Dubh 

and Achmore (Map Ref. NC 256228) where the hangingwall rocks are Cam- 

brian Quartzites. In the first of these locations the fault rocks located on the 

Glencoul Thrust are phyllosilicate-rich cataclasites developed by the fracturing 
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and breakdown of the feldspar-rich Lewisian. The cataclasites contain kin- 

ematic indicators including R; shears and P foliations (see Rutter ef a/. 1986 

for definitions) consistent with overthrusting to the WNW. 

The Glencoul Thrust fault rocks derived from the Cambrian Quartzites 

exposed north of Inchnadamph are described in more detail here. Along this 

section the Glencoul fault has been rotated by the later development of 

duplexes in the underlying limestone and dips towards the ENE. The fault 

plane exposed at Cnoc Dubh is marked by a 5—10cm thick breccia zone 

developed in the quartzites of the hanging wall. The breccia contains 

fragments up to 2 cm in diameter enclosed in anastomosing cataclasite zones 

(Fig. 9.10). The cataclastic zones are banded with individual bands showing 

different clast sizes, different degrees of sorting, and different frag- 

ment : matrix ratios. As with the Ben More fracture zones the detrital grain 

fragments contain high dislocation densities but also have extremely irregular 

margins indicative of corrosion by fluids present in the fault zone. TEM analy- 

sis of the microstructure preserved in the matrix of the cataclastic zones reveals 

a complex substructure where the grain size is 2—5 ym and the internal features 

of the larger fragmented detrital grains contrast with those of the smaller 

grains in the matrix. The larger grains show internal microstructures ranging 

from high dislocation density arrays (>3 x 10? cm~”) to cells with lower inter- 

nal dislocation densities and dislocation walls. The smaller grains contain 

Figure 9.9 TEM micrograph of the matrix of a cataclastic zone from the Ben More Thrust sheet. 

Note the well organised cell structure with low dislocation densities in some areas of the specimen. 

Scale bar 1 um. 
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Figure 9.10 Optical micrographs of the cataclastic deformation present in the Glencoul Thrust 

fault rocks. (A) The network of fracture zones located just above the thrust plane. (B) The micro- 

breccia present marking the thrust plane. Note the stylolite(s) associated with the large clast in 

the bottom right. Scale bars | mm. (C) A TEM micrograph of the cataclastic matrix showing the 

irregular cell network present. Scale bar 1 um. 
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almost no defects and are separated by well defined, approximately straight 

grain boundaries with irregular hexagonal shapes. The small grains appear to 

represent the end product of a recovery process which changes the high dis- 

location densities into cells and then into strain-free grains. The evolution and 

preservation of these cataclasite microstructures is compared with those pre- 

sent in the other thrust sheets studied in the discussion section of this chapter. 

The steepened section of the Glencoul fault, which now dips ENE, contains 

a number of features which truncate the cataclastic banding and postdate the 

main Glencoul fault displacement. The earliest of these features are thin 

(<0.1 mm), discontinuous (<1 mm) phyllosilicate-rich stylolites oriented 

obliquely (~ 40°) to the cataclasite layering in thin sections cut parallel to the 

direction of movement and perpendicular to the fault plane. The geometry of 

these features indicates the same sense of shearing as the displacement inferred 

for the cataclastic generation. They probably represent a small amount of 

deformation by diffusive mass transfer processes during the final stages of 

WNW shearing on the Glencoul Thrust when the displacement rate and 

therefore the strain rate was falling (see Knipe 1989, Fig. 4). Stylolites which 

are approximately parallel to the cataclasite banding are also present. These 

structures are often concentrated near large brecciated rock fragments, but 

also occur at the interface between cataclastic bands. The dentate geometry of 

these suggests that they represent shortening perpendicular to the fault plane 

by diffusion mass transfer (DMT) after the shearing. A third set of features 
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which postdates the cataclasite development and is developed in the 

phyllosilicate-rich cataclastic bands consists of thin (<0.1 mm wide) shear 

zones with directions of movement orientated perpendicular to the shearing 

direction of the Glencoul Thrust. These shear zones form in two orientations; 

one is parallel to the cataclasite banding and has an overthrusting sense of dis- 

placement towards the WSW, while the other is oriented at a high angle to the 

cataclastic banding and has offsets indicative of overthrusting to the ENE. 

Both of these shear zones can be interpreted as being associated with the devel- 

opment of folding and rotation of the Glencoul Thrust fault during the gener- 

ation of the lateral and oblique ramps present in the underlying limestone 

duplexes. The minor shears parallel to the cataclasite banding with movements 

perpendicular to the thrust transport direction may represent flexural slip 

accommodation of the lateral/oblique folding, while the shears oriented at 

high angles to the gouge banding may represent minor thrusts which aid the 

fault rotation. 

In summary, the deformation features of the intermediate Assynt Thrust 

sheet suggest that cataclastic processes represent the main deformation 

mechanisms involved in thrusting. However, dislocation processes also con- 

tribute to the strain and are more important in the higher structural levels. It 

is interesting to note that the fine-grained matrix of the gouges shows recovery 

features indicative of adjustments to the high dislocation contents after dis- 

placements, and that there is evidence of a change to deformation by diffusive 

mass transfer during the late-stage history of these fault rocks. 

9.6 The Sole Thrust System 

The thrust structures which occur in northern Assynt below the Glencoul 

Thrust are taken to comprise the Sole Thrust System. Coward (1984) has dis- 

cussed the geometrical evolution of this zone in detail and suggests a minimum 

displacement of 3 km on the system. As noted by Coward (1984) there are 

thrust structures present below the Sole Thrust mapped by Peach et a/. (1902) 

and, although these have small displacements (<100 m) and some may be 

isolated faults rather than part of a simple linked system, they are included in 

the Sole Thrust System here. 

The Cambrian Quartzites under consideration here are involved in this Sole 

Thrust System in the vicinity of Skiag Bridge (see Fig. 9.1). Almost all the fault 

zones developed in these rocks are marked by fault rocks produced by 

cataclastic processes. A detailed analysis of a minor backthrust which affects 

the Pipe Rock member of the Cambrian Quartzite is presented in a separate 

paper by Lloyd & Knipe (1990). This study shows the range of fracture pro- 

cesses involved in the initiation and linking of the fracture array associated 

with the fault-zone evolution and the development of cataclasites along the 

fault. In addition, the study highlights the different deformation-mechanism 
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Figure 9.11 (A) TEM micrograph of a cataclastic zone matrix from the Sole Thrust sheet at 

Skiag Bridge. The material contains high dislocation densities and a very irregular cell substruc- 

ture. Note also the chlorite inclusion C. (B). A damage region on the edge of a large fragment. 

Note dislocations in the border area and deformed matrix fragments. 



Figure 9.12 Optical micrographs comparing the fabric outside (A) and inside (B) a tip zone 

developed near Skiag Bridge. Both sections cut parallel to the x—z surface. The shear sense in the 

zone is indicated in (B) and the arrow is parallel to the weak shape fabric present inside the zone. 

Note the increased grain contact parallel to the x direction. 
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histories experienced by rocks at different distances from the fault, and the 

important réle of both dislocation and diffusive mass-transfer processes within 

the fault zone. The important features of the cataclasites developed along this 

fault recognized by Lloyd & Knipe (1990), which are important in the context 

of the present study are: (i) new quartz overgrowths on cataclastic fragments; 

(ii) larger (> 100 pm?) areas of quartz cement containing phyllosilicate inclu- 

sions (both of these growth features (i) and (ii) are undeformed and represent 

late-stage events in the fault evolution; (iii) deformed cement areas precip- 

itated during an earlier deformation event which now contain extremely high 

dislocation densities (Fig. 9.11); (iv) detrital grain fragments also containing 

high dislocation densities; and (v) evidence for diffusive mass transfer creating 

stylolites which postdate the shearing in gouge zones. 

Not all of the thrusts in the Sole Thrust System are marked by fault rocks 

generated by cataclastic processes. A tip zone to one thrust, preserved at map 

reference NC232255 is marked by a shear zone 4—15 cm wide, which deforms 

the worm tubes present in the Pipe Rock and shows no evidence of involving 

intragranular fracture. This shear zone is one of the lowest structures devel- 

oped in the thrust belt at Assynt, has displacements of up to 12cm, and 

induces shear strains of approximately one in the direction of 310°. Undula- 

tory extinction within the detrital grains increases slightly within the shear 

zone, so that twice as many grains (~ 10 per cent) exhibit a c-axis orientation 

range which is greater than 6—10°. Thus, although crystal plastic deformation 

by dislocation processes does contribute to the deformation in the shear zone, 

these processes must represent a very minor contribution to the total strain. 

The increased contact area of grain boundaries parallel to the x—y trace inside 

the shear zone indicates that diffusion mass transfer is also concentrated in the 

shear zone (Fig. 9.12). However, the weak shape fabric present does not 

correspond with that predicted by the amount of shear recorded by the 

deformed pipes, and thus grain-boundary sliding must have operated in this 

zone to allow accumulation of the required strain. The absence of intra- 

granular grain fracturing in this zone suggests that the grain disaggregation (by 

intergranular fracturing) and sliding accompanied by diffusive mass transfer 

requires slower deformation rates than those involved in the generation of the 

adjacent cataclastic fault zones. Thus the deformation processes preserved in 

this shear zone represent one of the last stages of thrusting in the Assynt area, 

when the displacement rate and strain rates associated with the thrusting were 

falling. 

9.7 Discussion 

Each of the major fault zones studied preserves microstructures indicative of 

a different range of deformation mechanisms. In addition, the deformation 

microstructures present reflect the different range of conditions of faulting, 
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and both the Moine Thrust and the Assynt Thrust faults show evidence of 

post-displacement changes in the deformation mechanisms and strain path as 

well as post-displacement modifications to the earlier microstructures. 

It is possible to amalgamate the deformation-mechanism histories inferred 

from the microstructures with the pressure—temperature—time (P7?t) paths 

expected for the different fault zones studied. Because of the lack of detailed 

information on the exact conditions of deformation, especially the depth and 

pressure conditions, the P7¢€et paths used in this discussion are speculative. 

They are meant only to convey the general form of the histories discussed, and 

to provide a framework for an assessment of the deformation mechanism 

histories and for the integration of the microstructural analysis into the large- 

scale evolution of the thrust belt. The deformation mechanism histories and 

the probable P7T?t paths for each of the fault zones studied are discussed 

separately below in a section on deformation-mechanism histories and thrust- 

ing, and are reviewed in Figure 9.13. The evidence for different types of cyclic 

deformation during the thrust evolution and the stability of the microstruc- 

tures are discussed in separate sections below. 

9.7.1 Deformation-mechanism histories and thrusting 

The deformation mechanism history and probable P7?t path for the quartzites 

exposed at the Stack of Glencoul are reviewed in Figure 9.13A. Johnson ef al. 

(1985) have estimated that the mylonites exposed at this location developed at 

temperatures of 300—350°C. These conditions correspond to the first two 

stages of the mylonite evolution described above and represent the probable 

maximum temperatures experienced by these rocks located in the foot wall to 

the Moine Thrust (rocks in the hanging wall will have been subjected to higher 

temperatures). Given the thin (~ 1.5 km) cover of Cambro-Ordovician rocks 

(Swett & Smitt 1972) it is unlikely that the pre-Caledonian burial of the quart- 

zite exceeded 3 km, and thus the pre-tectonic temperature was probably below 

150°C. Displacement on the thrusts located in the Moines (e.g. the Meadie and 

Naver slides) above the Moine Thrust may have controlled the early tectonic 

burial of the quartzite at the Stack of Glencoul. Butler (1985) estimates the dis- 

placement on the thrusts located in the Moines to be above 130 km. Burial 

probably induced deformation by diffusive mass transfer associated with slow 

strain rates accompanying thrust-sheet loading. Only during the later stages of 

burial, when the thrusting on the Moine Thrust commences, are dislocation 

creep processes likely to dominate the deformation in these mylonites 
(Fig. 9.13A). 

The probable large-scale thrust wedge geometry and the retrogression 

observed in the Moine rocks of the hanging wall to the Moine Thrust can be 

used to estimate a minimum displacement on the Moine Thrust. Assuming that 
the hangingwall rocks have experienced a minimum decrease in temperature 
of) 100; C’ (from 450" foh-350°C causing retrogression of the biotite 
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Figure 9.13 Diagrammatic representation of deformation mechanism paths and P7t paths for 

fault rocks in the Moine Thrust Zone at Assynt. The vertical plane illustrates the probable P7t 

path while the horizontal plane reviews the type of strain-rate history. Note that because of the 

lack of information on the pressure experienced by these rocks the depth axes have been estimated 

using an assumed temperature gradient of 25—30°C km_'. (A) The history of quartzites located 

in the foot wall to the Moine Thrust at the Stack of Glencoul. The early history is associated with 

burial beneath higher-level thrust sheets. The high-temperature phase of the deformation (a—b) 

is dominated by dislocation creep and creates the mylonites. During section b—c the deformation 

involves alternation of fracturing and dislocation creep, while during c—d the deformation is 

dominated by diffusive mass transfer. The interval between b and d represents the changeover 

from shearing to the thinning of the thrust sheet as the displacement activity decreases on 

the Moine Thrust. (B) The deformation history of the Glencoul Thrust. The early history a—b 

is associated with burial by overriding thrust sheets and the section b—c represents the displace- 

ment period on the thrust, which is dominated by cataclastic deformation made up of transient 

high-strain-rate events. The period c—d involves some vertical compaction by diffusive mass 

transfer processes. (C) The type of history involved in the evolution of the cataclastites on the 

Sole Thrust. (D) The lower-strain-rate event responsible for the deformation at the tip zone at 

Skiag Bridge, where grain-boundary sliding and diffusive mass transfer are associated with one 

of the final movements on the Moine Thrust System at Assynt. 
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assemblages), during displacement on the Moine Thrust, and assuming that 

temperature gradient was between 25°C km! and 30°C km’, then the vert- 

ical displacement associated with this temperature change is 3—4 km. If the 

topographical front of the thrust wedge is fixed by a balance between erosion 

and displacement and the wedge angle (topographic surface to thrust surface) 

is 5—10° (see Davis et al. 1983 for review of thrust-wedge geometries), then the 

minimum displacement needed to achieve this temperature change is 

17—45 km. These values represent estimates of the minimum displacement on 

the Moine Thrust during mylonite evolution. Using the strain of 107'°s~', 
estimated from the microstructural features, it is also possible to speculate on 

the displacement rates involved in the mylonite evolution. If the maximum 

mylonitic shear zone width is taken to be 100 m, then the shear strains with 

the zone range between 170 and 450, implying that the estimated displacements 

took between 5.3 x 10° years and 1.4 x 10° years, and that the displacement 

rate was about 3 cm per year. 

The later stages of the mylonite evolution involve an increase in the impor- 

tance of fracture processes. This change in the deformation mechanisms 

(hardening) is probably primarily associated with a temperature decrease, but 

the possibility of an increase in the average displacement rate inducing faster 

strain rates cannot be discounted. Whatever the cause of the hardening, it is 

clear that during the late-stage mylonite evolution the deformation becomes 

more complex, and involves a combination of mechanisms and strain paths. 

Fracturing events are followed by dislocation creep processes which recrystal- 

lize the early formed veins (see also White ef a/. 1982), and shearing becomes 

concentrated into the phyllosilicate-rich bands. In addition, crystallographic 

fabrics, shear bands, and small-scale extension faults all indicate an increase 

in the importance of vertical shortening (i.e. thinning) of the thrust sheet with 

time. 

The last stages of the deformation history in these mylonitic quartzites 

represent a transfer from straining dominated by shear to vertical shortening 

achieved by slower diffusive mass transfer processes. The thrust sheet thinning 

is initially interrupted by minor forethrust and backthrusting events and later 

by occasional vertical fracturing, which are not associated with cataclasites. 

The last fractures to affect these rocks may be accommodation structures 

related to movement on lower thrusts, or may have formed during the evolu- 

tion of the post-thrusting extensional faulting. 

The deformation history of the quartzites located along the Glencoul Thrust 

and those within the Assynt Thrust sheet are outlined in Figure 9.13B. The 

early history in these rocks would have been controlled by burial beneath the 

advancing Moine Thrust sheet. It follows from the discussion above on the 

evolution of the Moine Thrust fault rocks that the maximum temperatures 

likely to have been experienced by the rocks of the Assynt Thrust sheet were 

approximately those experienced by the Moine Thrust rocks just prior to the 

transfer of displacement to the Ben More and Glencoul Thrust faults, i.e. 
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300+350°C. Using the estimated displacement of 20—30 km and a minimum 

thrust wedge angle of 5° it is possible to estimate the vertical displacement 

associated with movement on the Glencoul Thrust at about 2—3 km. This 

geometry suggests that rocks in the hanging wall to the Assynt sheet 

experienced a maximum temperature drop of 60—90°C during emplacement. 

The displacement would have taken 20—30 Ma if the average displacement rate 

was 1 mm per year, or 6.6 X 10°—10° years if the average displacement was 

as high as 3 cm per year. 

The deformation processes associated with the emplacement of the Assynt 

sheet are dominated by cataclastic deformation along the main faults, 

generating cataclasites and breccia zones. Strain within the thrust sheets is 

partitioned between slip on a three-dimensional fracture network and crystal 

plastic deformation within the defined blocks. The crystal plastic processes are 

more common and pervasive in the higher structural levels, reflecting the 

deeper burial and higher temperatures encountered by these rocks. The pro- 

longed period of higher temperatures experienced by these higher structural 

units is also important to the modification of the cataclastic microstruc- 

tures. These modifications are discussed in more detail in the section on 

microstructural stability later (Section 9.7.3). 

Deformation within thrust sheets involving small displacements on a 

complex three-dimensional fracture network has also been described in the 

southern and northern sections of the Moine Thrust Zone by Blenkinsop & 

Rutter (1986) and Bowler (1987). Estimation of the strain rates associated with 

the generation of these complex fracture networks is difficult, as it depends 

upon the identification of the fracture mechanism(s) involved. By assuming 

that the crystal plastic processes preserved in the Assynt sheet represent work 

hardening which controls fracture, a crude estimate of the minimum strain 

rates involved can be made from assessing the rates where dislocation glide 

dominates over dislocation creep (see Rutter 1976, Fig. 9). For the estimated 

temperatures of 250—300°C a minimum strain rate of 1 x 107~'°s~! is indi- 
cated. The strain rates involved in cataclasite formation by this mechanism are 

likely to have been higher than this estimate, as this rate produces a displace- 

ment rate of only } mm per year in a 10 cm wide deformation zone. At present 

it is only possible to infer that during the emplacement of the Glencoul sheet 

the strain-rate history in the fault zone was probably made up of repeated, 

short-lived strain events where the strain rate exceeded 1 x 107 '°s7!. 
The development of pressure-solution features indicates that the slow shear- 

ing at the end of the displacement on the Glencoul Thrust induced a change 

in the deformation processes from cataclasis to diffusive mass transfer. The 

stylolites parallel to the cataclastic banding, which pre-date the rotation of the 

Glencoul fault, indicate that the strain path changed to include vertical 

shortening by diffusive mass transfer processes while the lower thrusts were 

active. 

Faults developed as part of the Sole Thrust System of north Assynt and 
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affecting the Cambrian Quartzites are dominated by cataclastic deformation 

processes (Fig. 9.13C). Crystal plastic deformation, involving dislocation 

movement, is far less pervasive than in the higher structural units and is con- 

fined to zones adjacent to faults (see also Lloyd & Knipe 1990). Deformation 

in the quartzites away from the faults is, as in the Assynt sheet above, associ- 

ated with movement on a complex three-dimensional network of minor frac- 

tures. The estimated minimum displacement on the Sole Thrust System of 

3 km (Coward 1984) indicates that this thrust system produces only a minor 

vertical displacement (<250 m). The quartzites in the Sole Thrust sheet prob- 

ably experienced an important temperature change during burial by the higher- 

level thrust sheets and, given that the maximum temperature reached was 

approximately 200—250°C (see Johnson ef al. 1985), may have undergone a 

temperature increase of 50—-100°C during this burial event. The time taken to 

emplace the Sole Thrust System, using average displacement rates of 1-3 mm 

per year was 10° years to 3Ma. Not all the fault rocks in the Sole Thrust 

System show evidence of cataclastic deformation involving fracturing. Defor- 

mation at the fault-tip zone at Skiag Bridge involves a combination of DMT 

and grain-boundary sliding. As the temperature of deformation for this tip 

zone is estimated to have been approximately 200—250°C it is likely that the 

strain rate was below ~10~!?s~! for DMT to dominate over crystal plastic 
deformation (see Rutter 1976, fig. 9). Thus, given the shear-strain values of 

unity recorded in this shear zone and a shear-zone width of approximately 

10 cm, the time of formation was a minimum of 3.15 x 10* years, correspond- 

ing to a displacement rate of 0.03 mm per year (Fig. 9.13D). This rate repre- 

sents the last stages of movement on the Moine Thrust Zone at Assynt. The 

average displacement rate for the earlier deformation estimated above is much 

higher. A minimum figure of 3.6 mm per year is obtained from the estimate 

that 54 km of shortening took place in the higher levels of the Moine Thrust 

zone over 15 Ma, suggested by Coward (1984). 

9.7.2 Cyclic deformation 

All of the fault-rock microstructures studied show evidence of cyclic changes 

in strain rate during their evolution. In addition, the preservation of the low- 

strain-rate shear zone in the Sole Thrust System indicates the termination of 

the larger tectonic cycle associated with the evolution of the Moine Thrust 

Zone. 

The duration, amplitude (in terms of stress or strain rate), and the volume 

of material involved in these cycles will depend upon the operating deform- 

ation mechanisms and conditions as well as the material involved (see Knipe, 

1989, fora summary). For example, at high temperatures, ductile deformation 

by dislocation creep in a recrystallized aggregate may apparently be homoge- 

neous on a large scale, but may involve heterogeneous flow on a finer scale. 
The detailed pattern of deformation in this situation may be controlled by the 
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differénces in deformability of adjacent grains which induce repeated, tran- 

_ sient and localized strain-rate fluctuations in small domains (Knipe & Wintsch 

1985; Knipe & Law 1987; Knipe 1989). The domainal microstructure in the 

mylonites of the Stack of Glencoul and those in the quartzite mylonites of 

eastern Assynt, described by Knipe & Law (1987), may be examples of this 

situation. In contrast, at lower temperatures and reduced confining pressures 

the cyclic deformation may involve seismic events and/or short-lived high- 

amplitude strain-rate events separated by long ‘rest’ periods. The repeated 

fracture and cementing (sealing) events indicated by the microstructures pres- 

ent in the cataclastic rocks of the Sole Thrust System are probably represent- 

ative of such a process. The transition between these two end-member modes 

of cyclic deformation behaviour is associated with a change to more discon- 

tinuous deformation (the use of the term ‘brittle—ductile transition’ for this 

type of transition has been criticized by Rutter 1986). The later stages in the 

deformation history of the mylonites at the Stack of Glencoul, where alterna- 

tions between fracturing and dislocation creep as well as cyclic fracturing and 

diffusive mass transfer processes represent this change in deformation 

behaviour. 

In general, each of the different deformation cycles listed have different 

activity periods or frequencies which can be considered to be superimposed 

upon each other. The tectonic cycle is likely to be the longest-wavelength event 

and the rheological cycles the shortest. The deformation histories and the finite 

deformation features preserved in the tectonites will be dependent upon the 

exact form of the superimposed cycles and the conditions associated with the 

propagation, displacement, and post-displacement history affecting the rock. 

9.7.3 Microstructural stability 

The recognition of deformation mechanisms and the quantification of defor- 

mation conditions require a knowledge of the stability and the probable pre- 

servation of microstructures indicative of different processes and conditions 

(Knipe & Wintsch 1985; Knipe & Law 1986; Knipe 1989). Two of the most 

important factors controlling the preservation of deformation microstructures 

are the differential stress and temperature histories which affect the rocks after 

the generation of the characteristic microstructures. Features such as the dislo- 

cation density together with the subgrain and recrystallized grain-size distribu- 

tions are susceptible to adjustments which depend upon the rate at which the 

temperature and the differential stress drops (Etheridge & Wilkie 1981; Knipe 

1989). In addition, the water and impurity content of phases, together with the 

presence or absence of fluids in the aggregate, can all influence the preservation 

of microstructures (White 1979b). In thrust systems the rapid changeover of 

displacement accommodation from one fault to another may induce rapid 

decreases in the differential stress, thus promoting preservation of microstruc- 

tures. 
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The effects both of later deformation events and adjustments of the initial 

deformation microstructures can be seen in the fault rocks studied here. One 

interesting observation is that the dislocation substructure in the quartz 

mylonites is only altered by later deformation events immediately adjacent 

(~2-3 mm) to the late fracture zones. This suggests that the dislocation den- 

sities and subgrain structures in the mylonite away from the later fractures are 

only affected by the modifications induced by the rate of differential stress and 

temperature drop after the main displacement on the Moine Thrust. The 

magnitude of these adjustments appears to be minor in the mylonites because 

the preserved microstructures indicate reasonable stress and strain rates. 

The fault rocks which appear to have experienced the largest microstructural 

adjustments are the cataclasites. The cataclasites studied developed under dif- 

ferent conditions in the different thrust sheets and have experienced a sequence 

of different P7t paths after their generation. Those located at the Stack of 

Glencoul have developed at approximately 350°C and been cooled during 

displacement on lower-level thrusts, while those in the Sole Thrust System deve- 

loped at approximately 200°C. These different temperature histories, which 

postdate the cataclastic development, provide an ideal situation for assessing 

the effects of post-deformation annealing on the microstructures. Comparison 

of the cataclastic microstructures from the Stack of Glencoul, the Assynt 

Thrust sheet and the Sole Thrust (Figs 9.4, 9, 1OC & 11) shows the exact pro- 

gression of features expected during annealing of work-hardened material from 

different temperatures. This suggests that the cataclastic zones from the Stack 

of Glencoul initially had a microstructure similar to those preserved in the 

Sole Thrust System. It is the cataclasites developed at the lowest temperatures 

which exhibit the minimum amount of modification of the initial deformation 

microstructures. The larger modifications of the Stack gouges to an aggregate 

of strain-free, hexagonal grains reflect the prolonged annealing time from 

higher temperature experienced by these rocks. The intermediate stages in this 

adjustment, which involves the generation of crude dislocation cells by the 

movement of dislocations into cell configurations and their subsequent rear- 

rangement within the wall, is well illustrated by the gouges from the Assynt 

sheet (compare Figure 9.11 with Figures 9.9 and 9.10C). It should also be 

noted that such major adjustments to the microstructure have not taken place 

in the mylonites, where the dislocation creep substructures are preserved. This 

difference in susceptibility to adjustment is considered to arise from the pres- 

ence of fluids in the cataclastic zones and the increased water content 

of the quartz crystals grown in the fracture zones. The effect of water on 

promoting dislocation movement and recovery is reviewed by Kirby (1984). 

The presence of water along the fracture zones would also help to explain the 
localized grain-boundary migration features adjacent to many fracture zones. 
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Conclusions 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

The microstructures preserved in the deformed quartzites of the Moine 

Thrust Zone in Assynt indicate the operation of a range of deformation 

mechanisms which reflect the range of conditions associated with dis- 

placement on different faults. 

There is a systematic variation in the dominant faulting processes, from 

displacement by dislocation creep during the emplacement of the Moine 

Nappe to cataclasis during the emplacement of the Assynt and Sole 

Thrust sheets. This sequence reflects the preservation of faulting pro- 

ducts formed at progressively shallower depths. Microstructures 

generated during different parts of the Thrust Zone evolution are pre- 

served because later faults carry the earlier, deeper-level faults. 

Rocks from each of the thrust sheets studied show evidence of different 

deformation-mechanism paths and different forms of cyclic deformation. 

For example, the mylonites at the base of the Moine Nappe have complex 

microstructures which can be related to the displacement processes 

becoming more heterogeneous and involving alternations of dislocation 

creep, fracture, and diffusive mass transfer. The mylonites also contain 

accommodation structures generated by movement on the underlying 

thrusts. 

Evidence for the final stages of movement on the main faults is preserved 

in the microstructures. The final strain-rate decay in the fault zones 

induces a change of deformation mechanism from either dislocation 

creep or cataclasis to diffusive mass transfer processes. 

The strain path in the higher-level thrust sheets changes from shearing- 

dominated deformation to vertical shortening by diffusive mass transfer. 

In the mylonites this change is gradational, and involves a time period 

during which shearing and extension in the direction of movement 

together with vertical shortening all alternate. The thinning in the Moine 

and Assynt Thrust sheets pre-dates the movement on the underlying Sole 

Thrust. 

The cataclastic fault rocks show preferential modification (annealing) of 

earlier microstructures, which is suggested to be aided by the high dis- 

location densities and higher water content of these rocks. The amount 

of microstructural modification varies in cataclasites developed at 

different structural levels, and appears to be related to the different post- 

displacement temperature histories experienced by the rocks. 
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CHAPTER TEN 

Mechanisms of 

reaction-enhanced deformability 
in minerals and rocks 

David C. Rubie 

10.1 Introduction 

Our current understanding of deformation mechanisms in rocks and minerals 

and the rheology of these materials has been obtained largely through 

experimental studies of single crystals and monomineralic aggregates. Such 

studies are essential in obtaining a basic understanding of the fundamental 

processes of rock deformation. However, rocks of the Earth’s crust and 

mantle are seldom monomineralic and, therefore, to investigate deformation 

processes in the Earth realistically it is necessary to perform experiments on 

more complicated multi-phase aggregates (e.g. Tullis, this volume). 

It is generally assumed that steady-state flow laws obtained in laboratory 

studies can be extrapolated to geological conditions in order to evaluate the 

rheology of the crust and mantle (albeit with large uncertainties due to the 

extrapolation of strain rate over several orders of magnitude). However, in 

some cases there could be a major problem with this assumption because of 

the possibility that the deformability of rocks is substantially modified when 

reactions occur between the constituent minerals. In most cases discussion has 

centred around the concept that deformability can be enhanced by mineral 

reactions (e.g. Raleigh & Paterson 1965; Heard & Rubey 1966; Gordon 1971; 

Sammis & Dein 1974; Murrell & Ismail 1976; White & Knipe 1978; Poirier 

1982; Paterson 1983; Rubie 1983, 1984a; Brodie & Rutter 1985, 1987). How- 

ever, this may not always be the case and, under some circumstances, reactions 

may have little effect on rheology or may even cause hardening (Rutter ef al. 

1985). 

Possible effects of reaction-enhanced deformability are shown in Figure 10.1 

in the form of a strain rate — time evolution for a rock undergoing a typical 

metamorphic cycle, assuming constant differential stress. A ‘background’ 

strain rate evolves with time as a result of progressive heating during burial 

followed by cooling during uplift. Superimposed on this background strain 

rate are peaks of enhanced strain rate that coincide with mineral reactions that 
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Figure 10.1 Schematic diagram showing the possible variation of strain rate with time, for con- 

stant differential stress, during a typical metamorphic cycle. Peaks of enhanced strain rate, super- 

imposed on a ‘background’ strain rate, coincide with metamorphic mineral reactions. Changes in 

the background strain rate following a reaction are due to changes in mineralogy (see Fig. 10.3) 

(After Rutter et a/. 1985). 

occur in response to changing temperature (and pressure). It is obviously 

important to evaluate the magnitudes of the individual strain-rate peaks rela- 

tive to the background. If the peaks are large, then much of the strain which 

can be observed in deformed rocks will have developed under conditions of 

enhanced deformability. In this case, the steady-state flow laws derived in lab- 

oratory studies of simple systems will not be applicable. 

The purpose of this chapter is to review the evidence for enhanced deform- 

ability during mineral reactions, paying particular attention to the mechanisms 

involved. Data from experimental studies and from field/petrographic studies 

of naturally deformed rocks are discussed. 

10.2 Experimental data 

10.2.1 Dehydration reactions 

The effects of dehydration reactions on rheology are of particular interest 

because of their common occurrence during prograde metamorphism of the 

Earth’s crust (see Fyfe eta/. 1978). Experimental studies have therefore 

concentrated on dehydration reactions. The main studies have been of 

deformation during the reaction of gypsum to anhydrite (Heard & Rubey 1966, 
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Murrell & Ismail 1976) and dehydration of serpentinite (Raleigh & Paterson 

1965, Murrell & Ismail 1976, Brodie & Rutter 1987, Rutter & Brodie 1988). 

Murrell & Ismail (1976) have also studied deformation of dehydrating 

chloritite. 

In the early studies (Raleigh & Paterson 1965, Heard & Rubey 1966, Murrell 

& Ismail 1976), samples were subjected to high strain rates (e.g. 3 x 105 a) 

and high differential stresses (e.g. 0.1—1.0 GPa). Experiments were mostly car- 

ried out under undrained conditions, i.e. with the sample sealed so that water 

released by dehydration is confined to pores and cracks within the rock. Under 

such conditions the pore-fluid pressure, Py, increases during dehydration and 

the effective confining pressure, P.=0o3— Py, therefore decreases. This 

decrease in effective confining pressure results in embrittlement and a pro- 

nounced reduction in strength. Failure occurs by faulting and the mechanical 

instability has the characteristics of being friction-based (e.g. Murrell 1985, 

Fig. 1b). In some experiments, dehydration has therefore resulted in a transi- 

tion from ductile to brittle behaviour. Typical mechanical characteristics of 

dehydrating serpentinite are shown in Figure 10.2. Below the temperature of 

dehydration, the strength of serpentinite is high and increases with confining 

pressure (which is characteristic of brittle failure). At temperatures at which 

dehydration occurs, the strength drops dramatically and, being primarily 

dependent on P,, shows little dependence on the confining pressure 03. 

In experiments carried out under drained conditions at high strain rates, 

there is no reduction in strength during dehydration because the effective con- 

fining pressure remains high (Fig. 10.2b). 

The mechanical behaviour of gypsum and serpentinite during heating 

through the respective dehydration temperatures at high strain rates is sum- 

marized in Figure 10.3, on the basis of the experimental data of Raleigh & 

Paterson (1965) and Heard & Rubey (1966). 

The creep behaviour of dehydrating serpentinite has recently been investi- 

gated by Brodie & Rutter (1987) and Rutter & Brodie (1988), under conditions 

of controlled pore-water pressure, to low strain rates and low shear stresses 

(10-160 MPa). Below the dehydration temperature, the strength of serpen- 

tinite is relatively insensitive to changes in displacement rate, thus indicating 

a high stress exponent in the flow law. At 500—600°C and over a range of con- 

fining pressures between 100 and 270 MPa, dehydration occurs, and although 

the creep behaviour remains unchanged at high displacement rates, at low 

rates the strength drops very markedly and the material displays a linear vis- 

cous rheology (i.e. a stress exponent ~ 1; Fig. 10.4). Microstructural studies 

Figure 10.2 Mechanical data for serpentinite deformed at high strain rates and various P—T con- 

ditions. (a) Strength of undrained samples, at fracture or 2 per cent strain, at different confining 

pressures and temperatures. The drop of strength at 500° —600°C coincides with the onset of dehy- 

dration. (b) Stress-strain curves for undrained (U.D.) and drained (D) samples at 670°C and 

0.31 GPa confining pressure. Following failure, the undrained sample showed dilatancy hardening 

(After Murrell & Ismail 1976). 
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Figure 10.3 A summary of mechanical data (differential stress at 5 per cent strain or failure) for 

gypsum and serpentinite through their respective dehydration temperatures at high strain rates. 

The strain rate (s_') and confining pressure are indicated for each curve. Dashed lines show the 

strength, calculated by Brodie & Rutter (1985) — these curves show good agreement with the 

experimental data (from Brodie & Rutter 1985). 

show that the high deformability coincides with the development of planar 

zones, ~5 pm wide, oriented in directions of high resolved shear stress, which 

contain very fine-grained (0.1—0.2 wm) equi-axed olivine grains (Fig. 10.5). 

Rutter & Brodie (1988) interpreted these features as shear zones and estimated 

that total shear strains up to ~200 accumulated during some of their 

experiments. At 500°C, the creep behaviour is relatively insensitive 

to the magnitude of the accumulated strain but, at 600°C, time-dependent 

hardening occurs (Fig. 10.4). This hardening is dependent primarily on time 

spent at high temperature rather than on strain. The deformation mechanism 

under low-stress conditions can be evaluated from the following microstruc- 

tural and mechanical characteristics (Rutter & Brodie 1988): 

(a) the ultra-small grain size of the olivine; 
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(b) the equi-axed shape of olivine grains and a lack of a preferred grain-shape 

orientation; 

(c) linear-viscous creep behaviour (n = 1); 

(d) insensitivity of the creep behaviour to the effective confining pressure and 

the pore-fluid pressure; 

(e) insensitivity of the creep behaviour to strain (at 500°C). 

The time-dependent hardening which occurs at 600°C is thought to be related 

to coarsening of the fine-grained olivine in the shear zones. These 

characteristics are consistent with deformation by grain-size-sensitive diffusion 

creep. In addition, the activation energy of 240kJ mol ~', estimated by 

Rutter & Brodie (1988), is close to the value estimated by Karato et al. (1986) 

for grain-size-sensitive creep of ‘wet’ fine-grained olivine aggregates, and is 

much lower than activation energies for dislocation creep in olivine. On the 
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Figure 10.4 Results of stress-relaxation tests carried out on serpentinite by Brodie & Rutter 

(1987). Shear stress and displacement rate are both resolved along the direction of olivine-bearing 

shear zones which develop in the sample above 450°C (Fig. 10.5). This direction is oriented ~ a5" 

to the maximum compressive stress. Dehydration (above 450°C) results in a dramatic weakening 

at low displacement rates, and the creep behaviour is linear-viscous with a stress exponent n ~ 1. 

Repeat tests at 500°C show good reproducibility, indicating that the creep behaviour is relatively 

insensitive to strain and time. At 600°C, repeat tests show evidence of time-dependent hardening, 

as discussed in the text (after Rutter & Brodie 1988). 
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Figure 10.5 Backscattered electron image of serpentinite deformed at 500 C (Rutter & Brodie 

1988). The dark grey background is serpentinite which contains grains of olivine and orthopyrox- 

ene (both medium grey), which were present prior to the experiments, as well as newly formed 

olivine grains up to 10 pm diameter. Two narrow planar shear zones (~5 wm wide) can be seen 

which contain fine-grained (0.1—0.2 nm diameter) olivine. Most of the deformation occurred in 

such shear zones. The very bright grains are Fe oxides. 

basis of the absence of a grain shape fabric, Rutter & Brodie (1988) concluded 

that diffusion-accommodated grain-boundary sliding is likely to be the domi- 

nant deformation mechanism. However, this is difficult to prove unequivo- 

cally, because if the process of grain-boundary migration dominates over the 

process of grain flattening, equant grains can result from a whole range of 

deformation mechanisms (Ashby ef a/. 1978, Karato 1988). Intracrystalline 

plasticity (e.g. dislocation creep) cannot have been important during the defor- 

mation because of the linear-viscous creep behaviour. The possibility of 

cataclastic (i.e. brittle, friction-based) deformation can be discounted because 

the creep is linear-viscous and is insensitive to both the effective confining 

pressure and the strain. 

10.2.2. Solid—solid reactions 

The effects of the solid—solid reactions on creep behaviour have not received 

as much attention by experimentalists as the effects of dehydration reactions. 

However, the occurrence of solid—solid reactions is thought to be common 
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in the Earth’s mantle (Jeanloz & Thompson 1983). Such reactions may be of 

considerable importance in effecting rheology and therefore the dynamics of 

mantle convection, and may also be related to the mechanism of deep-focus 

earthquakes (e.g. Gordon 1971, Sammis & Dein 1974, Poirier 1982, Rubie 

1984a, Christensen & Yuen 1985, Kirby 1987). 

Creep experiments have been carried out on ice Iy in the stability field of ice 

II] (Durham ef a/. 1983) and on tremolite in the stability field of diopside + 

talc (Burnley & Kirby 1982). In both these studies, shear instabilities developed 

which result in rapid stress drops and which show the following characteristics: 

(a) The stress drop coincides with the development of a narrow shear zone 

which is oriented in the direction of the maximum resolved shear stress 

(45° to o1). This orientation suggests that the deformation is not brittle 

because, in rocks, friction-based faults tend to develop at ~30° to the 

direction of the maximum compressive stress o; (e.g. Paterson 1978). 

(b) Increasing the confining pressure does not suppress failure, as would be 

the case for brittle faulting, and in some cases actually reduces the failure 

stress. 

(c) Faulting with the characteristics outlined in (a) and (b) only develops 

when the material (i.e. ice or tremolite) is deformed outside its stability 

field so that the potential for a phase transformation exists. 

(d) The reduction in strength is a transient phenomenon. Kirby (1987) sug- 

gested that the mechanical behaviour could be due to the occurrence of 

phase transformations in the shear zones. The loss of strength in the shear 

zones could be related to (i) a transient reduction in the shear modulus, 

(ii) heat produced locally by exothermic reactions, (iii) formation of new 

phases with a reduced strength, or (iv) diffusion creep of fine-grained 

reaction products or transformation plasticity (Kirby 1987). Similar 

results have been obtained by Green & Burnley (1989) from experiments 

in which Mg2GeQO, olivine was deformed at high pressure in the spinel 

stability field. Faulting, which only occurred within the temperature 

range 800—900°C, was found to be a direct consequence of the localized 

transformation of olivine to spinel. 

Creep experiments of Vaughan & Coe (1981) on polycrystalline Mg2GeO4 

olivine and Mg2GeQO, spinel also shed light on the possible effects of 

solid—solid phase transformations on rheology. Mechanical data for medium- 

grained (30—200 nym) Mg2GeOy, olivine were interpreted to indicate deforma- 

tion in a dislocation creep régime (T= 1000—1360°C, P=0.6—1.0 GPa, 

@=107>*-10~*s~'). Polycrystalline Mg2GeOy, spinel, with a grain size ~ 3um, 
was prepared by transforming the hot-pressed olivine aggregate at high 

pressure. Subsequent creep tests on the spinel showed a low stress exponent 

(n= 2) and a lower activation enthalpy (300 kJ mol” ') than would be expected 

for dislocation creep. These two factors, combined with the small grain size, 

suggest deformation by diffusion creep. The flow laws derived by Vaughan & 
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Coe (1981) show that if medium-grained olivine reacts to spinel with a grain 

size of 3 wm, the strain rate will increase by 4—5 orders of magnitude at 900°C 

at a constant differential stress of 10 MPa (se also Rubie 1984a). Figure 10.6 

has been constructed from these flow laws, assuming that the spinel deforms 

in a grain-size sensitive régime such that é« d~*, where é is strain rate and d 

is the grain size. It is suggested by figure 10.6 that the reaction of olivine to 

spinel could enhance the strain rate by a factor of 10°—10*, depending on tem- 

perature and the spinel grain size. It should be noted, however, that the creep 

data of Vaughan & Coe (1981) are subject to considerable uncertainties 

because there were large temperature gradients along the axis of samples dur- 

ing the experiments (Vaughan & Coe 1981, Fig. 2). Consequently, in some 

experiments, part of the sample must have been in the olivine stability field and 

part of it in the spinel stability field. 

10 
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Figure 10.6 The ratio of the strain rate &. in fine-grained Mg2GeOg spinel to the strain rate é ) 
in medium grained Mg»GeO, olivine as a function of temperature and spinel grain size with a dif- 
ferential stress of o= 10 MPa (based on the data of Vaughan & Coe 1981). 
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Experiments have been performed recently to investigate the effect on 

rheology of the reaction of fine-grained (10 um) albite to jadeite + quartz 

(Sotin & Tullis 1987). Preliminary results suggest that the reaction has a weak- 

ening effect. At a strain rate of 4x10°*s~', for example, the strength 

decreases from an initial value of 600 Mpa ta 250Mpa at 70 per cent 

shortening. 

Figure 10.7 Reaction microstructures characteristic of incongruent pressure solution. (a) Sche- 

matic sketch showing dissolution of reactants at high-stress interfaces, precipitation of reaction 

products as fibres parallel to the dilatant direction at low-stress interfaces, and grain-boundary 

sliding parallel to the direction of maximum resolved shear stress (based on Rutter ef a/. 1985). 

(b) TEM micrograph showing an oriented overgrowth of amphibole (A) on a pyroxene grain (P) 

which developed during the experimental deformation of wet basalt (from Rutter ef a/. 1985). 
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10.2.3 Hydration reactions 

The mechanical properties of basalt while undergoing hydration reactions 

have been studied experimentally by Rutter ef a/. (1985). Stress-relaxation tests 

were carried out by shearing wet crushed basalt (grain size 5—15 wm), con- 

tained in saw-cuts in intact basalt cylinders, at 600°C and various confining 

pressures up to 200 Mpa. 

It was found in this study that deformation has a major effect on the devel- 

opment of reaction microstructures. Overgrowths of amphibole and feldspar 

form on pre-existing phases (plagioclase, clinopyroxene, and olivine) at dilat- 

ant interfaces, and in pores. The amphiboles develop in pressure shadows, on 

phases such as pyroxene, with a preferred orientation that is stress-related 

(Fig. 10.7). This fabric is suggestive of the operation of ‘incongruent pressure 

solution’ in which reactant grains preferentially dissolve at high-stress inter- 

faces and product grains precipitate at low-stress interfaces (Beach 1982). In 

this process, stress-induced chemical potential gradients, which drive normal 

pressure solution, are increased by the free energy of reaction. Deformability 

should therefore be enhanced by the reaction. 

Mechanically, the samples showed rapid strain hardening and the flow stress 

is strongly dependent on the effective confining pressure. The data were inter- 

preted to indicate that deformation occurs by a combination of cataclastic flow 

and diffusion-accommodated grain-boundary sliding. No evidence of sig- 

nificant intracrystalline plasticity was found. However, Rutter ef a/. (1985) 

concluded that the operation of incongruent pressure solution has little effect 

on the mechanical properties of the basalt (see below). 

10.3. Field and petrographic data 

Two significant problems arise when using field and petrographic data from 

metamorphic terrains to evaluate the effects of mineral reactions on rheology. 

The first problem is actually to prove from microstructural evidence alone that 

mineral reactions occurring during metamorphism do produce some signi- 

ficant change in rheology. The second problem is to understand the 

mechanisms involved. In many cases, solutions to these two problems cannot 

be obtained because, subsequent to deformation, the necessary microstruc- 

tural evidence is often destroyed. This is because prolonged periods spent 

under static conditions at high 7 and P can drastically modify the microstruc- 

ture and perhaps cause further mineral reactions to occur. These comments 

obviously apply in particular to investigations of deformation mechanisms 

that operate during the early stages of a metamorphic cycle. However, several 

cases have been described which enable a preliminary evaluation to be made 

of deformability and deformation mechanisms during some stages of thermal 

and metamorphic evolution during orogenesis. 
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10.3.1 Deformation during high-pressure metamorphism 

Enhanced deformability during the conversion of quartz diorite to ortho- 

gneiss, as a result of eclogite-facies mineral reactions, has been discussed by 

Rubie (1983) and Koons et a/. (1987). This example is from the Sesia Zone 

(Western Alps), which consists of pre-Alpine continental basement that 

underwent early-Alpine high-pressure metamorphism (7 ~ 500—560°C, 

P> 1.4 GPa; Compagnoni 1977, Rubie 1984b, Oberhaensli ef a/. 1985). The 

quartz diorite and related lithologies originated as plutons of late Hercynian 

age (Oberhaensli ef a/. 1985) and consisted predominantly of sodic plagio- 

clase + quartz + biotite + microcline. During the early-Alpine metamorphism, 

these intrusive rocks were intensely deformed and the resulting orthogneiss 

now outcrops over an area > 100 km? (Koons eft al. 1987). Rare lenses of 

undeformed meta-quartz diorite, generally ~ 100 m across, are preserved in 

the orthogneiss, and microstructural studies of gradational contacts between 

these two lithologies have provided the evidence for enhanced deformability. 

The mineralogical evolution in these rocks has been described by Koons ef al. 

(1987). 

Typical field relations between undeformed and deformed rocks are shown 

schematically in Figure 10.8. In the following discussion, it is necessary to 

assume that the evolution of microstructure with time is recorded by the spa- 

tial sequence of microstructures across an outcrop such as that shown in 

Figure 10.8 (see Ridley & Dixon 1984). 

In the undeformed meta-quartz diorite, plagioclase was pseudomorphically 

replaced by jadeitic pyroxene (~ Jdo.9), quartz, and zoisite during high- 

pressure metamorphism (Fig. 10.9). Jadeite forms interlocking grains, 

10—5SO wm in diameter, and quartz and needles of zoisite are generally concen- 

trated in the intergranular regions of this mineral (Fig. 10.9b). The partial 

breakdown of biotite to coronas of garnet and phengite also occurred (Figure 

10.9a) and, due to slow rates of diffusion, there was disequilibrium between 

the former biotite and plagioclase sites during metamorphism (Koons ef al. 

1987). Consequently, the jadeitic pyroxene was metastable in terms of the 

whole-rock composition and under the conditions of high-pressure metamor- 

phism, the stable pyroxene phase was omphacite (this point is important in the 

discussion of deformation mechanisms — see below). 

A first stage of deformation is preserved in the so-called ‘transition- 

orthogneiss’ (Koons et a/. 1987) which occurs in shear zones (~ 20 cm wide) 

in the meta-quartz diorite and in a wider zone situated between the unde- 

formed rock and the orthogneiss (Fig. 10.8). The transition orthogneiss is 

characterized by semi-continuous layers rich in jadeitic pyroxene (Jdo.9-0.8) 

which alternate with lenses of medium-grained quartz (Fig. 10.10a). The 

pyroxene-rich layers were derived from the pseudomorphed plagioclase, and 

the quartz lenses were formed by deformation of the original igneous quartz. 

Comparison between Figures 10.9a and 10.10a shows that the strain produced 
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Figure 10.8 Schematic sketch showing field relations between undeformed meta-quartz diorite, 

transition orthogneiss, and orthogneiss in the Sesia Zone at Monte Mucrone (width of field of view 

~ 100 m). 

Figure 10.9 Micrographs of the undeformed meta-quartz diorite from the Sesia Zone. (a) 

Optical micrograph showing two plagioclase crystals which have been completely pseudomorphed 

by fine-grained jadeite, zoisite, and quartz during high-pressure metamorphism. The remainder 

of the rock is mainly medium-grained quartz (Q), although biotite (b) with phengite—garnet 

coronas is also present on the right (plane-polarized light). (b) Backscattered electron image of 

a pseudomorphed plagioclase showing small (20-30 um) jadeite grains (grey) and zoisite needles 

(white). Quartz (black) occurs in intergranular regions and as occasional small inclusions in 

jadeite. 





Figure 10.10 (Continued) 



Figure 10.10 (Continued) 



REACTION-ENHANCED DEFORMABILITY 

Figure 10.10 Micrographs of transition orthogneiss and orthogneiss from the Sesia Zone. (a) 

Optical micrograph of transition orthogneiss from a shear zone showing semi-continuous layers 

of jadeite + quartz + zoisite which formed by deformation of pseudomorphed plagioclase. The 

strain in quartz layers (Q) is generally considerably less than in the jadeite-rich layers. Partial 

replacement of jadeite by fine-grained phengite (P) has occurred locally (top right) (Plane- 

polarized light). (b) Backscattered electron image of a jadeite + quartz + zoisite layer in the transi- 

tion orthogneiss. Jadeite (grey) occurs as small equant grains, which in some cases appear to have 

partly coalesced. Quartz (dark grey) is present in intergranular regions and effectively forms a 

matrix and zoisite prisms (white) have developed a crude preferred orientation. (c) Backscattered 

electron image of jadeite + quartz + zoisite from the transition orthogneiss. Compared with (b), 

coarsening of jadeite has occurred and quartz, which was probably originally intergranular to this 

phase, now forms inclusions within the enlarged grains. (d) Optical micrograph of transition 

orthogneiss in which jadeitic pyroxene has coarsened to 200—400 xm grain size. Quartz and zoisite 

inclusions are largely absent from the pyroxene layers in this example. Q, quartz; g, garnet (plane- 

polarized light). (e) Optical micrograph of orthogneiss. Pyroxene layers characteristic of the tran- 

sition orthogneiss have been disrupted by deformation and may have undergone further 

coarsening. The strain was strongly partitioned into quartz + white mica layers during this final 

stage of deformation. Numerous garnets are present in the lower part of this micrograph (plane- 

polarized light). 

by the deformation was very high, and that the greatest strain was partitioned 
into the pyroxene-rich layers. 

The microstructure of the pyroxene-rich layers in the deformed rocks is vari- 

able. In some cases, particularly in the narrow shear zones, the pyroxene forms 
very small grains which are partly separated by blebs or narrow rims of quartz 
situated along grain boundaries (Fig. 10.10b,c). In other cases, coarsening has 
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increased the grain size to ~400 um (i.e. the width of the pyroxene-rich 

layers). This coarse-grained pyroxene varies from (a) containing numerous 

quartz inclusions and showing strong undulatory extinction to (b) containing 

few inclusions of either quartz or zoisite and showing uniform extinction (Fig. 

10.10d). In the shear zones, the jadeitic pyroxene is partially replaced by aggre- 

gates of fine-grained, often randomly oriented phengite (Fig. 10.10a). 

The conversion of transition orthogneiss to orthogneiss involved further 

deformation, also under eclogite-facies conditions, during which strain was 

strongly partitioned into quartz + white mica layers and the pyroxene-rich 

layers became strongly disrupted (Fig. 10.10e). The pyroxenes developed 

undulatory extinction and changed in composition towards omphacite. Due to 

this microstructural reworking and subsequent annealing, there are no obvious 

indications from microstructures in the orthogneiss that the formation of this 

rock from the protolith quartz diorite involved the development of particularly 

high strains. The main indication of high strain deformation comes from the 

recognition that the orthogneiss evolved through the intermediate transition 

orthogneiss stage. 

10.3.1.1 EVIDENCE FOR ENHANCED DEFORMABILITY 

The microstructural evidence shows that, during the initial deformation, the 

highest strain was partitioned into the fine-grained pyroxene + quartz + zoisite 

aggregates which replaced plagioclase pseudomorphically. This material was 

therefore more deformable than medium-grained quartz. If the original quartz 

diorite had been deformed without metamorphic reactions occurring, it is to 

be expected, both from experimental data and observations on mylonites, that 

plagioclase would have been /ess deformable than medium-grained quartz 

(Tullis & Yund 1977, White ef a/. 1980). Thus, because 40—SO per cent of the 

original rock consisted of plagioclase, the reaction of this mineral to the high- 

pressure assemblage must have significantly enhanced the deformability of the 

quartz diorite. 

10.3.1.2 DEFORMATION MECHANISMS 

There are several factors to consider when evaluating deformation 

mechanisms. 

First, medium-grained jadeite and omphacite are much less deformable 

than quartz. This behaviour is shown during the evolution of transition ortho- 

gneiss to orthogneiss, as described above. It is also possible, for example, to 

find apparently undeformed crystals of sodic pyroxene (e.g. 0.5 mm diameter) 

in a highly strained, dynamically recrystallized quartz matrix (Rubie 1983, 

Fig. 7b). It is possible, therefore, that the high ductility of the pyroxene-rich 

layers during the development of the transition orthogneiss was related to the 

very small grain size of the reaction products in the pseudomorphed plagio- 

clases (Fig. 10.9). 

Second, there is evidence that infiltration of hydrous fluid was associated 
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with the deformation that converted the meta-quartz diorite to transition 

orthogneiss. Whole-rock chemical data suggest that the deformed rocks were 

slightly enriched in H2O relative to the undeformed protolith (Koons et al. 

1987). Oxygen-isotope data indicates infiltration, although fluid: rock ratios 

were probably spatially very variable (Frueh-Green 1985). The replacement of 

Na-pyroxene by phengite (see above) suggests redistribution of H2O, at least 

on a localized scale. Finally, veins of zoisite + garnet + 1 quartz, 1—2 cm wide, 

are frequently situated along the narrow shear zones and are likely to have 

developed under conditions of high fluid pressure. Unfortunately, the exact 

timing of infiltration is uncertain, as is often the case with shear zones (see Rut- 

ter & Brodie 1985). One possibility is that localized infiltration began prior to 

deformation, along cracks which subsequently became the zoisite—garnet 

veins. Infiltration of fluid into the surrounding rock may then have produced 

a weakening effect and catalysed intracrystalline plastic deformation. A com- 

plete absence of deformation microstructures in the zoisite—garnet veins, 

together with a variable orientation of the phengite flakes which replaced 

jadeite, makes this possibility unlikely. A second, more likely, possibility is 

that infiltration commenced either during or after the deformation as a conse- 

quence of an enhancement of permeability in the sheared rocks relative to the 

undeformed protolith. 

On the basis of the microstructural evidence, there are several possible 

mechanisms which could operate to enhance the deformability of the fine- 

grained pyroxene-rich aggregates relative to both medium-grained plagioclase 

and medium-grained sodic pyroxene. 

(1) The reaction products deformed by grain-size-sensitive diffusion creep as 

a result of the small grain size. The mechanism may have been diffusion- 

accommodated grain-boundary sliding for example, as suggested by 

Rubie (1983). 

(2) Deformation of the reaction products by some mechanism of intra- 

crystalline plasticity was facilitated by the small grain size. This effect has 

been demonstrated for monomineralic aggregates in two experimental 

studies, involving a different mechanism in each case. 

(a) Kronenberg & Tullis (1984) have shown that, during the 

experimental deformation of quartzite, a reduction in grain size 

facilitates the process of hydrolitic weakening by decreasing the 

diffusion distance for the uptake of H20 from grain boundaries into 

the crystal structure. The same process could presumably operate as 

a result of fluid infiltration into rocks in which fine-grained reaction 

products had developed. 

(b) Tullis & Yund (1985) found that when feldspar aggregates deform 

by recrystallization-accommodated dislocation creep, a reduction in 

grain size results in a reduction in flow stress (at constant strain 

rate). This is because small grains are more readily replaced by new 
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strain-free grains (by grain-boundary migration, for example) than 

are large ones. 

(3) The deformability was enhanced by mechanisms of transformation 

plasticity (e.g. Poirier 1982) as a result of the large (17 per cent) volume 

change. 

Mechanisms which are diffusion-controlled, i.e. diffusion creep and disloca- 

tion creep, should be facilitated by the infiltration of H2O. However, only one 

of the possible mechanisms listed above (2a) actually relies on fluid infiltration 

to catalyse deformation. 

One criterion which has been used for distinguishing between dislocation 

creep and diffusion creep involving significant grain-boundary sliding is the 

presence or absence of a grain shape fabric. As emphasized elsewhere in this 

chapter, if rates of grain-boundary migration are fast, grains can remain 

equant even when deforming by dislocation creep. Grains of jadeite, which are 

often rather blocky and equant in shape, in a matrix of quartz, are shown in 

Figure 10.10b. This microstructure is suggestive of deformation of jadeite by 

grain-boundary sliding, accommodated by the redistribution of quartz in the 

intergranular regions (possibly by diffusive mass transport). Furthermore, the 

microstructure suggests that dislocation creep was not an important 

mechanism in jadeite because (1) the size and shape of jadeites are not greatly 

different from those in the undeformed aggregates (Fig. 10.9b) and (2) an equi- 

librium microstructure has not developed (Fig. 10.10b). These two observa- 

tions suggest that grain-boundary migration rates were slow. It is to be 

expected that grain-boundary migration would be greatly inhibited in a two- 

or three-phase aggregate relative to a single-phase aggregate. 

A further indication of the deformation mechanism is that the jadeitic 

pyroxenes of the meta-quartz diorite show almost no change in composition 

from metastable jadeite towards stable omphacite during the deformation 

which produced the transition orthogneiss (see Koons ef al. 1987). The 

persistence of metastability must be attributed to slow rates of intracrystalline 

diffusion in pyroxene. During the later stage of deformation, when the transi- 

tion orthogneiss evolved to orthogneiss, the pyroxenes did partially equilibrate 

to omphacite. In this case, as there is evidence that pyroxene deformed by 

dislocation creep (undulatory extinction and subgrain boundaries), diffusion 

rates may have been enhanced by the movement of dislocations (Koons ef al. 

1987). The fact that this did not occur during the formation of the transition 

orthogneiss also suggests that the earlier deformation did not occur by disloca- 

tion creep. The evidence is therefore consistent with the deformation of pyrox- 

ene by grain-boundary sliding, although in the absence of mechanical data (see 

below), such an evaluation of the deformation mechanism must remain some- 

what speculative. 

The possible role of transformation plasticity in enhancing deformability is 

discussed in a subsequent section. 
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10.3.2. Deformation during amphibolite facies metamorphism 

There is evidence for enhanced deformability of some metapelites in the Adula 

Nappe (central Alps), during uplift from the eclogite to amphibolite facies 

(Heinrich 1982; Rubie & Heinrich, work in progress). Eclogite facies meta- 

pelitic schists consist of oriented flakes of phengite and paragonite in a matrix 

of medium-grained quartz, with occasional crystals of garnet and kyanite 

(Fig. 10.11a). During amphibolite facies metamorphism (of Tertiary age) 

this mineral assemblage reacted to biotite + plagioclase + quartz + muscovite 

(+ garnet, staurolite, and kyanite or K-feldspar) by a reaction which involved 

dehydration (Heinrich 1982). 

Initially, reaction in the eclogite-facies metapelites involved the pseudo- 

morphic replacement of phengite and paragonite by biotite + plagioclase 

aggregates which now have an average grain size of 40—S0 wm (Fig. 10.11b). 

In undeformed pseudomorphs, plagioclase forms a mosaic of equant grains 

and small, variably oriented biotite flakes are located on the plagioclase grain 

Figure 10.11 Optical micrographs of metapelites from the Adula Nappe, Central Alps (crossed 

polars). (a) Eclogite facies metapelite consisting of flakes of white mica (m) (phengite and 

paragonite) in a matrix of medium-grained equant quartz (q). Kyanite (k) and garnet (g) are also 

present. (b) Eclogite facies metapelite which has partially reacted to an amphibolite facies 

assemblage. Flakes of white mica (m) have been variably replaced pseudomorphically by fine- 

grained aggregates of equant plagioclase grains and variably oriented biotite flakes. (c) Deformed 

partially reacted metapelite. The strain is strongly partitioned into zones containing primarily the 

fine-grained plagioclase + biotite reaction products. (q) is quartz. 
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boundaries (Fig. 10.11b). Where deformation has subsequently affected these 

partially reacted rocks, most of the strain is partitioned into narrow zones 

which primarily contain fine-grained biotite + plagioclase (Fig. 10.11c). This 

observation indicates that the fine-grained reaction products were more 

deformable than medium-grained quartz + white mica in the same rock, even 

though the reaction reduced the amount of sheet silicates. The reaction there- 

fore enhanced the deformability of these rocks. 

The dominant deformation mechanism is difficult to evaluate on the basis 

of currently available microstructural data. The small grain size of the reaction 

products was probably an important factor. Possible deformation mechanisms 

for the reaction products include diffusion creep, cataclastic flow due to an 

elevated pore-fluid pressure during dehydration, and dislocation creep 

enhanced by the small grain size (as discussed above). 

10.3.2 Other examples 

Beach (1982) has described cover rocks from the external French Alps which 

show evidence of incongruent pressure solution. Typically, overgrowths and 

pressure shadows of reaction products have developed on reactant grains with 

a preferred orientation that is strain related. In limestones, overgrowths of 

ferroan-calcite have developed on calcite grains, and in greywackes, over- 

growths of quartz + muscovite have developed on quartz and feldspar. Brodie 

& Rutter (1985) have described comparable microstructures in a hornblendite 

from Loch Alsh, Scotland, in which oriented overgrowths of chlorite and 

actinolite have developed on hornblende grains. Although in these examples 

the deformation has had a very significant effect on controlling reaction 

microstructures, the effect of the reactions on rheology is very difficult to 

assess (see below and Rutter ef a/. 1985). Also, the bulk strain associated with 

the overgrowths and pressure shadows is generally low (e.g. Brodie and Rutter 

1985, Plate 3c). 

An example of enhanced deformability of fine-grained reaction products has 

been described by Brodie & Rutter (1987). Clinopyroxene in a metagabbro 

from north-west Spain has partially reacted to fine-grained hornblende + 

quartz and, apparently, as a result, high-strain zones have developed in the 
rock. 

10.4 Deformation mechanisms 

Possible mechanisms of reaction-enhanced deformability have been reviewed 
by White & Knipe (1978) and Brodie & Rutter (1985). The effectiveness 
of these mechanisms and the conditions under which they are likely to be 
important are discussed and summarized in this section on the basis of the 
experimental and field/petrographic data described above. Because the data 
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are currently very limited, the range of mechanisms discussed here should not 

be regarded as comprehensive. 

10.4.1 Grain-size-sensitive diffusion creep 

Mechanical and microstructural data from some of the examples described 

above are consistent with deformation of fine-grained reaction products by 

grain-size-sensitive diffusion creep. Here the term ‘diffusion creep’ is used in 

a broad sense to include Coble creep, Nabarro—Herring creep, and diffusion- 

accommodated grain-boundary sliding, i.e. mechanisms with varying 

contributions from grain-boundary sliding. In geological literature, the 

phenomenological term ‘superplasticity’ has also been used to describe defor- 

mation by such mechanisms (e.g. Boullier & Gueguen 1975, Schmid et al. 

1977, Rubie 1983), although such usage has been criticized by Poirier (1985, 

p205). 

The characteristics of diffusion creep involving grain-boundary sliding have 

been extensively studied in fine-grained metals which show superplastic 

behaviour (e.g. Edington ef al. 1976; Poirier 1985; see also the volume edited 

by Baudelet & Suery 1985). Microstructural evidence for the operation of this 

type of mechanism in rocks has been discussed by Boullier & Gueguen (1975). 

Flow laws have the form 

ba oa" (10.1) 

where @ is the strain rate, o is the differential stress, d is the grain size, n is 

the stress exponent which lies in the range 1—2, and m lies in the range 2—3 

(e.g. Gifkins 1976). Unfortunately, the mechanical behaviour (i.e. the low 

stress exponent in the flow law and the grain-size sensitivity) is the only con- 

clusive indication of diffusion creep (Schmid ef a/. 1977, Karato ef al. 1986, 

Rutter & Brodie 1988). An absence of a crystallographic preferred orientation 

would also distinguish this mechanism from dislocation creep. Conclusive 

evidence of grain-boundary sliding is very difficult to obtain, even in 

experimental studies (e.g. Edington ef a/. 1976). One technique for estimating 

the fraction of the total strain contributed by grain-boundary sliding involves 

the examination of topographical relief on pre-polished split cylinders after 

deformation (Schmid ef a/. 1977). Although a predominance of equant grains 

in a deformed aggregate is sometimes regarded as evidence for diffusion- 

accommodated grain-boundary sliding, this criterion is not reliable. This 

is because, if rates of grain-boundary migration are fast, equant grains and 

textural equilibration can be maintained during deformation even when other 

mechanisms, such as Coble creep, Nabarro—Herring creep, or dislocation 

creep, operate (Ashby ef a/. 1978; Karato 1988; see also Tullis & Yund 1985). 

In the absence of mechanical data, the operation of diffusion-accommodated 

grain-boundary sliding in natural rocks (e.g. Boullier & Gueguen 1975, Rubie 
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1983) must also be difficult to prove unequivocally. This is particularly so when 

grain coarsening and other microstructural readjustments have occurred sub- 

sequent to deformation. 

Potentially, deformation of fine-grained reaction products by diffusion 

creep may be the most effective mechanism of reaction-enhanced deform- 

ability. The possibility of a strain-rate enhancement of 10°—10°* (at constant 

stress) is demonstrated by Figure 10.7 (see also Rubie 1984a). Very high strains 

can develop by this mechanism provided that grain coarsening does not occur 

too rapidly (Rutter & Brodie 1988). The potential for the development of high 

strains is well demonstrated by the superplastic behaviour of fine-grained 

metals in which elongations of 1000 per cent can develop, without necking, 

during tensile tests (Edington ef al. 1976, Poirier 1985). Factors which are of 

major importance in controlling rheology and the strain rate — time evolution 

are (a) the initial grain size of the reaction products and (b) the rate of grain 

coarsening. 

10.4.1.1 INITIAL GRAIN SIZE OF REACTION PRODUCTS 

It is demonstrated in Figure 10.6 that the initial enhancement of strain rate, 

at constant stress, depends greatly on the grain size of the reaction products 

during and at the termination of reaction. Unfortunately, the magnitude of 

this grain size cannot be determined reliably in natural rocks because of the 

possibility that grain coarsening has occurred. Thus, even in rocks described 

above, from the Sesia Zone and the Adula Nappe, which show fine-grained 

(10—60 pm) reaction products pseudomorphing precursor minerals (Figs 10.9 

& 11b), considerable coarsening may have occurred subsequent to reaction. 

Rubie (1983) has argued that reaction resulting from rapid rates of change of 

P and/or T should favour a small grain size in product phases. There is some 

evidence that this is the case, because reaction products formed during contact 

metamorphism, under conditions of rapid heating followed by rapid cooling, 

often have a submicron grain size (e.g. Brearley 1986, Worden ef a/. 1987). 

Similarly, in a recent experimental study of the breakdown of muscovite + 

quartz, in which the sample was heated rapidly to a temperature ~ 200°C 

above equilibrium, K-feldspar + biotite + sillimanite developed with a grain 

size 0.3—3 wm (Rubie & Brearley 1987). However, to understand the evolution 

of grain size resulting from reactions occurring during very slow (geological) 

Figure 10.12 Electron micrographs of spinel which has been produced by transformation from 

hot-pressed Mg2GeO, olivine (grain size ~ 30 um) at 900°C and 2 GPa. (a) The microstructure of 

spinel after complete transformation from olivine. The spinel forms equant grains, separated 

mostly by high-angle grain boundaries, and has a very small grain size compared with the original 
olivine. {110} stacking faults are common. (b) An early stage in the transformation showing two 
spinel grains (containing stacking faults) which have nucleated in olivine (ol). The largest grain 
(1) has grown to the maximum observed size (~ 1 »m diameter). The second, smaller grain (2) is 
thought to have nucleated at the phase boundary between the first spinel and olivine in a different 
crystallographic orientation. The olivine contains a high density of dislocations. 
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rates of heating or cooling (e.g. 1°C per 10° years) is obviously problematic 

because it cannot be investigated experimentally! 

Factors which control the grain size of reaction products during a polymor- 

phic phase transformation involving a significant volume change have been 

investigated by Rubie & Champness (1987). A hot-pressed Mg2GeO4 olivine 

aggregate was reacted to spinel at 900°C and 2 GPa under near-hydrostatic 

conditions. These conditions overstep equilibrium by ~1.7 GPa. The parent 

olivine had an average grain size ~ 30 ym, but the grain size of the product 

spinel was <1 pm (Fig. 10.12a). Rubie & Champness (1987) discussed several 

models to explain the grain-size refinement. In their preferred model, the 

growth of an individual spinel grain becomes progressively inhibited by the 

stress field which develops in the surrounding olivine as a result of the 8 per 

cent volume decrease. When the spinel reaches a certain size (~ 1 ym), growth 

effectively ceases. New spinels nucleate at the interphase boundary with a 

different orientation from the original grain (Fig. 10.12b). The new orientation 

takes advantage of the anisotropic stress field in the olivine. Growth of these 

new spinels is also inhibited by the developing stress field. Thus the flow stress 

of the olivine and its ability to deform to accommodate the volume change are 

important factors which influence the spinel grain size at conditions of large 

overstepping. 

The grain size of reaction products may be reduced if they nucleate and 

grow in an actively deforming shear zone. In the serpentinite dehydration 

experiments of Rutter & Brodie (1988), equant grains of olivine up to 10 nm 

diameter developed in the undeformed regions of the sample (Fig. 10.5). How- 

ever, in the narrow shear zones, in which high strains developed, the grain size 

of the olivine was only 0.1—0.2 um. Evidently, at an early stage of growth, the 

olivine grains rolled or slid away from the nucleation sites, thus inhibiting 

further growth (Rutter & Brodie 1988). 

10.4.1.2 GRAIN COARSENING 

Because of the grain-size sensitivity of diffusion creep (Eqn 10.1), a progres- 

sive increase in grain size during deformation, as a result of grain coarsening, 

must cause time-dependent hardening (Rubie 1983, 1984a; Karato ef al. 1986; 

Rutter & Brodie 1988). The theoretical basis for the coarsening of metal and 

ceramic aggregates, under hydrostatic conditions, is fairly well established 

(e.g. Martin & Doherty 1976). The kinetics of the process, in monomineralic 

quartz and calcite aggregates, have been investigated by Tullis & Yund (1982), 

Joesten (1983), Rutter (1984), and Olgaard & Evans (1986), but the level of 
understanding of grain growth in rocks is still very poorly developed. In addi- 
tion, it is doubtful whether the results of these studies are directly applicable 
to rocks deforming by diffusion creep, for two reasons. (1) In metals, rates of 
coarsening are enhanced by deformation mechanisms involving grain- 
boundary sliding (Wilkinson 1985). Abnormal grain growth during deforma- 
tion of Carrara marble has been demonstrated by Schmid ef al. (1980). 
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(2) Rates of coarsening are slower in multiphase aggregates than in single- 

phase aggregates. Olgaard & Evans (1986) have investigated the effect of 

second-phase Al2O3 particles on grain growth in calcite. Because calcite grain 

boundaries are pinned by the second-phase particles, boundary migration is 

inhibited and a stable grain size develops which depends on the volume frac- 

tion of the second phase. Coarsening kinetics of two phase aggregates (e.g. 

plagioclase + biotite) in which the second phase (e.g. biotite) can also coarsen 

have not been investigated but would be more relevant geologically (see Rubie 

& Thompson 1985, p. 67). Evidence for coarsening of a multiphase aggregate 

is seen in Fig. 10.10. 

10.4.2 Cataclastic flow 

It has been suggested, for example by Murrell (1985, 1986), that distributed 

cataclastic flow should result during metamorphism of the Earth’s crust as a 

result of an increase in the pore-fluid pressure during dehydration reactions. 

In the experimental studies described above, brittle failure and cataclastic flow 

only resulted when dehydrating samples were deformed at high strain rates 

(e.g. >10-*s~') under undrained conditions. Such results have led to models 
in which cataclastic flow occurs in dehydrating rock volumes which are capped 

by low-permeability layers so that a high fluid pressure is maintained during 

deformation (Murrell 1985, 1986). 

At present there is a lack of field evidence supporting the occurrence of 

wide-scale cataclastic flow in crustal rocks. In addition, in experimental studies 

of dehydrating serpentinite carried out at /ow strain rates, both undrained and 

with a controlled pore-fluid pressure, there is no mechanical evidence for any 

contribution from cataclastic flow (Rutter & Brodie 1988). Such results cast 

uncertainty on the importance of this process in the Earth’s crust where strain 

rates are likely to be lower than in any of the experimental studies. However, 

the possibility of cataclastic flow making at least some contribution during 

periods of high fluid pressure cannot be excluded. It has been emphasized by 

Borradaille (1981) and Rutter et a/. (1985) that there can be a complete spec- 

trum of variation between pressure-insensitive diffusion-accommodated grain- 

boundary sliding and pressure-sensitive cataclastic flow. Unfortunately, in the 

absence of mechanical data, it is probably impossible to evaluate the relative 

contributions of such mechanisms in nature from microstructures alone. Pre- 

sumably the relative contributions will be controlled by the relative rates of 

fluid production (i.e. reaction kinetics), and fluid loss (permeability- 

dependent) as well as factors such as strain rate and temperature. 

10.4.3 Incongruent pressure solution 

This mechanism, which produces oriented pressure shadows and overgrowths 

of product phases on reactant grains (Fig. 10.7), operates by the enhancement 

of stress-induced chemical potential gradients during metamorphic reactions. 
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Although this mechanism undoubtedly has a major effect on reaction 

microstructures (Fig. 10.7), there is currently no experimental evidence to 

demonstrate its effect on rheology. Rutter et al. (1985) concluded that its effect 

is small, with a strain rate enhancement of less than a factor of 2—3. This con- 

clusion was based on both mechanical data and theoretical considerations. For 

normal pressure solution, the chemical potential difference which drives inter- 

granular diffusion from dissolution sites at high-stress interfaces to precipita- 

tion sites at low-stress interfaces can be approximated by 

Ap = VAon (10.2) 

where Vis the molar volume of the solid and Aa, is the normal stress difference 

(Paterson 1973). Because the chemical potential difference depends on the 

molar volume V of the solid, Rutter ef a/. (1985) argued that diffusion must 

be faster along the interface where hydration reactions have occurred because 

these must increase V and therefore Au. According to their model, the 

enhancement of deformability by incongruent pressure solution is small 

because it is only dependent upon the molar volume difference between reac- 

tant and product phases. An alternative hypothesis is that the stress-induced 

chemical potential difference is increased by the total free energy of reaction, 

which, for small departures from equilibrium, can be approximated by 

ANGivAS (Tian) (10.3) 

where AS is the entropy change, 7; is the equilibrium temperature, and T is 

temperature. For a differential stress of 10 MPa and a molar volume of 

50 cm7* mol™', from (10.2), Au ~ 500 J mol~!. With (Je — T) = 10°C, AG, 
might typically vary from ~200 to 2000 Jmol~', depending on the nature 

of the reaction (Ridley 1985, p. 83), and would thus enhance the stress-induced 

chemical potential difference by a maximum of ~ 5 (see also Fyfe 1976). With 

a large value of (7. — T), e.g. > 100°C, AG, becomes very large relative to 

the stress-induced chemical potential difference. Thus, incongruent pressure 

solution may only significantly affect deformability at conditions distant from 

equilibrium. Such conditions are most likely to occur during retrograde meta- 

morphism when reactions occur in response to the infiltration of fluid, in 

ductile shear zones for example (see Rubie 1986). 

10.4.4 The rédle of fluids 

It is well known that H2O enhances rates of both intracrystalline and grain- 
boundary diffusion, and therefore facilitates both dislocation-accommodated 
and diffusion-accommodated creep. This effect may be of considerable impor- 
tance when water is released during dehydration reactions. It must also be 
important if fluid-infiltration occurs during deformation that was originally 
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catalysed by solid—solid reactions. Available evidence suggests that strain rates 

during diffusion-accommodated creep, for example, may be enhanced by 

orders of magnitude by the addition of H2O (Karato et al. 1986, see also Rubie 

1986). 

10.4.5 Transformation plasticity 

Transformation plasticity is a weakening which has frequently been observed 

in metals as they pass through a phase transformation (Edington et al. 1976; 

Poirier 1982, 1985). In the model of Greenwood & Johnson (1965) the volume 

change of the transformation creates internal stresses which overcome the 

yield strength of the material so that only a small externally applied stress 

is required for creep. In the models of Poirier (1982) and Paterson (1983), 

dislocations form as a result of stress caused by the volume change, and 

consequently the material deforms more easily and the strain rate increases (at 

constant applied stress). Volume changes in many reactions of geological 

importance are large. For example, the albite > jadeite + quartz reaction 

involves a 17 per cent volume decrease. The development of high differential 

stresses (400—800 MPa) during the transformation of Mg2GeQ, olivine to 

spinel has been described by Rubie & Champness (1987) and is probably 

related to the 8 per cent volume decrease. Potentially, transformation plas- 

ticity should therefore be of some importance in the Earth (see also Gordon 

1971, Sammis & Dein 1974). However, in metals, high strains generally only 

develop during repeated cycling across a phase boundary, and it is therefore 

possible that the phenomenon only makes a small contribution to the total 

strain in rocks. Currently, there appear to be no known microstructural fea- 

tures which would indicate the operation of transformation plasticity in 

naturally deformed rocks. 

10.5 Conclusions 

The examples of both naturally and experimentally deformed rocks described 

in this chapter demonstrate that mineral reactions can greatly enhance defor- 

mability. Under some circumstances, the strain rate can increase by a factor 

of 10°-10%, at constant stress, when reactions occur (Figs 10.4 & 6). 
In experimental studies, the combination of mechanical and microstructural 

data generally enables the deformation mechanisms which produce the 

enhanced deformability to be evaluated (e.g. Rutter & Brodie 1988). However, 

because studies of naturally deformed rocks rely on microstructural data 

alone, it is often difficult or impossible to determine unequivocally the impor- 

tant mechanisms which operate in nature. In some cases, two or more 

mechanisms probably operate in conjunction to enhance deformability. 

During dehydration reactions, for example, it is possible that important 
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mechanisms which operate simultaneously include (a)  diffusion- 

accommodated grain-boundary sliding of fine-grained reaction products, (b) 

cataclastic flow due to an elevated pore-fluid pressure, (c) enhancement of 

grain-boundary diffusion rates due to the presence of water produced by dehy- 

dration, and (d) transformation plasticity. To understand the rdle of one 

particular mechanism, further carefully designed experiments will be required. 

This is particularly so for incongruent pressure solution and transformation 

plasticity because of current uncertainties concerning their effectiveness. 

In natural examples in which high strains developed under conditions of 

enhanced deformability, the small grain size of reaction products appears to 

be an important factor. In such cases, the dominant mechanism may be diffu- 

sion creep, possibly with a large contribution from grain-boundary sliding. 

Provided that the grain size is stabilized, this mechanism can continue to 

operate long after reactions have reached completion. The importance of con- 

tributions to reaction-enhanced deformability in the Earth from other 

mechanisms such as cataclastic flow during dehydration, incongruent pressure 

solution and transformation plasticity is, at present, uncertain. 
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CHAPTER ELEVEN 

Thermodynamics of rock 
deformation by pressure solution 

Florian K. Lehner 

11.1. Introduction 

Geologists are indebted to Sorby (1863) for the recognition of the fact that 

rock deformation in the presence of water is often accomplished by processes 

in which ‘mechanical force is resolved into chemical action’. Sorby later 

coined the term ‘pressure solution’ in ascribing phenomena such as the pitting 

of pebbles (Mosher 1981) to stress-enhanced solubility, with which he was 

familiar from contemporary work in physical chemistry (Durney 1978). In 

recent work on deformation mechanisms, the terms ‘solution precipitation 

creep’ and ‘solution transfer’ or ‘transport creep’ have become customary, the 

former being more familiar from the metallurgical literature. In this chapter 

the term ‘pressure solution’ will be used to examine a principal mechanism of 

ductile rock deformation in the upper crust, which operates under diagenetic 

and low metamorphic grade conditions up to 200—400°C, depending upon 

grain size and mineralogy (Weyl 1959, Durney 1972, Elliott 1973, Rutter 

1983). 

Pressure solution is well documented by field observations as giving rise to 

a highly localized mode of rock deformation in the form of stylolitic or 

smooth solution seams (Stockdale 1922; Dunnington 1967; Wanless 1984, and 

others in the same publication) and also to a macroscopically pervasive mode 

in which the grains in a rock exhibit either irregular, ‘microstylolitic’, or 

smooth sutured contacts (Waldschmidt 1941; Wilson & Sibley 1978; House- 

knecht 1984, 1988). This pervasive intergranular mode of pressure solution 

gives rise to a ‘fitted fabric’ (Buxton & Sibley 1981) rock texture, in which 

individual grains typically appear flattened, presumably perpendicular to the 

largest compressive stress, while re-precipitation in ‘pressure shadows’ may be 

variable in importance. Other microstructural expressions of pressure solution 

include cleavage formation (Alvarez ef a/. 1976), fibre-coated slickensided 

sliding surfaces (Elliott 1976), and other indicators as discussed by Rutter 

(1983). 

N.B. The scheme of symbols in this chapter differs from the others in this book. 
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This chapter deals exclusively with the deformation mechanism aspect of 

pervasive, intergranular pressure solution. As such, pressure solution remains 

poorly understood for two principal reasons. First, it is difficult to obtain 

experimental creep data free from ambiguities in interpretation and supported 

by the production of convincing microstructures. This difficulty was discussed 

by Rutter (1983) who, in reviewing earlier experimental work, emphasized the 

particular problem that arises with the low activation enthalpies characteristic 

of the kinetics of this process. The experimental investigations on quartz sand 

by de Boer ef a/. (1977) and, recently, by Gratier & Guiget (1986) have never- 

theless produced clear microstructural evidence for intergranular pressure 

solution. However, the most striking experimental evidence has been obtained 

recently by Spiers & Schutjens (this volume), who studied single-crystal halite 

aggregates under isotropic densification creep conditions. 

An interesting experiment has been carried out by Tada & Siever (1986), 

who subjected single crystals of halite to a knife-edge load in a saturated brine 

environment in order to observe the detailed evolution of pressure solution 

contacts and the rates of pressure solution. The response to such a loading of 

halite was found, not surprisingly perhaps, to be governed by a combination 

of crystal plastic deformation and ‘free face’ pressure solution of extruded 

material. This modified version of Bathurst’s (1958) undercutting hypothesis 

is contrasted by these authors with Weyl’s (1959) grain-boundary diffusion 

hypothesis. Tada & Siever recognize, however, the need to incorporate this 

view into a model of the sutured grain-to-grain contacts that are observed in 

granular aggregates. They therefore postulate a grain-boundary structure that 

is qualitatively indistinguishable from the ‘island’ or ‘asperity’ structure con- 

sidered by Raj (1982), Lehner & Bataille (1984), Spiers & Schutjens (this 

volume), and that permits solid—solid contacts to transmit intergranular 

stresses while a fluid-solution phase is allowed to permeate the grain boundary. 

This brings into focus the second reason why pressure solution has remained 

poorly understood, namely the lack of a thermodynamically sound, compre- 

hensive description of grain-boundary processes based upon an accepted 

physical model. In almost all existing theoretical work it is taken for granted 

that pressure-solution creep operates by liquid-phase-enhanced grain-boundary 

diffusion in a manner akin to Coble creep (Coble 1963, Raj & Ashby 1971, 

Elliott 1973), allowing for both grain-boundary sliding and indentation (or 

densification) modes of creep. A recent exception is the work of Pharr & 

Ashby (1983), in which grain boundaries are treated as being impermeable to 

fluids and instead plastically deforming grain-contact neck regions are emph- 

asized. During densification creep, these necks are continuously undercut by 

pressure solution and recreated by plastic deformation, in a manner that again 

resembles the earlier ideas of Bathurst (1958). While it has been argued by 

some investigators that plastic deformation along highly stressed grain-to- 

grain contacts should effectively disrupt any continuous grain-boundary 

solution film, thus creating isolated fluid inclusions, others (e.g. Rutter 1976, 
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1983) have invoked special strength properties for adsorbed fluid films, or have 

advocated the fluid-permeated island model mentioned above or an asperity 

structure that would support local solid—solid contact stresses. Accordingly, 

there exist at present rather different treatments of grain boundaries, and these 

reflect certain fundamental differences in the application of thermodynamics 

to non-hydrostatically loaded grain-to-grain contacts and in the identification 

of an appropriate thermodynamic driving force for the process of pressure 

solution. 

Existing work on pressure-solution creep is concerned mostly with two- 

component solid/diluent systems and the simplest situation of an homogen- 

eous solid in contact with its own aqueous solution phase, when bulk diffusion 

within the solid may be ignored. Consistent with the idea of diffusion- 

controlled creep, the transport of solute in a grain-boundary fluid phase is 

assumed to be driven by gradients in its chemical potential, which in turn is 

derived from a condition of local thermodynamic equilibrium between the 

grain-boundary fluid phase and the embedding non-hydrostatically stressed 

grain-boundary solid phase. The required equilibrium condition is usually 

viewed as being given by Paterson’s (1973) condition 

f*—onlo* = ji 
in which f* and p* denote the mass-specific Helmholtz free energy and the 

density of the solid phase, respectively, —o, is the (Compressive) normal stress 

across the grain-to-grain contact, and jj, denotes the mass specific chemical 

potential of the dissolved solid (component 1) in the grain-boundary fluid, the 

solvent (component 2) being water. If f° is considered to be negligible in com- 

parison with —o,/p° and is ignored, Paterson’s condition assumes the form of 

a familiar boundary condition for Nabarro—Herring diffusion or grain- 

boundary diffusion. A scalar ‘creep law’ for diffusion-rate-limited pressure- 

solution creep is then readily derived for simple grain geometries by linking the 

simplified equilibrium condition to mass transfer and balance equations. For 

a plane, circular grain-to-grain contact, Rutter (1976, 1983) has obtained in 

this manner the unidirectional indentation creep rate 

e= 32 V°c16/DebGn|p*R Td? 

where V* is the molar volume of the solid, c; is the solute concentration in the 

pore fluid, 6’ is the density of the grain-boundary fluid, Dz» is the effective 

grain-boundary diffusivity (in ms~'), Gd, is the surface-averaged grain-to-grain 

normal stress, R is the gas constant, 7 is the absolute temperature, and d is 

the grain diameter. 

The line of reasoning leading to this creep law on the basis of Paterson’s 

equilibrium condition has become widely accepted in the geological literature, 

but recently it has also been criticized, for example by Lehner & Bataille 

298 



Bakes EINER: 

(1984), for the following reasons. In the first place, Paterson’s condition is 

based upon an a priori assumption of thermodynamic equilibrium for a grain- 

to-grain contact zone that is treated by Paterson as an ‘inert loading frame’ 

capable of transmitting an arbitrary intergranular normal stress o, while per- 

mitting the loaded solid phase to dissolve in a grain-boundary fluid phase at 

pressure p. The main interest in this conceptual device derives from its physical 

interpretation as a fluid-permeated grain-to-grain contact zone that enables 

two adjacent grains to be in solid—solid contact across islands or asperities. If 

this interpretation is made, however, the stresses and also the strain energy 

densities in the solid material within this zone must be highly inhomogeneous, 

so that interfacial equilibrium between the solid and the grain-boundary fluid 

will be impossible, as was shown by Gibbs in 1876. Instead, there will be local 

dissipative processes of dissolution, diffusive transport and re-precipitation 

which, if a grain contact zone were isolated and allowed to reach equilibrium, 

would tend to smooth out irregularities and eventually to trap any mobile fluid 

phase in isolated inclusions, equilibrated individually with the surrounding 

solid. Using transmission electron microscopy, White & White (1981) have 

indeed been able to demonstrate the existence of such bubble arrays at grain 

boundaries, and similar arrays of isolated fluid inclusions are known to form 

from fluid-filled microcracks. The latter observation, as Urai ef a/. (1986) also 

point out, refers to an evolution towards equilibrium, in the course of which 

a continuous fluid film breaks up into isolated inclusions. The fact that here 

one is dealing with a transient state has been emphasized by Urai (1983), who 

cautioned that the bubble arrays observed by White & White (1981) may 

indeed be typical for the final state in the evolution of a grain boundary, while 

a continuous liquid phase may be present during deformation (see also Spiers 

& Schutjens, this volume). 

In this chapter a theoretical treatment of pressure solution in porous and 

permeable rocks is presented, in the spirit of the classical thermodynamic 

theory of irreversible processes. The first section is intended as a reasonably 

self-contained review of the fundamental theoretical relationships that are 

assumed to characterize the thermodynamics of a pure solid substance, of its 

own aqueous solution phase, and of the phase boundary. This is followed by 

a derivation of a macroscopic Gibbs equation for a granular aggregate that 

exhibits inelastic creep due to intergranular pressure solution. A technique of 

spatial averaging will be used for this purpose, which serves to clarify the man- 

ner in which internal displacements of grain boundaries and pore walls and 

their conjugate thermodynamic forces enter into a macroscale continuum 

theory of the ‘internal variable’ type for a representative rock sample. The 

development of macroscopic theory is not pursued in this chapter beyond 

establishing a Gibbs equation. While there exists a general framework in the 

work of Rice (1971, 1975, 1977) and of Heidug (1985), which could guide the 

further. development of a macroscopic constitutive theory of pressure- 

solution-controlled deformation, such a development would remain somewhat 
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formal without the prior resolution of the existing difficulties in the descrip- 

tion of grain-boundary processes. The third section of this chapter therefore 

concentrates on this kinetic aspect of the theory. In keeping with the 

phenomenological approach, this section offers a thermodynamic analysis of 

pressure solution in a fluid-infiltrated representative volume element of a 

grain-to-grain contact zone, leading to the formulation of phenomenological 

rate equations for grain-boundary indentation displacements. This analysis 

also aims to clarify the nature of the thermodynamic driving forces in the 

limiting cases of interface-reaction-controlled and _ diffusion-controlled 

pressure solution. The chapter closes with the construction of a macroscopic 

‘creep law’ for dense aggregates that remain permeable to fluids while com- 

pacting along grain boundaries or larger-scale pressure-solution seams. 

11.2. Microscale continuum theory of constituent behaviour 

The fundamental entity selected for study consists of a representative elemen- 

tary volume (REV) of rock, e.g. a granular sandstone. At some arbitrarily 

S sf 

Figure 11.1 (a) Grain-scale view of representative elementary volume, V, of grain aggregate, 
consisting of solid matrix V, and fluid-saturated interconnected pore space Vy, which may extend 
(not visible on this scale) into grain-to-grain contacts S,». Enlargements serve to define (b) pore 
walls (solid/fluid-phase boundary S,y) and (c) control volume Q for contact zone (shown in detail 
in Fig. 11.2). 
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Figure 11.2 Fine-scale view of section through pillbox-shaped representative elementary volume 

Q of a contact zone (see Fig 11.1); solid material occupies Q,, and interstitial aqueous solution 

occupies interconnected region {. Note the assumed ‘island’ or ‘asperity’ structure. 

fixed instant such an REV may be identified, as illustrated in Figure 11.1, by 

cutting out a sufficiently large region of the rock and by using solid material 

‘marker points’ lying in the smooth intersections of this cut with individual 

grains to define the geometry of the boundary of the REV. The circumference 

of an REV is thus to be viewed as a material boundary for the solid phase 

contained within the REV, but since part of it cuts across an effective pore 

space saturated by mobile fluids, the boundary of an REV is essentially 

semi-permeable, i.e. impermeable to the solid phase and permeable to the fluid 

phase. 

It will be appropriate to distinguish three scales of description in this discus- 

sion. On the coarsest scale, one is concerned with the macroscopic, or bulk, 

behaviour of an element of rock material. The local values of field variables 

defined on this ‘macroscale’ will be constructed as spatial averages, taken over 

the REV, of fields on the next finer scale, which is the ‘grain scale’ shown in 

Figure 11.la. For consideration of pore walls and grain-to-grain contacts this 

picture must be further enlarged, so as to permit a theoretical treatment of 

processes on an appropriate ‘fine scale’ or ‘microscale’, which is the scale of 

Figures 11.1b and 11.1c and of Figure 11.2. The fine-scale features of Figure 

11.2 include a pure solid substance that coexists with an aqueous solution of 

the solid within a certain grain-to-grain contact zone. This fluid phase is 

mobile, although the presence of an adsorbed film of water on the grain 

periphery is not excluded as long as no peculiar effects on the processes to be 

studied are ascribed to this film. 

11.2.1 Balance equations and thermodynamic preliminaries 

All theoretical developments in this chapter are undertaken within a frame- 

work of continuum thermodynamics, and start from a set of local balance 

equations for mass, partial mass of a component, momentum, energy, and 

entropy. On the microscale these must hold for any mass point in the interior 
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of the regions Vy and V; shown in Figure 11.1a. If body forces (gravity) are 

disregarded and only quasi-static processes are admitted, they take the form 

(the notation used in this chapter is explained in the Appendix) 

0 + div pv =0, Ghee) 

0,01 + div piv + div J; =0, (1162) 

diveo =O euno =o, (11.3) 

0:(pu) + div(puv —a0-v+q)=9, (11.4) 

0:(ps) + div(psv + ®) = ¥ (1135) 

Equations (11.4) and (11.5) also yield a balance equation for the Helmholtz 

free energy, f=u— Ts. Under isothermal conditions, which are considered 

below, this equation reads 

0:(pf) + div(pfvy —a0:v+q—T®)= —- Ty <0 (11.6) 

Herenp (x; 1); a:(X+1) aux, OC) es sd), oC, Od (es eee Ce va eee 

denote the fields of the mass density, partial mass density of component /, spe- 

cific internal energy, specific entropy, Cauchy stress, energy flux vector, entropy 

flux vector, rate of entropy production per unit volume, and the temperature. 

The second law of thermodynamics is expressed by the inequality in (11.6). 

The diffusive mass flux vector J; of the ith component, appearing in (11.2), is 

defined by 

Ji = pil(vi— Vv) = pci(vi— Vv) (LR 

in terms of the component velocity v;, the barycentric velocity v = ); cjv;, and 

the mass fraction cj = pi/p. For n components these must satisfy the relations 

~ 1 J 
Ji=0 and = 1 (11.8) 

i=1 i= 

In this chapter the pore fluid is assumed to be composed of the neutral ‘sol- 

vent’ H2O and a binary electrolyte, i.e. the ‘solute’ consisting of the dissolved 

solid material. In the absence of an electric current, the solute and the solvent 

may thus be treated as component | and component 2, in the sense of the 

phase rule, of a binary mixture. The solid phase is assumed to be pure and 

homogeneous and consists solely of component | in the solid state. 

An essential assumption implicit in (11.5) and (11.6) in the classical theory 

of non-equilibrium thermodynamics postulates the existence of a local thermo- 
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dynamic state (see De Groot & Mazur 1962). According to this assumption, 

a set of values u, p, cj at any point within the fluid phase determines well 

defined local values of the temperature 7, the pressure p, and the mass-specific 

chemical potential »;, and thereby a well defined value of the specific entropy 

S as the associated thermodynamic potential. In other words, the fluid is 

assumed to be locally in thermodynamic equilibrium. Changes in s are thus 

related to those in wu, p, and c; by the Gibbs equation 

2 

Te do tue nee ee, dc (11.9) 
(Of 

Equivalently, the thermodynamic relationship 

rae gle P, (11.10) Mr 
i=1 

leads to the Gibbs equation in the Helmholtz free energy density 

2 

Af) = 2y mi doi (11.11) 

under the assumption of isothermal conditions. The entropy flux vector ® is 

given by (Meixner & Reik 1959, De Groot & Mazur 1962) 

q/T in the solid phase 

Zi (ii) 

=u Pi in the fluid phase 

The rate of dissipation per unit volume of the fluid phase is then found from 

(11.6) with the aid of the last expression for ® and the Gibbs equation (11.11) 

2 

Ty =(o+ pl): grad v— >, Ji- grad pi (11.13) 
t=1 

This result, together with the inequality in (11.6), furnishes an example of the 

general expression 

m 

ly = +3 XEVE 20 
k=1 

for the non-negative rate of dissipation, which occupies a central position in 

the classical theory of irreversible processes (De Groot & Mazur 1962). The 

theory is concerned mostly with establishing functional relationships between 
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the thermodynamic forces X, and fluxes Y, when these vanish simultaneously 

in equilibrium. The only result needed here is the linear phenomenological law 

governing binary diffusion 

Ji = —J2,= —/ grad(1 — pr) 

where / > 0 is a phenomenological coefficient. The Gibbs—Duhem relationship 

2 

a oildui)r= = dp (11.14) 
i=1 

which may be deduced from (11.10) and (11.11), implies that grad(y1 — p2) = 

(1 —c,)7! grad pw — [o(1 — c1)] ~' grad p. In the present context the microscale 

fluid pressure gradients will be negligible in comparison with chemical poten- 

tial gradients, thus giving 

eee M1 Gee, 
1 Ser 

The theory of solutions yields the following expression for the mass-specific 

chemical potential of the solute (see, for example, Denbigh 1971): 

wi =pn1(p, T)+ RTM, In cry (11.16) 

where p? (p, T) is a function independent of concentration, R is the gas con- 

stant, M, is the molar mass of the solute, and +, is an activity coefficient. This 

allows (11.15) to be written in the familiar form of Fick’s law as 

Ji = —pD grad c, CL) 

where the diffusion coefficient D (in m?s~') is related to the coefficient / by 

es 1(Op1/0C1 )p, ip oe IRT [ vf Ci d(In 1 

pU—ey) pie (1 — 7) de; 
(11.18) 

For small concentrations D may be approximated by /RT/ (op Mic). 

The thermomechanical behaviour of the solid phase will be characterized as 

inelastic. This behaviour can be modelled in a general way by allowing the 

specific Helmholtz free energy f of the solid to depend upon an unspecified 

number of scalar internal state variables, &,, a= 1,..., N. Here N denotes the 

number of such variables needed to define the thermodynamic state of a given 

material sample, i.e. to determine a unique value of f at given values of the 

temperature 7 and strain E, as measured with respect to some fixed reference 

state. Thus, fis assumed to satisfy a fundamental equation of the form 

S=S(T,E, &1,..., &n) (11.19) 
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Each Variable £, measures the extent of some local structural rearrangement 

at one of N distinct sites. The use of the vector £={£,...,&N} as a state 

variable leads to a simple thermodynamic framework that, despite certain 

limitations, has led to important advances in the theory of viscoelasticity and 

metal plasticity (Meixner 1960; Kestin & Rice 1970; Rice 1971, 1975). A brief 

summary of this formalism will now be given to provide the necessary back- 

ground for the discussion of thermodynamic equilibrium along phase 

boundaries. The same formalism will reappear later and receive a specific 

interpretation in the description of the macroscopic, aggregate behaviour of 

a porous medium deforming by pressure-solution creep. 

The introduction of internal state variables leads to the concept of con- 

strained equilibrium states. According to this concept, each internal variable 

—, is assumed to evolve in time at a finite rate as governed by some internal 

dissipative relaxation process. An appropriate kinetic rate equation describing 

this process must therefore be added to (11.19) to complete the thermo- 

dynamic description of the system, i.e. a representative sample of material. 

Instantaneous values of € may then be viewed as being maintained by an 

appropriate set of constraints, which allow the solid to attain a state of con- 

strained equilibrium such that € together with TJ and E determine a well defined 

value of the specific free energy f. Here the rate of change of & is thought to 

be governed by specific kinetic processes that operate at the sites characterized 

by &. The imagined constraints thereby receive some physical justification in 

terms of barriers to be overcome in thermally activated processes. 

Associated with (11.19) is a Gibbs equation for the free energy of a mass 

poVo, where po and Vo denote the bulk density and volume of the sample in 

an arbitrarily fixed reference state. For isothermal conditions this equation 

becomes 

N 

d(poVof) = Vo :dE— >) Aa dég (11.20) 
a=1 

where N denotes the number of internal variables needed to characterize the 

(homogeneous) state of the mass poVo. In addition, 

af 
T=po — Wi al PO aR x ( ) 

is the stress, defined at fixed & as in thermoelasticity, and 

af Ag=- — 122) 
ae O€q T,E,&@ ( 

is the thermodynamic force or ‘affinity’ (at fixed values of all &3, 6 4 aw) associ- 

ated with &,. 
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The tensor E appearing in (11.19)—(11.21) represents the Lagrange strain, 

as defined by 

E=1(F'-F-1) (11.23) 

in terms of the deformation gradient F = 0x(X,1¢)/dX, where the function 

x = x(X,¢) describes the motion of the solid by tracing the spatial position x 

of material ‘particles’ labelled by their initial position X. The stress T is the 

work conjugate of E, i.e. the symmetric Piola—Kirchhoff stress, as defined in 

terms of the Cauchy stress o by 

T= J¥ +07 (FO); (11.24) 

Wiehe =) Cel Me). 

The fact that the increment dé, in (11.20) cannot be controlled by any 

external manipulation of a sample of material clearly indicates the need for 

additional, kinetic relations. These can be explored to some extent within a 

purely thermodynamic framework, as has been shown by the authors cited 

above and by others. The key is again held by the expression for the dissipation 

rate that is obtained by substituting the Gibbs equation (11.20) into the bal- 

ance equation (11.6). To accomplish this, (11.6) will first be cast in terms of 

a referential or ‘material’ description, corresponding to a change from the spa- 

tial x co-ordinate system to the referential (material) X co-ordinate system. Let 

V accordingly denote the current volume of a material element that occupies 

the volume Vo in a chosen reference configuration. Their ratio satisfies 

V/ Vo = polp = J (11.25) 

Li i F, etc. denote the ‘material’ time derivatives of J(X,7), F(X, 1), etc., 

performed while following the motion of a fixed material element or ‘mass 

point’, i.e. holding the position X fixed. It can be shown (see Chadwick 1976) 

that 

J= JF:F-!=J div v (11.26) 

This also implies that 

(Jv) =0:(Jy) + v- grad (JW) = J{ dn + div yw} (11.27) 

where y represents the scalar density of any extensive quantity dealt with in 
the present context. With the aid of these kinematic relationships, and after 
substitution of the expression q/7 for the entropy flux, (11.6) can now be writ- 
ten in the form 

(pof)’ —T:E= — JTy (11.28) 
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Here the identity div(o: v) = v- div 0 + o: grad v has been used, together with 

the fact that div o=0 and Jo: grad v=T: E. 

A comparison of (11.20) and (11.28) shows that the rate of dissipation per 

unit volume in the reference state is, in the present case, 

N 

ees DINGALE me 0 (11.29) 
Vox 

In the absence of permanent constraints, both A, and é, must vanish in a state 

of unconstrained equilibrium. The inequality therefore demands a functional 

dependence of the &, upon the set of thermodynamic forces A, corresponding 

to the above kinetic rate equations. Given these, together with the equations 

of state (11.21) and (11.22), the thermomechanical behaviour of a sample of 

solid material is completely specified. 

11.2.2 Jump conditions at the solid|fluid phase boundary 

Equations (11.1)—(11.6) are assumed to hold at points in the interior of the 

phases, but they generally fail to hold at points located on a phase boundary 

such as S.yin Figure 11.1. At such boundaries certain thermodynamic variables 

will exhibit steep gradients in the normal direction across a narrow transition 

layer. In the following these are treated on the level of a continuum description 

as finite jump discontinuities in the relevant variable across the ‘singular sur- 

face’ Ssr. Thus, if ¥(x, t) denotes some function, continuous in some regions 

R* and R- that extend from the positive and negative side of S.y, as oriented 

by its surface normal n, the jump in y(x, f) across Ss is defined — using the 

customary bracket notation — by 

Waod=Vao)-y 1), xonSy 

where the superscripts denote the values attained by the variable (x, ¢) on the 

positive and negative sides respectively of the oriented interface Ssy. With this 

definition, the balance equations (11.1)—(11.5) are now supplemented by 

equivalent balance statements expressed in the form of jump conditions that 

must hold at points on the phase boundary (for a derivation, see, for example, 

Chadwick 1976). Under isothermal and quasistatic conditions these have the 

form 

[o(wn —v-n)] =0, (11.30) 

[0i(Wn —v-n) —Ji-n] =0, (11.31) 

[n-o] =0, (11.32) 

[o(Wn —V-n)u+n-o-v—q:n] =0, (11.33) 

[o(Wn —vVin)s—®-n] = —o <0 (11.34) 
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Here w, denotes the speed of displacement of the phase boundary in the direc- 

tion of its surface normal. Condition (11.34) is the only condition that con- 

tains a surface excess term, the superficial rate of entropy production o that 

characterizes the kinetics of solution and precipitation and must be non- 

negative. No other surface-specific terms appear on the right-hand sides of 

these jump conditions, because all other intrinsic properties of the interface 

S.f, including interfacial tension, and all interface transport processes (such as 

surface diffusion) are disregarded in the present analysis. As will be seen subse- 

quently, however, a more general form of these jump conditions, allowing for 

interfacial transport, will apply to fluid-infiltrated grain boundaries when these 

are viewed as interfaces on a continuum scale. 

The jump condition corresponding to (11.6) is obtained directly upon multi- 

plying (11.34) by 7 and subtracting the result from (11.33), giving 

[o(wrz-—v-en)f+n-o-v—n:(q—T®)] =7o2>0 (ie) 

Using the continuity of w, and n-o and writing {p(Wn — Un)} =p” (Wn — Un) = 

p (Wn— Un), One has 

[n-o-v] =on[vn)] + 7[u] = — {e(wn - tn) on zl + 7[v;] 
p 

where o, and 7 are the normal and tangential components of the traction n: o 

acting on Ssy, and v, and vu; are the components of v in the same directions. 

Moreover, in this discussion the entropy flux ® is given by (11.12), in accord- 

ance with the constraint that there be no diffusion of fluid-phase components 

into the solid. By defining the positive side of S,y as facing the fluid phase, it 

follows from (11.10), (11.12), and (11.31) that 

2 2 

[n- (q - T®)|] = yy, wide en = >> Ki [pi(Wn aa Un)] 
i=1 i=1 

={p(Wn— Un)} y mile) = 00% ~ we)( 3 ci~ 1) = is] 

= {p(Wn— Un)} a ar plo” weil 8) 

where use has been made of the fact that cy = 1 — cy = 1. Substitution of these 
expressions in (11.35) now yields 

{p41 = a6 On| p- =1(Gy th P)lo* } {e(Wn — Un)} ab T [vr] =To>0 

This condition equates the work terms in the left-hand side to the total rate 
of dissipation by corresponding interfacial kinetic processes. Here the term 
T[v,]| may safely be ignored, since, in the present context of exceedingly slow 
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fluid motion, fluid-phase dissipative stresses at the phase boundary contribute 

negligibly to the total interfacial entropy production during solution and pre- 

cipitation. When this assumption is made, o, is equated to — p and the result is 

(u1 — f° — plo’) (o(Wa- Un)} = To > 0 (11.36) 

where f* and p* denote the quantities f~ and p~ associated with the solid 

phase. This condition can be interpreted (see Lehner & Bataille 1984) within 

the framework of non-equilibrium thermodynamics as determining the ther- 

modynamic force X:= w1—f*— p/p* and conjugate flux Y:= {p(wWn—Un)} 

which govern the solution/precipitation process. As was discussed by these 

authors, the inequality (11.36) implies that X and Y must be functionally 

related and vanish simultaneously in equilibrium, when Jo = 0. Close enough 

to equilibrium, the smooth function Y(X) may be linearized to yield 

{e(Wn — Un)} = L(wi— f° — ple’) (11.37) 

where L > 0 is a phenomenological coefficient that may depend on temp- 

erature and further variables determining the state of the phase boundary. 

It follows that phase equilibrium at the boundary between a pure solid and a 

binary solution of the solid in a neutral solvent is characterized by the condi- 

tion 

wi =f? + pio® (11.38) 

which was first obtained by Gibbs in 1876 (Gibbs 1906, Equation 388) by his 

classical variational method, based on a minimal energy principle. Condition 

(11.38) pertains to the special case considered by Gibbs among more general 

situations in which the phase boundary remains impermeable to any solvent 

components and where solid state diffusion is not taken into account. In the 

modern view, these constraints express the observation that certain processes 

are slowed down sufficiently (for example, at low enough temperatures) to 

appear as inhibited during a time-span of interest. Failure to recognize the 

existence of constrained equilibria has led to some confusion in the past con- 

cerning the possible existence of equilibrium states in non-hydrostatically 

stressed solids. A detailed treatment of constraints may be found in recent 

work by Mullins & Sekerka (1985) on the thermodynamics of crystalline solids, 

which deals with systems composed of both mobile and immobile species such 

as interstitial solutes or point defects. 

A further example of the operation of constraints within a phase has already 

been encountered in the above characterization of the solid phase. The pres- 

ence of these constraints implies that the value of f° in condition (11.38) may 

correspond to a constrained equilibrium state within an inelastic solid. This 

provides the justification for including energies associated with crystal plastic 
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deformation in f°, as has occasionally been discussed (Bosworth 1981, Urai 

1983, Green 1984). A strained solid of the type described may be imagined to 

undergo a slow stress relaxation process while being kept in local contact equi- 

librium with a solvent by y; and p being adjusted at a given interfacial location 

so that (11.38) is satisfied continuously while f° and p* are allowed to evolve 

through a sequence of constrained local equilibria. An important point 

concerning condition (11.38), therefore, is that the vanishing of the thermo- 

dynamic force pi — f*— p/p* prevents the interfacial process of solution or 

precipitation from occurring locally, but remains perfectly compatible with 

entropy, producing non-equilibrium processes at interior points of the phases. 

To ensure a global state of unconstrained equilibrium in some solid/fluid 

two-phase system, condition (11.38) must necessarily be satisfied along the 

entire phase boundary. Global unconstrained equilibrium is of little impor- 

tance, however, since only one stable case has been shown to exist, i.e. that 

of hydrostatically stressed homogeneous and isotropic phases (Gibbs 1906, 

Kamb 1961). However, global constrained equilibria in solid/ fluid two-phase 

systems are of particular interest in the present context. Indeed, on a global 

level interfacial rate processes and also rates of diffusive transport through the 

fluid phase may be treated on an equal footing with relaxation processes in 

the interior of the solid phase, and it is this enlarged scope of internal variable 

theories that will become more apparent below. 

11.3. Thermodynamic framework for a macroscale theory of 

aggregate behaviour 

The preceding microscale phenomenological description must now be 

translated into a useful macroscale theory of the aggregate behaviour of a 

representative sample of a porous sedimentary rock that exhibits pressure- 

solution creep behaviour. A method well suited to this task is that of spatial 

averaging. Several variants of this technique have been used in the literature 

on transport through porous media (for example, Slattery 1972), the rheology 

of suspensions (Batchelor 1970, Brenner 1970), and the mechanics of hetero- 

geneous solids (Hill 1972). In the simplest version, spatial averages are defined 

as analytically convenient volume averages over a representative elementary 

volume (REV) of the material. This volume is typically large in comparison 

with the microscale dimensions of grains or pores, but small enough to enable 

volume-averaged variables to function as meaningful macroscale field 

variables. The values of volume-averaged variables are assumed to be inde- 

pendent of the size of the REV on a local macroscopic scale, reflecting a 
postulated property of local statistical homogeneity of the material or two- 
phase medium. Here it will suffice to refer to the literature (see Beran 1968) 
for a precise discussion of these assumptions, and also to note that their val- 
idity must ultimately be judged by the practical consequences of the theory 
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founded on them. It should also be recognized that volume averages may 

alternatively, and more appropriately, be replaced by equivalent surface 

averages when the variables to be averaged represent surface densities of 

fluxes (Brenner 1970). 

The method of volume averaging involves a few essential definitions and 

analytical steps. These will be dealt with briefly for a single generic balance 

equation. The intended outcome is a macroscale description for a solid aggre- 

gate, in which grain boundary displacements appear in the réle of internal 

variables with identifiable conjugate thermodynamic forces. The results 

extend those obtained in earlier work by Lehner & Bataille (1984) and Heidug 

(1985). 

11.3.1 Spatial averaging of microscale balance equations 

Consider the generic balance equation 

OW + diviyv —-P-v+f)+r=0 (11739) 

which is assumed to hold at interior points of the phases, and the associated 

generic jump condition 

[v(wn-—Vin)+n:(P-v—f)] =A (11.40) 

which holds along the solid/ fluid phase boundary Sy. The variables occurring 

in these balances may be so interpreted as to recover any one of the specific 

balances (11.1)—(11.6), (11.30)—(11.34), and (11.35) or (11.36). These inter- 

pretations will be needed subsequently and are summarized in Table 11.1. 

The volume averages that will subsequently serve as macroscale variables all 

involve integration over subregions of an REV that are occupied by individual 

phases. Here V, and V; are used to denote both the open regions occupied by 

the phases and also their volumes. They exclude the narrow contact zones 

between individual grains (see Figure 11.2), which are assumed to contribute 

Table 11.1 Interpretation of generic variables in equations (11.39) and (11.40). 

Balanced quantity v P f r A 

total mass p 0 0 0 0 

mass of component / pi 0 Ji 0 0 

momentum* 0 0 0 0 0 

0 in solid 
3 T free energy of 0 Ce cept “y To 

fluid 
i el 

* Only quasi-static processes are considered. 
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negligibly to the total volume V of the REV; thus V= V; + Vy. Accordingly, 

Gi Val Vy ps, 7 (11.41) 

denotes the phase volume fractions, which satisfy ¢;+ df= 1. 

The quantity defined by 

eel a 11.42 baa | van vast (11.42) 

is called a ‘phase average’, while 

v= | (adie on (11.43) 
V, 

is often referred to as the ‘intrinsic phase average’. These conditional averages 

are related simply by y, = ¢,¥”. The unconditional (or ‘bulk’) volume average 

defined by 

vi=s | id= >= ow. meee (11.44) 
V v v 

is simply written without a suffix, but no confusion should arise from the omis- 

sion of a special notation for averaged variables, since the distinction between 

microscale and macroscale variables will always be clear from the context. All 

averages are assumed to behave as smooth point functions on the macroscale. 

When operation (11.42) is applied to equation (11.39) for the solid phase, 

for example, a characteristic problem arises with the conversion of phase aver- 

ages of spatial or time derivatives into derivatives of phase averages. These 

operations do not generally commute, but are related by the following two 

theorems: the transport theorem (see Chadwick 1976), which for the region 

V; with fixed outer boundary states that 

| a adie a} | y dv— | W-Wnda+\ [V]wada (11.45) 
V; JVs USy “ Sop 

and the related ‘averaging theorem’ (see Slattery 1972), as applied to the 

divergence of some tensor field Q of rank 1 or 2, 

| driOe edie Wee Ond bee | 
V; JV; JS; 

n-Q-da— | [In«O} da “(ite 
f JS Sep 

The first of the two surface integrals in each of these theorems arises because 

the phase boundary S,y changes both in time and with the position of the REV; 
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these integrals are evaluated at the solid (here negative) side of Ssf, where Wn 

again represents the speed of displacement of S., in the direction of its normal. 

The second type of surface integral, taken over the grain-to-grain contact 

surface Sz», allows for the expected discontinuities in the field variables across 

that non-material boundary that is propagating at the speed w,. The jump 

quantities [Y]w, and [n:Q] may be interpreted in terms of the fine-scale 

picture of Figure 11.2 as differences between surface averages taken over A S,i, 

and A Sg» (see the discussion of grain contact zones given below, which is based 

on the model of Lehner & Bataille 1984). On a coarser scale, at which grain 

boundaries are treated as sharp interfaces, these jump quantities are conceived 

as point functions that vary continuously along Sgp. 

Equation (11.39) may now be integrated over V;, using (11.45) and (11.46), 

to give 

a, | y dv +div | On Se a 
Vs Vs 

=| {W(Wn— Un) +n-(P-v—f)}~ da 
Ss 

| Then sneer ay da+ | tet (11.47) 
Sep Vs 

The first two terms involve averages of the types (11.42) and (11.43). With the 

assumption of local statistical homogeneity and in the absence of non-linear 

(inertia) terms, the spatial derivative of the average of a product yv or P-v 

may be equated to the derivative of a product of averages. (For a justification 

of this important step, the reader is referred to discussions of averaging proce- 

dures by Batchelor (1970) and Hill (1972).) This enables one to write 

div 7 | yW du = div(yv), = div y,v" = div y’v, (11.48) 
V, 

and identical relationships for the product P-v. The averaged balance equa- 

tion thus becomes 

dis + div(ysv’ — Py-v' +f) —— | ty (Wraitn) ene (Rev f) ja oda 
U Ss 

+z | [y (Wn — Un) +n: (P+ v—f)) dats, | roo 0. (11-49) 
Vahist V uy, 

Using Table 11.1, one can now make appropriate substitutions in this equation 

so as to obtain specific macroscale balance equations for the densities of the 

mass, linear momentum (equation of equilibrium), and free energy of the solid 
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phase. With regard to the latter, it is henceforth assumed that the grain inter- 

iors deform elastically and that inelastic deformation remains restricted to the 

narrow grain-to-grain contact zones, i.e. the region 2, shown in Figure 11.2, 

which lies outside the region of integration V, of (11.49). The three balance 

equations then become 

: s § 
0:(0°s) + div p*dsv* — — V iA {o(Wn — Un)} da 

+ |, (0% — on] rayon 0) (11.50) 

<= 
div + | Fi isiee ae 

| {[n-o] da=0, (117s) 
Seb 

8:(p°fs) + div(p*f.v*) — p’ (Arby + div ov’) — o: grad v° 

1 = z 
-= |, (Om = oF + pip) da 

mes | [o(Wn — Un)f+n-o:(v—v*)] da=0 (11.52) 
A Seb 

In the last equation the traction n- o acting on the interface S,y is approximated 

by — pn, as in (11.36), while the equilibrium condition for the bulk stress is 

approximated correspondingly by 

div o=div o; + div of= div o, — grad orp’ =0 (11853) 

which is appropriate for slow viscous flow through a porous medium (see 

Lehner 1979); here div o, is expressed subsequently through (11.51). Also used 

in the derivation of (11.52) were the relationships 

. l . 

Ibs = _ dy 7 | du= —- — | Wn da (11.54) 
JVs V USy 

and 

1 ” 

grad ¢f= — | nda (E155) 
V Sy 

which are readily obtained by applying the theorems (11.45) and (11.46) to 
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vp = Jk and Q = 1, respectively. Furthermore, a term 

l ; 
V | (p — p!)(Wn-V ‘n) da 

Ss 

has been deleted from (11.52). The term represents a negligibly small work rate 

associated with porosity changes effected by pressure fluctuations about the 

macroscopic mean pressure p/. 

11.3.2. A macroscale Gibbs equation for the solid skeleton 

Equation (11.52) may now be cast in terms of a referential description, follow- 

ing the steps discussed in deriving the local balance equation (11.28) for the 

solid phase. Accordingly, let Vo now denote the region occupied by a repre- 

sentative sample and its volume in a fixed reference configuration, and let V 

denote the same entities in the current configuration, when the sample occupies 

the REV. This region is conceived as ‘material’ by defining its boundary as a 

closed surface passing through a set of solid particles that were already part 

of the solid phase and of the boundary of Vo in the reference configuration. 

The existence of such sets of particles that remain within the solid phase can 

always be assured for arbitrarily large finite deformations by an appropriate 

division into finite deformation steps. The displacement of a macroscale mass 

point and its velocity can then be defined in terms of the mean displacements 

and mean velocities of the particles forming this boundary set. This is consist- 

ent with the definition of the mean velocity v*° of the solid phase as a volume 

average (Brenner 1970), and by considering neighbouring REVs a macroscale 

deformation gradient F may be defined from their motion. With these re- 

interpretations in mind and with v replaced by v’, (11.23)—(11.27) may be used 

to transform (11.52) into 

W. = poy +T Bt | {e(Wn—Un)}(f- + pip ) da 
[AS 

sepals | [o(Wn— Un) +n-oa:(v—v°*)] da (11.56) 
Vo o's: 

where the abbreviations Vo*°/s/Vo— W, and Vd, Vo vy have been introduced 

for the free energy and void volume per unit reference volume. 

From the manner in which (11.56) has been deduced directly from (11.6), 

(11.12), and the restriction to elastic behaviour, it follows that this equation 

represents a macroscale Gibbs equation for a solid skeleton from which grain 

contact zones are imagined to have been removed. The first two terms on the 

right-hand side are familiar from the non-linear theory of elastic porous solids 

(Biot 1972, 1973). The third term appears in the work of Heidug (1985) dealing 
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with the stress-enhanced solution of a contiguous solid matrix in a pore fluid, 

while the fourth term makes allowance for both pressure solution and fric- 

tional sliding processes along grain boundaries. 

Equation (11.56) can be brought into a form in which dissipative work terms 

associated with solution/precipitation processes appear explicitly, in accord 

with the general structure of the internal variable theory outlined in the above. 

Thus, if the mass balance (11.50) is multiplied by the factor Jp4 and the result 

added to (11.56), while use is made of the abbreviation ms; = Jp’ds, one 

obtains 

W,= pliy+ Tib+ wht Z| {0(Wn— Un) }(f + plo — wi) da yal 
Ss 

a8 \, [0 (Wn — Un) (f— wh) ++ 0° (v—Vv’)] Gg (li) 

The first of the two surface integral terms in this equation is readily inter- 

preted, with reference to (11.36), as the rate at which energy is dissipated in 

solution/ precipitation processes along the pore walls S.y. The second surface 

integral term represents the rate at which energy is stored or released and dissi- 

pated by interfacial and diffusive mass transfer processes in grain-to-grain con- 

tact zones. Since the chemical potential y, represents an intrinsic average taken 

over the pore space, it enters as a constant into the last two terms. Over the 

length scale of an REV, the chemical potential of the solute in the intercon- 

nected pore space is thus treated as uniform in exactly the same manner as the 

pore fluid pressure. This corresponds to an assumption of local equilibrium on 

the macroscale for the pore fluid, which clearly does not apply to the pore 

walls and grain-to-grain contacts. The interface reaction and grain-boundary 

diffusion processes that occur there furnish the relaxation mechanism by which 

the internal state of the open system comprised by the REV tends to evolve 

towards an unconstrained state of equilibrium. The set of internal variables 

that controls this evolution turns out to be infinite-dimensional in the present 

case, in that it is fully determined only by a complete specification of the posi- 

tion of the pore walls and grain boundaries within an REV. The reason for 

this complication is seen to lie in the spatial variation of the integrands in 

(11.57), i.e. the dependence of the density, free energy, and traction on posi- 

tion along the interfaces S,y and S,». Consider the surface integral over Sy. 

Upon multiplication by an increment in time, df, its integrand may be written 

as 

(0 f- +p—p wi){(Wn- vn) dt} = — AY dé 

i.e. as a product of an affinity A‘ and its conjugate normal displacement dé 
(of the phase boundary with respect to the solid material). While p may be 
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viewed as constant and equal to p’, p and f~ and hence A* will in general 

vary along Szy. 

Similarly, one may write 

[Cof — on — pt) (Wa — Un)) + r[ur] = [42] + rod 

for the integrand of the grain-boundary term in (11.57). Here [v;] represents 

the slip displacement rate and 7 its conjugate shear stress, which is assumed 

to be continuous across Sgp, although a small jump in 7 could arise there from 

fluid pressure gradients (see (11.68)). In terms of the affinities so defined, the 

Gibbs equation (11.57) now reads 

W.= pliy+ TB + wins | Aveda-> | { [ad] + rfvd a 
Vo Sy Vo Sep 

It is quite clear that the last two terms in this Gibbs equation are of the same 

kind as the finite sum Vo! Sa Aaéq in (11.20), while the third term expresses 

the fact that the system under consideration, i.e. the solid skeleton phase 

within an REV, is an open system. 

Rice (1975) has presented a general thermodynamic formalism for obtaining 

the equations of state that are associated with a Gibbs equation of the type 

considered here. Central to this theory are reciprocity relations that yield 

expressions for strain increments due to incremental changes in the internal 

variables, corresponding, in the present case, to the increments dé along Sss, 

and dé* and v7 dr along S,y. In a first application of this theory to pressure 

solution, Heidug (1985) did not take into account grain-boundary sliding or 

indentation displacements, but demonstrated the construction of a complete 

constitutive theory from a Gibbs equation without a grain-boundary term. An 

essential part in such a theory is played by the kinetic relationships that govern 

solution/precipitation processes at phase boundaries, i.e. at the pore walls and, 

in general, within fluid-infiltrated grain-to-grain contact zones. An example of 

such a relationship is furnished by the phenomenological rate equation 

(11.37), which may be viewed as linking a local value of the affinity A‘ to its 

conjugate displacement rate &. As was pointed out in the introduction, it is this 

part of the theory that leads to difficulties with the grain-boundary term, where 

the correct interpretation of the thermodynamic driving force, i.e. of the 

affinity A®’, has remained a much-debated question in the geological liter- 

ature. Any attempt to generalize the constitutive framework established by 

Heidug (1985), by including pressure solution along grain-to-grain contacts, 

must first resolve the issue of the thermodynamic driving force. This problem 

was therefore chosen as the main topic for the remainder of this chapter, 

which will be concerned in particular with the formulation of approximate 

relationships for the rate of grain indentation due to intergranular pressure 

solution. 
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11.4 Intergranular pressure solution as a stationary 

non-equilibrium process 

A proper reformulation and interpretation of the last term in the Gibbs equa- 

tion (11.57) can be obtained only from a more detailed analysis of grain- 

boundary processes, based on the assumed solid- and fluid-phase behaviour, 

to which inelastic solid-state deformation mechanisms will now be admitted. 

The jump quantity appearing in the last term of (11.57) has already been 

characterized as a grain-scale average associated with the surface element 

ASgp, as shown in Figure 11.2. It is now necessary to express this quantity as 

part of a free energy balance for an elemental volume 0? of the grain boundary, 

and thereby to relate it to the rate of energy dissipation within the volume ele- 

ment, for it is this connection that will yield the desired phenomenological rate 

equations for the grain-boundary displacements. 

Consider therefore the pillbox-shaped volume element Q, as shown in Figure 

11.2, which is assumed to propagate with the median surface S,» at the speed 

wn. The median surface S,, and its unit normal n are defined at the grain scale, 

where n is allowed to vary in a piecewise continuous manner over S,s. On the 

fine scale, the element (2 is assumed to be bounded on either side of Sg, by 

planar surface elements, AS, and AS, which, on the grain scale, must be 

viewed as collapsed into a single infinitesimal surface element AS,, of orien- 

tation n. No limitation will arise from viewing as flat on the fine scale since 

the equations obtained by averaging the fine-scale description over Q will make 

full allowance for surface curvature of S,, on the grain scale. 

A straightforward application of the transport theorem (11.45) to the 

generic balance equation (11.39) leads to the following expression for the rate 

of change of the content Joy du of some quantity ¥ within the propagating 

volume element Q: 

a, | vdv= | (V(Wa — Un) + m+ (P+v—£)} da 
JAS ch 

—\ _(0m— on) +m (P-v—f)} da 
AS gb 

_ | {yv-nr—np: (P>v—f)} da— | rdvu- | rdv—- | A da 
r JQ, Q, AS, 

Gide5h) 

Here the generic jump condition (11.40) has been applied along the solid/ fluid 
phase boundary ne within the grain contact zone, ASy being the increment of 
Sy covered by the volume element 0 (see Fig. 11.2). Equation (11.58) may now 
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be cast in a form appropriate to the local description of grain-boundary 

processes on the grain scale of Figure 11.1 and equation (11.57). This can be 

accomplished by a systematic rescaling procedure, based on the use of a small 

parameter e = 6/a to define a set of stretched co-ordinates x’ = x/e such that 
the x’ system is used when viewing the grain contact at the fine scale of Figure 

11.2, while the x system is associated with Figure 11.1. Here 6 denotes the 

thickness of the pillbox-shaped volume element 2, while @ denotes the linear 

dimension of a typical grain-to-grain contact. The scale change contemplated 

corresponds to taking the limit e > 0 while holding fixed the ratio 6/d, where 

d is the diameter of the cylindrical region 2. This scale change converts the 

surface integrals over AS,} and AS,s into a local jump quantity defined on 

Sep, while the integrals over [=I',+TJ'y yields surface divergences of flux 

quantities associated with the two phases. Equation (11.58), after division by 

AS — ad?/4 and some rearrangement, is transformed by this fine-scale aver- 

aging into 

[Y(wn — Un) tne (Pv —f)] = 50h + 5 >) div(yv’ — P,- v7" + f,) 

1 i 1 alae cd | d eI dg inso 
Tee PEt) Gace Kal aks ONL 

The grain-scale averages and surface divergence appearing in this equation are 

defined by (with v=s, f) 

§ 1 t s P 
»=— dv, = — dW’ /6 11.60 

6AS \,¥ : v a v yy ( 

eae 1 4, a my 
div q arn |. q:-nrda, G@=>)q= py 5q’/6 (11.61) 

if He (11.62) 

where q stands for any of the flux vectors v, f, Yv, and P- v, and a decomposi- 

tion of the type (11.48) is assumed for the average of a product, 1.e. 

div(yv), = div y,v" = div '¥,, 
i P (11.63) 

div(P -v), = div(P, - ¥") = div(P’- ¥,) 

Similarly, the jump quantities forming the left-hand member of (11.59) have 

the significance of surface averages taken over AS.) and AS,», and must here 

be viewed as grain-scale point functions defined on S,». The width 6 of the con- 

tact zone is assumed to be uniform along Sg», comprising the sum of the mean 
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fluid-film thickness 6,= vol(Q;)/AS and mean solid boundary layer thickness 

5; = vol(Q;)/AS, the latter extending over the disturbed zones of any pair of 

contacting grains, as shown in Figure 11.2. 

The further analysis will now be simplified by restricting this discussion to 

grain-boundary states that evolve slowly enough to permit a process descrip- 

tion in terms of a succession of steady states, when viewed by an observer 

moving in the tangent plane of S,» at a speed equal to the projection of the 

uniform (on the grain scale) macroscopic solid phase velocity v°. Moreover, 

it will be assumed that in this frame the surface divergences of all convective 

flux quantities vanish in the solid grain-boundary phase. These assumptions 

are expressed by the conditions 

dW" + v°- grad py’ =0, pa gep div{(¥*°1 — P*)- (v5 — v‘5)} =0 

which when introduced into (11.59), yield 

[V(Wn — Un) +n: (P+ v—f)] = 

— dv’: div P + 6; div{(¥/1 — P’)- (#4 —v°)}+.6 divf 

| 1 i 
+ rdv+— rdu+— Ada (11.64 

Ye AS Ja, AS yASs ( 

This equation is now used together with Table 11.1 to derive the following 

specific grain-scale jump conditions, valid at any point along the grain bound- 

ary Sgp: 

[0 (Wn — Un)] = 5¢ div p/ (#4 — v‘), total mass (11.65) 

[0(Wn — Un)] = by div{ 61 (¥7 — v5) + Ji}, solute mass (11.66) 

0 = 6, div{ 62(¥/ — v°) + Jn}, solvent mass (11.67) 

— [n-o] =6 div a, momentum (11.68) 

[0 (Wn = Un) f + n: o:v 
= 

— dv*+div o + dy div{(o/fl — a/)- (4 —v°) + >) pi} 

] ; ] i: 1 , 

+—~ | Ty dv+— \| Ty dvu+— To d 
AS \,, Y AiSwala a AR shale 0 da, free energy (11.69) 

A comparison of these conditions with their equivalent among conditions 
(11.30)—(11.35) again reveals the fundamental difference between the two 
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types of singular surfaces — pore walls (S,r) and grain boundaries (S,») — that 

are distinguished in this analysis: grain boundaries are the site of an autono- 

mous fluid phase and of associated interfacial transport phenomena. The dif- 

fusive mass fluxes J; are defined here, as in (11.7), in terms of the partial 

densities 6; and component velocities ¥; by Ji=fi (¥i—¥/), with ¥/= 
Di Ovi OY. 

For the purpose of obtaining phenomenological rate equations for 

intergranular pressure solution, condition (11.69) is of prime interest. As 

a balance equation, it asserts that the net influx of energy and momentum into 

a grain-boundary element (of volume 6AS on the microscale) equals the energy 

dissipated by irreversible deformation, transport, and interface reaction pro- 

cesses. However, a more useful statement can be extracted from condition 

(11.69) upon making use of the explicitly known expressions for rates of 

energy dissipation in the last three terms. In preparation for this step, the term 

—6v°+div 6 is absorbed in the left-hand member of (11.69), through use of 

condition (11.68), as is the first term of the expansion 

by div (67771 — 6”) (W— v°)} = fi Lo(Wn — Un) 

+ 6(¥/ —v°)- grad pt + 5, DJi+ grad [hi 

which is obtained upon putting 6/ £1 — 64 = (64 f+ p= di pifil and sub- 

sequent use of conditions (11.66) and (11.67). Condition (11.69) now reads 

[o(Wn — Un) (f— fir) + n-0- (V—V*)] = 6/0! — v°)- grad pl 

~ 1 
+ 6D) Frerad w+ | Ty du +— 

: AS Jig; 

| Peed eee | Maer s air OTT 1870 
Role tlie pee ASsf 

Now, by averaging expression (11.13), the surface-specific, grain-scale rate of 

dissipation in the fluid phase is found to be 

gs | Ty dv = —6/(¥/ — v°)- grad p’ — dy >) Ji- grad ji 
AS sa; i 

<< | a { (Wn — Un) } (m1 — fir )da (tuk. 7) 
AS sy 

Here the first two terms represent the rate of dissipation due to viscous fluid 

flow and molecular diffusion along the grain boundary, while the last term rep- 

resents dissipation associated with fine-scale diffusion fluxes. These fluxes may 

exist, even if grain-scale gradients in #/ and ji; vanish; for example, in a pure 

sliding mode of grain-boundary displacement with no net mass transport along 
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S.» through a volume element 2 but with local transfer within Q from solution 

to nearby precipitation sites (see the discussion by Lehner & Bataille 1984/85). 

The spatial fine-scale fluctuations pa: — ji; in the chemical potential are, of 

course, due to the irregular grain-boundary structure. 

Substitution of the expressions (11.29), (11.36), and (11.71) in (11.70) now 

gives 

Lo(wr= tn) = fi) Futo (v= v")] = Te (11.72) 

with 

] N : 

(hs = -= n Le(Wn = Un) ui — fijda +7 phys 
Sy a=1 

1 2 a 
a rar n— Un = =a aH AS \,5, Un)\(f + plo —w)daz20 (11.73) 

The inequality holds separately for each of the three terms. This follows from 

(11.29) and (11.36) for the second and for the last term, and since it is readily 

justified for the sum of the first and last, it also applies separately to the first 

term. 

Condition (11.72) has the significance of a Gibbs equation for a volume 

element of a grain boundary that constitutes an open system and is the site of 

a stationary non-equilibrium process. It is fundamental to obtaining the 

phenomenological rate equations that govern grain-boundary sliding and 

indentation displacements, and will furnish the desired expression for the last 

term in the Gibbs equation (11.57). 

In reality, grain-boundary sliding in an aggregate is likely to be constrained 

by grain indentation, which then becomes the mode of pressure solution of pri- 

mary interest in that it will control both the compaction and deviatory creep 

rates. By assuming this to be the case and by restricting attention to flat grain- 

to-grain contacts that are symmetric in the sense that — on the grain scale — 

jf and p may be considered to be continuous across Sp, condition (11.72) is 

now reduced to 

[o(Wn — Un)] (f— on/p — 1) = TE > 0 (11.74) 

where f—o,/p may be defined on either side of S,». The limitation to sym- 

metric grain-to-grain contacts is, of course, severe, even for monocrystalline 

aggregates, and will exclude from consideration important crystal orientation 

effects that are visibly present in the experiments of Spiers & Schutjens (this 

volume). While it is dictated at this point — as is the earlier restriction to binary 

systems — by the need to establish a basic theoretical framework, lifting this 

restriction in subsequent studies should result in important quantitative 
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insights into grain anisotropy and inhomogeneity effects on pressure-solution 

textures. 

When (11.74) applies, the last term in (11.57) may be written as the sum 

& = 27+ Lp of two contributions to the total rate of dissipation along grain 

boundaries, where 

Sa = | [0 (Wn — Un) (f- Onfp — p)da (11.75) 
0 Seb 

and 

Ep: = | [o(Wn — vn) Gir — wa (11.76) 
0 Seb 

are associated with interface reactions and grain-boundary diffusion, respect- 

ively. The important limiting cases of diffusion-rate-limited and interface- 

reaction-rate-limited pressure solution can now be defined succinctly by the 

requirements L;<< Lp and L;>> Lp, respectively. In the first case, the 

dissipation 76 associated with the local grain-boundary processes, as given 

by (11.73), is considered to be negligible in comparison with dissipation 

associated with diffusive solute transport along grain boundaries, driven 

by the potential difference fj; —p/{. This case is therefore treated as if 

Té = 0 in (11.74), while [o(wn — v,)] 4 0, which amounts to putting 

FS — On] p = th on Sgp Chl 7g) 

This is Paterson’s (1973) ‘equilibrium condition’. It emerges here as an 

approximation by which the solution/precipitation reaction is treated as non- 

dissipative, precisely as is done for Stefan problems of propagating melting/ 

solidification boundaries across which a Gibbs free energy is assumed to 

remain continuous. This is the implication of Paterson’s a priori assumption 

of the existence of a local equilibrium state at points along a fluid-infiltrated, 

non-hydrostatically stressed grain-to-grain contact. However, the boundary 

condition (11.77) obtained in this manner — unlike Gibbs’ condition (11.38) 

— does not represent a sufficient condition of thermodynamic equilibrium in 

the sense that satisfying it would bring the solution/precipitation process to a 

halt. This is readily understood for the grain-boundary structure shown in 

Figure 11.2, which cannot be in equilibrium unless — 0, = p’, so that condition 

(11.77) reduces to Gibbs’ condition (11.38). Indeed, if —o, exceeds p’, which 

is the situation of interest, compression of the highly irregular contact zone 

will lead to non-uniformities in the free energy and specific volume of the solid 

phase along the phase boundary So According to (11.36) and (11.37) these 

non-uniformities must generate thermodynamic forces which will drive fine- 

scale dissipative processes of interface reaction and diffusion. Since (11.73) 
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demands that é > 0 in the presence of such fine-scale fluctuations, it follows 

that (11.77) cannot qualify as an equilibrium condition for the assumed grain- 

boundary structure. 

When the rate of pressure solution is controlled by the interface reaction, 

that is when LY; >> Lp, the chemical potential along the grain boundaries will 

be approximately uniform and equal to the potential in the free pore space, 

ie, 

fia (11.78) 

The last term in (11.57), which under the above assumptions may be written as 

1 
y= 

Vo 
I, [o(Wn — Un) (Ff — onl — wt )da (11.79) 

is now seen to contain the product of the mass transfer rate and the appro- 

priate thermodynamic driving force for each of the limiting cases characterized 

by (11.77) and (11.78), respectively. The difference lies in the kinetic relations 

that link the force and the flux; these will now be considered. 

11.4.1  Interface-reaction-controlled pressure solution 

As long as the deformation behaviour of the grain interior remains in the elas- 

tic range, it may be assumed that the rates of inelastic deformation of the solid 

contact-zone material are determined by the interface mass transfer rate. For 

reaction-rate-limited pressure solution the term of importance in expression 

(11.73) is therefore the interfacial dissipation term, so that (11.73), (11.74), 

and (11.78) yield the approximate relationship 

[o(Wn — Un) (f— onfp — nt) = 

TPG ere np {p(Wn = Un) \(f- 38 plo” a u{)da = 0 (11.80) 
Sy 

Viewed as a balance statement, the equality part of this relationship shows 

how the higher work rate of the normal stress —o,, as compared with that of 

the fluid pressure p, is compensated for by a transfer of excess free energy 

J — f across the phase boundary, as highly stressed or plastically deforming 

asperities are removed. The use of (11.80) comes from the observation that if 

the force and the flux under the surface integral are related by (11.37), then 

a relationship 

[0(Wn — Un)] = L*(f- On| p ra ut) (11.81) 
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will exist (in which L* differs from L by a geometric factor) as long as the 

‘open’ grain-boundary structure of Figure 11.2 prevails. The latter quali- 

fication is essential and relates to the observation made above that the island 

structure of Figure 11.2, with its interconnected fluid-invaded pore space, can- 

not be an equilibrium structure. The implication of this is that relation (11.81) 

cannot be expected to hold continuously down to vanishing dissolution rates. 

Indeed, the physical state of the grain-to-grain contact zone is likely to change 

in approaching equilibrium, with mobile grain-boundary fluid being squeezed 

into the open pore space or else forming disconnected fluid inclusions (Urai 

et al. 1986; Spiers & Schutjens, this volume; and other investigations men- 

tioned in the introduction) which can become equilibrated individually with 

the solid phase. A full discussion of this transition from the above-postulated 

statistically stationary non-equilibrium grain-boundary structure to an equilib- 

rium structure will not be attempted here, partly because interfacial tension 

effects (which here have been disregarded) are essential to its understanding. 

It will be clear, however, that pressure solution at grain-to-grain contacts may, 

in general, cease to operate at a finite value of the force f-— on/p — uf. 

Evidently, it is difficult to associate a definite value for this quantity with the 

re-initiation of pressure solution at a grain boundary, for example by some 

process of marginal dissolution and/or fluid bubble coalescence that will 

depend on the initial state of the grain boundary and may be driven, in part, 

by shear stresses. This unresolved question will nevertheless be crucial to stu- 

dies concerned with porosity—depth relationships in sedimentary rocks. In this 

situation it is reasonable to introduce a tentative assumption that may subse- 

quently be verified. The simplest one to make is clearly the assumption that 

the range validity of (11.81) may be extended towards simultaneously vanish- 

ing values of the force and the flux. More precisely, it is assumed tentatively 

that the condition 

f= Gn = wt (11.82) 

is a necessary and sufficient condition of equilibrium for interior points along 

a flat grain-to-grain contact, where the bar denotes surface averages taken over 

a particular grain-to-grain contact. 

Condition (11.82) must be distinguished carefully from Paterson’s condition 

(11.77) which implicitly demands that the inequality f—o,/o > p{ be 

maintained at all contact points during a diffusion-rate-controlled process. 

Condition (11.82) is in fact readily understood when a granular aggregate is 

considered for which f and 6 may be taken as approximately uniform and 

equal tows and p, so that ppt =f + p’|p* defines a uniform equilibrium 

chemical potential for the solute in the free pores in accordance with Gibbs’ 

condition (11.38). Condition (11.82) may then be written 

= (Git po? Sut = ni (11.83) 
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where the right-hand side may be re-expressed in terms of a supersaturation, 

using (11.16). It is thus seen that condition (11.82) specifies a supersaturation 

— proportional to the effective grain-boundary normal stress — needed to halt 

pressure solution at a particular grain boundary. Once this supersaturation has 

been attained, grain boundaries will become closed by precipitation. Along 

the free pore walls, however, precipitation could continue thereafter, thereby 

reducing the supersaturation without re-initiation of pressure solution at grain 

contacts. For this reason condition (11.82) is unlikely to provide a reliable limit 

condition for predicting the initiation of pressure solution at closed grain 

boundaries. 

With these restrictions in mind, the only application of (11.81) and (11.82) 

contemplated here is to wet grain boundaries removed from, but possibly 

approaching, a state of equilibrium. 

When ff, p, on are approximated by uniform values f*, p’, Gn, relation 

(11.81) can be replaced by 

[0 (Wn — Un) = —L"( (Gn + DI) 0° + wf — wFY (11.84) 

11.4.2. Diffusion-controlled pressure solution 

Here the rate of dissolution [o(wWn — Un)] in (11.79) must be obtained by solv- 

ing an appropriate grain-boundary diffusion equation, which is derived from 

the mass balance (11.66) and from Fick’s law (11.15). If, consistent with the 

assumption of diffusion rate control, the convective flux 6; (¥” — v‘) is neglig- 

ible in comparison with Ji, this equation becomes 

[e(Wn — Un)] = — div 16, (1 — ¢1)grad fy (11.85) 

where ,i; must be substituted from Paterson’s Stefan-type boundary condition 

(11.77) to obtain a mass transfer rate compatible with the solution of the 

mechanical contact problem that determines the left-hand side of (11.77). This 

last point appears to have been overlooked in earlier work by Rutter (1976) 

and Robin (1978). Thus, Rutter solves a diffusion equation for 4, assuming 

a uniform dissolution rate [o(w,, — v,)] and hence indentation creep rate, and 

subsequently determines the contact stress o, from an approximate form 

On = — Psfy Of Paterson’s condition (11.77). There is clearly no reason for this 

stress distribution to be always consistent with the solution of the appropriate 

mechanical contact problem. 

A possible resolution of this difficulty, which appears attractive but must be 

considered as hypothetical at this stage, could lie in a transient, periodically 

inward-progressing grain-boundary dissolution process, such that the solution 

rate [p(Wn—Un)] would be uniform in the mean, and (11.77) and (11.85) 

would hold in a time-averaged sense. The interesting implication of such a 

periodic process for the normal stress o, is that its value could at any instant 
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satisfy the solution of the relevant mechanical contact problem, while the time 

average of this periodically varying stress would be distributed over the grain- 

to-grain contact as demanded by (11.77) and the solution of (11.85). The 

resulting stress distribution would then again be of the type obtained by Rutter 

(1976), whose approach to diffusion-rate-limited pressure solution would thus 

appear justified on a more consistent, although still hypothetical, basis. 

The nature of this contact stress distribution and the general form of the 

phenomenological rate law for grain-boundary diffusion-controlled pressure 

solution are made clear by Rutter’s example of a plane, circular contact of 

radius a (see also Spiers & Schutjens, this volume). Thus, by introducing an 

effective grain boundary diffusivity Dg, = 6¢/RT| {64M,é,(1 — &)} in (11.85) 

and approximating a factor ¢; by the free pore space concentration cj, a solu- 

tion for the chemical potential in the radial co-ordinate 0 <r < a, subject to 

fii |a= pt and (dji/dr)|o=0, yields 

[0 (Wn = Un) RT 

46/Mc1Dep 
f(r) — wt = (as ra) (11.86) 

where [o(w,— Un)] is treated as a constant. Taking the surface average over 

the contact of this expression and substituting for “, from condition (11.77), 

one finds 

86/ Mic Dep 

re ied et oe (11.87) [0 (Wn a Un)] ee 

Further, if f and 6 are reasonably approximated by uniform values f* and p’, 

then this relationship can be written 

= 86! Mic1D, 

[0(Wn — Un)] = RTa. 2 {(Gn + p!)/o° + wi — wt} (11.88) 

If, as is appropriate for diffusion rate control, the supersaturation p{— yf" 

in the pore space is assumed to be negligible in this expression, then the rate 

of dissolution simply becomes proportional to the effective normal stress 

86/Mic\Dep 
SRT a? (Gn + p’) (11.89) [0(Wn — Un) = — 

To ascertain the applicability of this result one should, however, consult a 

criterion for rate control obtained from (11.79), (11.84), (11.88), i.e. the ratio 

Semel (0 Waiee Un) arwael ake Ca seek Se as 

Ep [pP(Wn-rnIv  86/MiciDen 81D 
(11.90) 
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Here k*= L*RT]p‘V’ is an effective transfer coefficient and V* is the molar 
volume of the solid. It should be observed, however, that this criterion is 

linked to the assumption of linear rate laws. In general, therefore, the 

criterion for rate control may well involve a dependence on the magnitude of 

the thermodynamic driving force and, inasmuch as the rate laws (11.84) and 

(11.87) are to be viewed only as the simplest possible choices, no statement 

is implied here about their range of validity. 

11.4.3. Interface-reaction-controlled volumetric creep of dense aggregates 

An inspection of relation (11.88) suggests that even the simplest type of aggre- 

gate geometry will, in general, exhibit non-linear creep behaviour, primarily 

because particle contact areas and contact stresses will change during deform- 

ation. While a treatment of these geometrical non-linearities is beyond the 

scope of this chapter, there is at least one fairly simple but instructive case that 

lends itself to analysis without the need to employ a complete constitutive 

description. This is the geologically interesting case of volumetric creep in 

aggregates that have retained only an intergranular porosity in the form of 

‘sheet pores’. The process of pervasive mass removal by pressure solution can 

continue here, provided that there is some grain-boundary permeability. Creep 

velocities are then typically determined by the interface reaction rate, with the 

chemical potential of the solute in the grain-boundary fluid being controlled 

by long-range advective transfer of material. 

The loss in bulk volume per unit time, which is the quantity of interest, is 

now simply equal to V,, the rate of change of the solid volume, assuming that 

changes in the small grain-boundary porosity may be disregarded. Under con- 

ditions of constant stress and pore-fluid pressure, the density of the solid phase 

may be taken as constant. One therefore has the simple kinematic relationship 

peal [Un] da (11.91) 
0 J Sep 

The phenomenological rate equation (11.84) is now substituted for [v,], and 

it will be assumed that the grain-boundary stresses may be set equal to resolved 
macrostresses. This gives 

it FS : ; ih iG 
J =e (Co + p’1) + 0° (uf — wf)1) : RT (oa DeLee oC and JL) me da 

or 

1 dV , beige 
ap 73h: let pl) + o' (ut — wi )1} (11.92) 
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where © 

nn da, a= V/Sep (11.93) 

Thus, the rate of volume loss will, in general, be governed by a tensorial vis- 

cosity coefficient, which reflects the current grain-boundary fabric. For large 

strains this tensor would have to be recalculated continuously by integrating 

the local rates of grain-boundary displacement. In the special case of isotropic 

stressing of an isotropic aggregate, will be isotropic and equal to 

h ={(k*V'/p*RTd}1 = XI, so that 

il aliY 5 e ap a Kees ana (uf — pf%)} (11.94) 

where the coefficient \ remains constant if the grain size is reduced in a self- 

similar fashion while the aggregate bulk volume is shrunk. 

Since the volumetric creep rate is controlled by the chemical potential yf of 

the solute, which in turn is determined by large-scale transport in a given 

hydrological régime, it is clear that volume creep and transport are intimately 

coupled, as has long been recognized. 

11.5 Concluding summary 

A thermodynamic theory of the mechanism of rock deformation by pressure- 

solution processes has been presented. A case was made for an approach that 

uses averaging techniques to derive a macroscale aggregate description from 

a postulated microscale continuum formulation of the underlying physical 

processes. It has been shown in this manner how ‘internal displacements’ that 

result from intergranular or pore-wall dissolution enter into a rigorously for- 

mulated macroscopic Gibbs equation of the ‘internal variable’ type. The same 

averaging procedure, when applied to a representation grain-boundary ele- 

ment, has enabled the identification of the thermodynamic driving forces 

conjugate to grain-boundary displacements and has shed light on the nature 

of a widely used ‘equilibrium condition’ proposed by Paterson. This con- 

dition was found to have the significance of a Stefan-type boundary condition 

in which the interface reaction is treated as non-dissipative, as will be appro- 

priate for diffusion-controlled pressure solution. Since grain-boundary pro- 

cesses were treated as stationary in this chapter and since surface-tension 

effects were disregarded, the important problem of the nature of transient 

interface states — particularly in the approach towards equilibrium — could 
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not be examined. It was observed, however, how these more general transient 

states of a grain boundary may modify the phenomenological rate equations 

obtained from steady-state theory, and indeed invalidate these relations near 

equilibrium, when interfacial energies are likely to become important. These 

limitations of the present analysis are significant, and point in the direction 

of further theoretical and experimental work that is needed. 
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Appendix 

Throughout this chapter direct (bold face) notation is used. In terms of Car- 

tesian components with respect to an orthonormal basis ex (kK = 1, 2,3), the 

following definitions apply: 

V = Ukek vector 

o=oxexe; (o' =transpose of a) tensor of rank two 

1 = 6xexe; unit tensor 

U*V = UU inner product of pair of vectors 

WO = laren. Dt. Deal eon ced ae inner product of pair of tensors 

dv d 
grad v= = ELE] gradient of v 

OXk 

, O05 : c 
div ¢=—~e, divergence of a 

Xk 

ay ner 
ony = — partial derivative of ¥ with 

at respect to time 
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CHAPTER TWELVE 

Densification of crystalline 

ageregates by fluid-phase 

diffusional creep 

Christopher J. Spiers & Peter M. T. M. Schutjens 

12.1. Introduction 

It is widely accepted in the literature that polycrystalline minerals, ceramics, 

and rocks containing subcontinuous intergranular films of solvent or melt can 

deform by diffusive mass transfer through the grain-boundary liquid phase 

(Durney 1972, Robin 1978, Raj 1982, Rutter 1983, Cooper & Kohlstedt 1984). 

This type of mechanism is generally referred to as fluid-phase diffusional creep 

(Stocker & Ashby 1973), solution-precipitation creep (Raj 1982), or pressure 

solution (e.g. Rutter 1983), and is of well known interest both in materials sci- 

ence (see Lange et al. 1980, Raj & Chyung 1981, Raj 1982) and in the Earth 

sciences (see Robin 1978, Rutter & Mainprice 1978, Rutter 1983, Green 1984, 

Urai et al. 1986). In the present chapter we shall use the term ‘fluid-phase dif- 

fusional creep’ (FPDC) for the process. For mechanisms involving coupled 

solid-state flow plus dissolution at grain-contact margins (Pharr & Ashby 

1983, Green 1984) we shall use the term ‘dissolution-coupled creep’. 

In recent years, there have been numerous attempts to develop theoretically 

based constitutive models for fluid-phase diffusional creep (Stocker & Ashby 

1973; Rutter 1976, 1983; Raj & Chyung 1981; Raj 1982). In these models, 

grain boundaries are considered to contain fluid in some interconnected form 

which cannot be squeezed out, i.e. in a strongly adsorbed thin film (Rutter 

1976, 1983; Robin 1978) or in a fine-scale island-channel network containing 

fluid at uniform pressure p (Elliot, 1973, Raj & Chyung 1981, Raj 1982). 

Creep is envisaged to occur via a fluid-enhanced grain-boundary diffusional 

mechanism involving dissolution of material at interfaces under high mean 

normal stress (o,), diffusion through the grain-boundary ‘fluid’, and precip- 

itation at interfaces under low mean normal stress. In this manner, both 

deviatoric and densification (compaction) creep are thought to be possible (see 

Figs 1251); 

In almost all FPDC models, mass transfer is considered to be driven by 
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Figure 12.1 Mass transfer steps thought to be involved in fluid-phase diffusional creep. (A) 

Creep in dense polycrystalline material. (B) Densification or compaction creep in a fluid-saturated 

porous aggregate subjected to effective pressure Pe. 

stress-induced gradients in chemical potential, defined by 

Afis = Aon G2) 

where Ax; is the chemical potential drop (per molecule) between individual 

source and sink sites, Ao, is the corresponding difference in mean inter- 

granular or interfacial normal stress, and Q* is the molecular volume of the 

solid phase (Paterson 1973, Robin 1978, Raj & Chyung 1981). An expression 

for creep rate is then obtained from a consideration of the kinetics of the three 

serial processes of dissolution at source sites, diffusion through the grain- 

boundary fluid, and precipitation at sink sites, the slowest of these steps being 

rate controlling (Raj & Chyung 1981, Raj 1982). Constitutive equations 

obtained in this manner are summarized in Table 12.1. 

This theoretical approach is widely accepted and to some extent supported 

by experimental evidence (Raj & Chyung 1981, Spiers et a/. 1986). However, 

it has recently been shown by Lehner & Bataille (1984) that the concept of driv- 

ing force represented by equation (12.1) lacks a sound theoretical basis and 

that physically realistic models require formulation within a more general 

(non-equilibrium) thermodynamic framework than the classical equilibrium 

approach (Paterson 1973, Robin 1978) upon which (12.1) is based. 

In the present chapter, we develop a model for densification by FPDC using 

a thermodynamic dissipation approach. This avoids (12.1), and an expression 

for creep rate is obtained by assuming that all work done during compaction 

is dissipated driving the FPDC mechanism. We go on to report a series of com- 

paction creep experiments performed on wet NaCl powder. The results agree 
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Table 12.1. Summary of previous constitutive models for fluid-phase diffusional creep. 

Se ee 

Diffusion-controlled Dissolution/ precipitation- 

case controlled case 

[References] * [References] * 

deviatoric creep (dense polycrystals) ey = A,DCQ'Soij[kKTd? €ij = ArINoij[ kTd 

Wa [3, 4] 

densification creep (porous aggregates) 6 = A;DCQ‘SP.[kTd?* B = AgIQ’ P.[kTd 

[2, 4, 5] [4] 

The above are written in generalized form neglecting surface energy effects (Raj 1982). Deviatoric and den- 

sification creep rates are represented by éj; and @ respectively. P. represents applied effective pressure, and aj 

represents applied deviatoric stress. A; and Az are numerical constants, while A; and Ag are unspecified func- 

tions of aggregate structure, regarded as constants at constant porosity. D and C are the effective diffusivity 

and solubility (mol fraction) of the solid in the grain-boundary fluid, 2° is the molecular volume of the solid, 

S represents the effective grain-boundary width, d is the grain size, k is Boltzmann’s constant, J is absolute 

temperature, and / is the velocity of dissolution or growth of the solid (whichever is slower) for a driving force 

Ofalekae 
* References: 1, Stocker & Ashby (1973); 2, Rutter (1976); 3, Raj & Chyung (1981); 4, Raj (1982); 5, Rutter 

(1983). 

favourably with our model and, in contrast to previous work (Raj 1982), 

provide strong evidence that densification of wet NaCl occurs by a diffusion- 

controlled FPDC mechanism. 

12.2 The model 

12.2.1 Grain-boundary structure 

For fluid-phase diffusional creep to be a physically feasible mechanism of den- 

sification, grain boundaries must possess a stable structure allowing wetting by 

the solvent while simultaneously transmitting intergranular tractions. In the 

present model we assume an island-channel grain-boundary structure with 

the generalized configuration illustrated in Figure 12.2. Following Raj (1982) 

and Lehner & Bataille (1984), this structure is assumed to be ‘dynamically 

stable’ in the sense that during continuous dissolution or precipitation within 

an individual element, the average structure remains constant. 

This assumption is based on the following argument (see also Lehner & 

Bataille 1984). Consider Figure 12.2: within such an element, the condition of 

chemical equilibrium between solid and fluid at any point on the phase bound- 

ary is given (neglecting surface energy terms) by 

ws = f° + pip® (12.2) 

where ps 1s the mass specific chemical potential of the solid in solution, f° is 
the mass specific Helmholtz free energy of the solid at its surface (including 
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Figure 12.2 Section through representative grain-boundary element with island-channel struc- 

ture. The structure is characterized by the parameters w and a, where w is the thickness of the 

grain-boundary zone, and a is the volume fraction occupied by islands (i.e. by solid). The channels 

contain fluid at pressure p < o,, where o, is the mean normal stress transmitted across the element. 

In the present model, the structure is assumed to be ‘dynamically stable’ (see text). 

contributions related to elastic and inelastic deformation), p is the pressure in 

the fluid, and p° is the density of the solid (Lehner & Bataille 1984). When the 

grain-boundary element is loaded (Fig. 12.2), stress concentrations at islands 

will cause preferential deformation at these sites plus corresponding increases 

in f° due to elastic and defect-stored energies (in the general case). The result- 

ing gradients in f° will also be accompanied by gradients in p*, although these 

will usually be negligibly small. Applying (12.2) to the phase boundary, it now 

becomes clear that equilibrium cannot exist within the zone considered. 

Instead, the island structure will tend to be smoothed out under the influence 

of gradients in f°, and the grain-boundary fluid will be expelled or trapped in 

isolated inclusions. In general, however, the presence of defects in the solid 

(e.g. dislocations, impurity atoms), heterogeneities in solid deformation, and 

crystallographically controlled interface kinetics will lead to perturbations in 

the rate of dissolution and precipitation along the phase boundary. Provided 

that the fluid wets the solid and that the grain-boundary element constitutes 

an open system, this process will maintain a rough surface with some average 

structure, i.e. it will maintain a ‘dynamically stable’ island structure 

characterized by the parameters w and a defined in Figure 12.2. This assumed, 

non-equilibrium structure forms the basis of the present model for fluid-phase 

diffusional creep. 

12.2.2 The creep model 

Consider now a representative volume of idealized crystal aggregate consisting 

of a close-packed (fcc) array of spherical grains, each of diameter d 

(Fig. 12.3). This representative volume is subjected to an external hydrostatic 

pressure P and flooded with a pore-fluid solution phase at pressure p = P, the 
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(A) 

(B) 

plan 

Figure 12.3 Geometric aspects of the idealized crystal aggregate considered in the present model 

for densification by FPDC. (A) Aggregate in initial uncompacted state, i.e. volumetric strain 

e, = 0. (B) Grain-contact geometry after a small volumetric compaction e,=3e, where e is the 

conventional strain in any principal direction. Note that the radius (d/2) of free grain surfaces 

is assumed constant. This is a reasonable approximation provided that e, < 20 per cent. Note also 

that x = d(1 —e)/2, and a? = d?(2e— e”)/4 = d’e,/6 when e is small. 

solution phase being in chemical equilibrium (i.e. saturated) with respect to the 

solid. The value of P is now increased, while p is held constant, so that the 

aggregate experiences an applied effective pressure P.=(P-— p) tending to 

drive compaction. In developing our model for the response of the aggregate, 

we proceed by making the following principal assumptions: 

(1) The representative volume of aggregate plus enclosed fluid is assumed to 

form a thermodynamically homogeneous system. 
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(2) After an initial pseudo-Hertzian deformation, grain contacts are assumed 

to develop the fine-scale dynamically stable island-channel structure dis- 

cussed above, with the channels containing fluid at the pore pressure p. 

Within the system thus defined, radial gradients in average interfacial 

tractions will in general exist between the centre of grain contacts and free 

pore walls, these being accompanied by concomitant gradients in sur- 

face deformation (elastic and/or plastic), in f° at the phase boundary, 

and in the grain-boundary structural parameters a and w within grain 

contacts (see also Lehner & Bataille 1984; Lehner, this volume). In the 

present treatment, we assume that gradients in a and w are negligible (i.e. 

that a and w are constants). Under circumstances for which this assump- 

tion is broadly valid, the above-mentioned gradients in f° will provide a 

driving force for mass transfer from contacts to pores and thus for den- 

sification by an FPDC mechanism. Note that this driving force is not 

equivalent to that assumed in most previous treatments (e.g. Rutter 1976, 

Raj & Chyung 1981, Raj 1982), i.e. it is not due to gradients in the ‘PV’ 

term o,0° represented in (12.1). Indeed, (12.1) cannot strictly apply to the 

island-structured grain boundary, since its derivation (Paterson 1973, 

Robin 1978) is based on an a priori assumption of equilibrium within 

individual grain-boundary elements. This point is discussed in detail by 

Lehner & Bataille (1984) and Lehner (this volume). 

(3) Densification of the aggregate is assumed to occur purely by the above 

FPDC mechanism, with a// work done by the applied effective pressure 

P. = (P-— p) being dissipated in driving dissolution within grain contacts, 

diffusion into the pores, and precipitation on pore walls. 

(4) During compaction, grain contacts are assumed to remain macroscop- 

ically flat, with free grain surfaces remaining spherical (see Fig. 12.3). 

Inwardly progressive dissolution effects at grain-contact margins (i.e. 

marginal dissolution) are assumed to be negligible in comparison with the 

rate of removal of material from grain contacts. 

(5) Strains are assumed to be small. This simplifies the analysis greatly, 

introducing significant errors only when the volumetric strain of the 

aggregate (defined as ey = —AV/Vo) exceeds 20 per cent. 

On the basis of assumption (12.3) we can now write 

Wy = Av (12.3) 

where W, represents the rate at which work is done on the compacting 

aggregate, and A, is the total rate of dissipation associated with the FPDC 

mechanism (both quantities volume specific). In the present case 

Wy = — Pevf[V= P.8, where V is the instantaneous volume of the element of 

aggregate considered and @ is the volumetric strain (compaction) rate (Raj 

1982). Hence, 

Ay = Pe (12.4) 
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per unit volume. From a consideration of the geometry of the compacting 

aggregate (Fig. 12.3) and assuming equal dissolution rates at all contacts 

(hence hydrostatic strain), this can be rewritten in terms of the dissipation (A-) 

per grain contact. The result obtained is 

A )d? PeB (12.5) = Fa, Lm 25 apa 

Attention is now restricted to the case of diffusion-controlled rates of FPDC, 

i.e. to the limiting case in which the grain-boundary diffusional step is the only 

significant dissipative process (all other processes such as dissolution and 

precipitation being negligibly easy). In this case, the rate of dissipation (Agp) 

associated with diffusion through each grain contact becomes equal to Ac. We 

now seek an expression for A,, from a consideration of diffusional dissipation 

within the grain boundary fluid. First, the rate of dissipation (per unit volume) 

at any point in the fluid is given (Meixner & Reik 1959) by 

Ty! = — Js+ grad(us — pa) (12.6) 

where 7 is temperature, y/ is the rate of entropy production per unit volume 

of solution, J; is the diffusive mass flux vector of the solute, and yu; and pg are 

the mass-specific chemical potentials of the solute and solvent. Coupling this 

with Fick’s law written in the form (Lehner & Bataille 1984) 

Js= — L grad(us — pa) (12.7) 

and the Gibbs—Duhem equation 

dus| dpa — (Cy _ 1)/C (12.8) 

leads to the relation 

Ty! = L| grad ps|*/(1— C,)? (12.9) 

where C;, is the concentration (mass fraction) of solute in solution, and L is 

a phenomenological coefficient related to solute diffusivity (D) and the density 

(p’) of the solution via the relation 

L (Ops/8Cs) = )(1 — Cs)Dpt (12.10) 

Consider now the geometry of a single grain-contact region (Fig. 12.3). The 
concentration profile within such a contact region, when the rate of dissolution 
(A) of the contact walls is uniform (i.e. when the contact remains perfectly 
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flat), is given (Rutter 1976) by 

s= Ce+ A(a*—r’)/4Do* (12.11) 

where C, now represents the solute concentration at radius r within the con- 

tact, a is the outer radius of the contact zone, C? is the solute concentration 

at the contact margin, and A is expressed in units of mass rate per unit volume 

of grain-boundary fluid. In the present model, grain contacts are assumed to 

possess a dynamically stable island structure while remaining macroscopically 

flat. This requires (12.11) to be satisfied in some time-statistical sense, implying 

a time-statistically radial distribution of C, within grain contacts. Coupling 

(12.11) with the relation 

grad ps = (Ops/dC;)grad C; (22) 

and with (12.10), we obtain the expression 

grad ps = [(1 — Cs)Do“/L](— Ar[2Dp“) (12.13) 

which on substitution into (12.9) yields 

Tyo AT aL (12.14) 

for the dissipation rate per unit volume at any point within the grain-boundary 

fluid. The dissipation occurring in an annular element (width 6r) of the contact 

(Fig. 12.3) then takes the form Ty! [2mrw( —a)]6r, and the total dissipation 

occurring due to diffusion through an entire single contact is given by 

Ag = 2nw(1 — @) \, (A*r?/4L)dr (1215) 
0 

Here, A is independent of r, and L is approximately constant (for concen- 

trated solutions); thus 

Ag =TA’w(l—a)a*/8L (12.16) 

Substituting into this for A=d6p*/3w(l—a) (Rutter 1976) and for 
a? = d’e,/6 (see Fig. 12.3), and equating Ag» with A- (the total work dissi- 
pated per contact — see (12.5) — now leads to the creep equation 

6 ='ZSLP, (lier e,)| (p*)- 8a, en (12.17) 

Wiebe Z = 2162/7, S=w(1-—«a), and n=2. To obtain an approximation for 

L, (12.10) is now coupled with the relation 

bs = ps + (KT p'Q°) In ysCs (1218) 
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(where p? is a reference potential, y; is a normalized activity coefficient 

assumed to be independent of C;, and k is Boltzmann’s constant), yielding 

L = (p'Q5C,[kT)(1 — C;)Dp’ (12.19) 

where C, now takes the significance of the average solubility of the solute 

within the grain-boundary fluid. Substituting this into (12.17) gives 

- _ ZSC;(1 — C;)DO%p7 Pe(1 — ev) 
12.20 

B Kio" def ( 

These results (i.e. (12.17) and (12.20)) are closely similar to previous 

expressions for densification by diffusion-controlled FPDC (see Table 12.1). 

However, they possess the advantage that the influence of e, (hence porosity) 

is explicitly accounted for. The manner in which (12.17) and (12.20) have been 

derived also possesses the advantage that since (12.1) is not used, the con- 

stitutive response of the solid at the grain contact scale is not explicitly tied to 

the distribution of ys (see Lehner, this volume). 

Finally, we consider the influence of grain packing and shape on creep laws 

(12.17) and (12.20). Essentially identical results are obtained for non-fcc 

packing geometries, the final expressions for 6 varying by a numerical factor 

less than 2. The influence of grain shape is harder to evaluate. However, a 

crude indication of the effect of considering cubic rather than spherical grains 

can be obtained by assuming that cube corners are truncated by dissolution. 

It is easily shown that this creates contact zones with average radius a= ndep, 

where y is a mean orientation factor of value approximately 2/3. When this 

relation is used in (12.16), m in (12.17) and (12.20) takes the value 4. 

12.3. Experiments on sodium chloride 

We now report experiments designed to test the applicability of the above 

model to the case of densification creep in brine-saturated NaCl aggregates. 

The approach adopted involved truly hydrostatic compaction creep experi- 

ments in which the applied effective pressure (P-) and sample grain size (d) 

were independently varied, from test to test, in order to determine the 

dependence of volumetric compaction rate (B) on Pe, d, and on volumetric 

strain (é,). 

12.3.1 Experimental method 

The starting material was prepared by sieving oven-dried, analytical grade 
NaCl powder into controlled grain-size fractions of 180-212 um, 212—250 um, 
250—300 pm, and 300-355 ym. Individual 100 g samples of these grain-size 
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fractions were jacketed in rubber ‘balloons’ and tested at room temperature 

using the servo-controlled hydrostatic compaction apparatus illustrated in 

Fig. 12.4. In all experiments, the controlled grain size starting powder was first 

compacted dry at an effective pressure of 2.15 Mpa for ~ 30 min, venting the 

pores to atmosphere via valve A (Fig. 12.4). In each case, this led to an essen- 

tially time-independent volumetric compaction of 2—3 per cent, producing a 

well controlled ‘starting aggregate’ with a porosity of @o = 40.5 + 1.5 per cent. 
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Figure 12.4 Semi-schematic diagram illustrating the hydrostatic compaction apparatus used in 

the present experiments on brine-saturated NaCl aggregates. The compaction-creep behaviour of 

each sample was monitored by measuring the volume of brine displaced from the sample into the 

burette system. 
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Figure 12.5 Typical densification creep curves obtained for brine-saturated samples. (A) 

Influence of effective pressure (P.) at constant grain size. (B) Influence of grain size at constant 

effective pressure. (Note that data are shown to 4 days only, whereas a typical test duration is 

10 days.) 
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The dry-compacted samples were then unloaded (P. reduced to 0.05 MPa), 

evacuated via valve A (Fig. 12.4), and flooded with saturated brine from the 

burrette measuring system via valve B (Fig. 12.4). Samples were then reloaded 

by increasing P, to the desired test value (the brine pressure being always equal 

to ~ 1 atm; see Fig. 12.4), and the compaction creep behaviour was monitored 

as a function of time by measuring the volume of brine displaced from each 

sample into the burrette system. The experiments were performed at constant 

effective pressures in the range 0.5 < P. < 4.5 MPa, using samples of each 

available grain-size fraction. Volumetric strains of up to 25 per cent were 

achieved. Tests were terminated by reducing P, to zero and removing the sam- 

ple from the compaction vessel as quickly as possible. The compacted sample 

was then clamped lightly into a rubber tube, and the remaining pore brine was 

carefully flushed out using compressed air and evaporating oil. This was done 

to minimize corruption of the microstructure by post-test evaporation and pre- 

cipitation effects. Finally, the samples were impregnated to allow sectioning 

and subsequent microstructural study. 

Note that up to four samples could be simultaneously tested using the appar- 

atus illustrated in Figure 12.4, each sample being connected to its own system 

of burrettes. Although seemingly crude, these systems provided an extremely 

accurate method of measuring volume change, with a proven resolution of 

around 10~° of the sample volume. The servo-pump used to control test 
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Figure 12.6 Log—log plot of volumetric compaction rate (B) vs. effective pressure (P.) con- 

structed ftom the compaction-creep data of Figure 12.5A, for the values of volumetric strain (é,) 

shown. 
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Figure 12.7 Log—log plot of compaction rate (8) vs. grain size (d@) constructed from the data of 

Figure 12.5B, for the values of volumetric strain (e,) shown. 

pressures allowed control to within about 0.005 MPa, with an absolute 

accuracy of ~0.01 MPa. 

12.3.2 Results 

Typical densification or compaction creep curves are presented in Figure 12.5. 

These data have been used to construct plots of compaction rate (@) versus 

effective pressure (P-), grain size (d), and volumetric strain (e,); see Figures 

12.6, 7 & 8 respectively. From Figure 12.6, it is clear that at constant 

volumetric strain (e,) and grain size (d), 6 is more or less linearly related to 
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Figure 12.8 Log—log plot of compaction rate (8) vs. volumetric strain (e,) constructed from the 

creep data of Figure 12.5A, for the various effective pressures (P-) investigated. 

P, (i.e. B « Pe!) in the region Pe < 2.15 MPa. At higher values of P., the 
exponent to Pe increases sharply. From Figure 12.7, it is evident that at 

constant effective pressure and volumetric strain, 8 is approximately pro- 

portional to d~*. It is shown in Figure 12.8 that at constant effective pressure 

(P.) and grain size (d), 8 is proportional to e,? to e,°, at least when 

Baal MPa, 

12.3.3. Microstructural observations 

The general microstructural nature of the sieved salt fractions prior to com- 

paction is illustrated in Fig. 12.9A. Optical examination of thin sections of 

dry-compacted samples (i.e. material produced from the dry loading stage of 

the tests) revealed a highly porous aggregate structure consisting of a more or 

less randomly packed array of cubes, with little optically visible evidence for 

plastic deformation or indentation at grain contacts (Fig. 12.9B). 

In the wet-compacted samples a strikingly different microstructure was 

observed. These samples showed a marked decrease in porosity plus abundant 

evidence for grain-to-grain indentation (Fig. 12.9C), contact truncation 

(Figs. 12.9D,E), and euhedral overgrowths within the pores (Fig. 12.9F). In 

the samples deformed at Pe > 2.15 MPa, occasional evidence was also found 
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Figure 12.9 Optical microstructures. (A) Micrograph showing general nature of the sieved salt 

starting material used in the present experiments. (B) Transmission micrograph illustrating the 

microstructure of samples compacted dry at Pe = 2.15 MPa. (C—E) Typical indentation and trun- 

cation microstructures seen in wet-compacted samples. The particulate matter visible in micro- 

graph (E) is AlsO3; powder added to this sample in an (unsuccessful) attempt to mark grain 

boundaries. (F) Transmission micrograph showing euhedral overgrowth features developed on 

free pore walls. 

for fluid-assisted grain-boundary migration (Spiers et a/. 1986, Urai ef al. 

1986), indicating that at least some plastic deformation had occurred. No clear 

evidence was found for the development of ‘necks’ at grain contacts, of the 

type expected if dissolution-coupled mechanisms or marginal dissolution 

(Pharr & Ashby 1983) were operative. However, optical examination of thick 
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sections did reveal the presence of connected channel-like arrays of fluid (gas) 

inclusions within most grain contacts (Figs 12.10A,B). These channels showed 

a clear tendency to be crystallographically controlled and to ‘neck-down’ into 

negative crystal form. SEM studies confirmed the presence of these structures 

on mechanically parted grain contacts (Figs 12.10C,D), and showed the aver- 

age thickness of grain-contact zones to be generally less than 100—200 nm. 

Figure 12.10 Structure of grain contacts in wet-compacted samples. (A, B) Transmission optical 

micrographs of grain contacts, in plan and oblique views respectively, showing channel-like arrays 

of fluid inclusions. (C) SEM micrograph of disaggregated sample showing grain-boundary channel 

structures and inclusions with nega-crystal form. (D) SEM micrograph of mechanically separated 

grain contact showing island-channel-like structure. 
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12.4 Discussion 

12.4.1 Behaviour at Pe < 2.15 MPa 

The experimental data reported above indicate that the densification creep 

behaviour of the brine-saturated samples, at effective pressures in the range 

P. < 2.15 MPa, can be described by a constitutive relation of the form 

6=K PR, ‘deren (12.21) 

where K* is a constant and n falls in the range 2—S. For values of e, < 20 per 

cent, this agrees favourably with the diffusion-controlled FPDC model (Eqns 

(12.17) and (12.20)) developed in this chapter. (Note that when e, < 20 per 

cent, the term (1 — e,) in (12.17) is relatively unimportant.) In addition, the 

observed indentation, truncation, and overgrowth microstructures provide 

classical evidence (Rutter 1983) that densification occurred predominantly by 

‘pressure solution’, i.e. by fluid-phase diffusional creep. Furthermore, the 

observed grain-boundary structure strongly suggests that grain contacts con- 

tained brine in some kind of non-equilibrium island-channel network during 

compaction, although it is important to note that the observed structure might 

represent a relaxed configuration developed on or after unloading (Lehner & 

Bataille 1984; Lehner, this volume). In contrast to the clear microstructural 

evidence for the operation of FPDC, plastic deformation and contact margin 

dissolution effects seem to have been of minor importance in the tests per- 

formed at Pe. < 2.15 MPa. Since all samples were compacted dry at 2.15 MPa 

before wet testing, pure particulate flow is also thought to have been unimpor- 

tant. 

On this basis, we infer that at effective pressures Pe < 2.15 MPa, densifica- 

tion of our samples occurred by a diffusion-controlled FPDC mechanism, 

similar to that described by our theoretical model. Rough fitting of our 

experimental data to the model as written in (12.17), for the region e, < 10 

per cent, yields a value of ~ 10-7? kgsm~? for the phenomenological kinetic 

coefficient SL. Assuming that S = 100 nm (as suggested by microstructural 

observations), this implies that L = 107'? kgsm~?. The fluid diffusivity term 
C;s(1 — C;)D (see Eqns (12.19) and (12.20)) must then take a value around 

3 x 10° '* m*s~', which is about two orders of magnitude lower than the value 
of C;(1 — C;)D for bulk NaCl solution (Spiers ef a/. 1986). This is thought to 

imply either that the fluid diffusivity term is decreased in the thin fluid films 

within grain contacts, or that the value of S during creep is substantially lower 

than estimated from the grain-boundary structure observed after deformation. 

Finally, we compare our findings for the régime P. < 2.15 MPa with den- 

sification data obtained by Raj (1982) for wet NaCl aggregates. Raj reports a 

d~' dependence of creep rate, which he interprets as an indicator of interface 

kinetic control by comparison with the models given in Table 12.1. However, 
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the dependence of 6 on @ (i.e. on aggregate structure) is not taken into 

account in Raj’s analysis, and his experimentally obtained relation between 8 

and d appears to have been determined from pseudo-steady-state values of 8 

rather than from values determined at constant e,. This would lead to a syste- 

matic underestimation of grain-size sensitivity which, we believe, explains the 

discrepancy between Raj’s findings (6 proportional to d~') and those reported 

here (6 proportional to d~?). 

12.4.2. Behaviour at Pe > 2.15 MPa 

The behaviour observed in this régime clearly differs from that seen at 

P<2.15 MPa and from the theoretical model. From microstructural 

evidence, this seems to be partly due to increased plasticity and minor 

fluid-assisted recrystallization (Spiers ef a/. 1986, Urai et al. 1986) occurring 

alongside FPDC. Further, since all samples were initially dry-compacted at 

Pe=2.15 MPa, the wet runs at P. > 2.15 MPa almost certainly involved a 

component of particulate sliding not seen in the low-pressure tests. 

12.5 Summary 

(1) A theoretical model has been developed for densification of crystalline 

aggregates by fluid-phase diffusional creep. The approach adopted avoids 

the usual assumption that solution transfer is driven by chemical 

potential gradients defined by Aus = Ao,Q°*, and an expression for creep 

rate is obtained by assuming that all work done on the aggregate is dissi- 

pated by FPDC. For the grain-boundary diffusion-controlled case, this 

approach leads to the (isothermal) constitutive model 

6B = KP.(1 — ey){d?e,", where n=2 for spherical grains and ~4 for 

cubes. The model is derived assuming a dynamically stable island-channel 

grain-boundary structure. 

(2) Densification creep experiments have been performed on brine-saturated 

NaCl aggregates at room temperature. Before testing in the brine- 

saturated state, all samples were compacted dry at an effective pressure 

(P.) of 2.15 MPa. At effective pressures at and below 2.15 MPa, the 

mechanical data for the wet material match the theoretical model well. 

Microstructural evidence indicates that densification occurred predom- 

inantly by FPDC, and that grain boundaries contained a fluid-filled 

channel network during deformation. The implication is that at 

P. <2.15 MPa (the dry-compaction stress), densification of the wet NaCl 

powder occurred by a diffusion-controlled FPDC mechanism similar to 

our model. At effective pressures in excess of 2.15 MPa, deformation by 

FPDC seems to have been accompanied by plasticity, fluid-assisted 

recrystallization and particulate sliding. 
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CHAPTER THIRTEEN 

Dynamic recrystallization 
and grain size 

Brian Derby 

13.1 Introduction 

The idea that information about the stress history of a geological sample can 

be extracted from measurements made of the microstructure in the laboratory 

is attractive. While not attempting to be a review of palaeopiezometers, this 

chapter will present evidence for a ‘universal relation’ between deformation 

stress and the steady-state recrystallized grain size resulting from 

stress-induced boundary migration. This law is, of course, derived from 

measurements from laboratory experiments. Any application to naturally 

deformed rocks and minerals should only be carried out if all possible sources 

of confusion and error are fully understood. In particular, problems could 

arise from the effects of stress changing with time, and from subsequent 

deformation in other stress and temperature régimes leading to static 

recrystallization. More lengthy discussions of these problems are presented 

elsewhere (Mercier ef a/. 1977, Poirier 1985). 

Studies of dynamic recrystallization are complicated by two distinct 

mechanisms, bearing similar names, which result in very different deformation 

microstructures: (1) rotation recrystallization (sometimes called in situ 

recrystallization) in which a gradual increase in sub-boundary misorientation 

after initial polygonization of dislocation structures, finally results in new 

high-angle grain boundaries; (2) migration recrystallization (or recrystalliza- 

tion by stress-induced boundary migration) in which a migration of existing 

grain boundaries sweeps through the deformed microstructure, replacing the 

polygonized material with new strain-free regions. This chapter will concen- 

trate on the second mechanism. 

It is generally accepted that, during elevated temperature deformation, the 

dislocation substructure forms a cellular or polygonized configuration with 

relatively strain-free cells or subgrains separated by dislocation walls or sub- 

boundaries, such that stress (o) is related to the mean subgrain size, d: 

od™ = constant (1321) 
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with m= 1. This relation, which is also discussed by Barber (this volume), has 

been confirmed in metals and geological materials by many authors, and fur- 

ther refined by Takeuchi & Argon (1976) to: 

od|/Gb = Km (13.2) 

where b is Burgers vector, G is the shear modulus, and K,, is a materials cons- 

tant (specifically, Km ~ 10 for metals and K,, ~ 25—80 for ionic crystals). 

There has been very little consideration of the stress dependence of grain size 

during rotation dynamic recrystallization other than in individual material stu- 

dies. The early work of White (1973) and Schmid ef a/. (1980) indicated the 

grain size to be indistinguishable from that of the prior subgrains. Tungatt & 

Humphreys (1984) show a dependence similar to that of subgrains (Eqn (13.1)), 

but with an exponent not equal to 1; however, the ranges of recrystallized 

grain sizes and prior subgrain sizes were very similar. Guillopé & Poirier (1979) 

found the relation given in (13.1), but with the new grains a little larger than 

the subgrains. We can only conclude that there is a close relation between 

rotation-recrystallized grain size and the prior subgrain structure. 

The relation between deformation stress and migration-recrystallized grain 

size (D) has been studied by many authors in a number of metallurgical and 

geological systems. It is generally agreed that the relation 

oD"™ = constant (13.3) 

applies to each material, but the exponent m has been observed in a range of 

approximately 0.4< m<1.0 The significance of this equation has been a 

topic of discussion in recent years. Twiss (1977) plotted recrystallized grain size 

data, normalized by the Burgers vector, against applied stress normalized by 

the shear modulus (i.e. D/b against o/G) for a number of materials, and infer- 

red acommon exponent of m = 0.8 and a constant (o/G)(D/b)” = 15. Poirier 
(1985), however, produced a similar plot and showed that although the gra- 

dients on a log—log scale were in a small range, there was little evidence for 

a universal constant. The work of Drury ef a/. (1985) is confused by the plot- 

ting of a mixture of rotation- and migration-recrystallized material. Finally, 

a recent compilation of data (Derby & Ashby 1987) seemed to agree more with 

the hypothesis of Twiss. As a further criticism of the case for a ‘law of 

recrystallized grain size’, Poirier (1985) questioned the validity of such a law 

as an empirical fit of data in the absence of a mechanism. In particular, the 

rather arbitrary choice of a universal exponent m was criticized. 

Here we present the fullest possible analysis of migration-recrystallization 

data and assess the evidence for a universal law. A review of the current 

understanding of this recrystallization mechanism will be presented. Finally, 

an attempt will be made to justify the validity of such a relation in the light 

of knowledge of physical constants within classes of materials. 
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13.2 Dynamic recrystallization by migration: mechanisms and 

models 

The mechanism of dynamic recrystallization by stress-induced boundary 

migration is generally agreed to be identical to that accepted for static 

recrystallization (Bailey & Hirsch 1962). Recrystallization is nucleated when 

the energy stored by dislocations accumulated during deformation is sufficient 

to nucleate a small section of grain boundary to bow out and migrate, leaving 

a recrystallized strain-free region in its wake. The energy is stored primarily 

in the dislocations which make up the sub-boundaries. This mechanism gives 

no insight as to why a relation between stress and steady-state grain size should 

occur. A more detailed modelling of the process is required. 

Sandstrom & Lagneborg (1975) produced a complex numerical model of 

dynamic recrystallization. This developed the Bailey & Hirsch idea (1962) 

along with a model of dislocation multiplication and predicted that grain size 

and strain rate (€) were related, with D? « 1/é. This model is considered to be 

unsatisfactory because of the need to allocate arbitrary values to a number of 

constants. Twiss (1977) presented a thermodynamic argument that balances 

stored energy of deformation against the boundary energy of the steady-state 

microstructure to predict a grain size — stress relationship. However, as 

pointed out by Poirier (1985), the argument is based on an unstable thermo- 

dynamic equilibrium, and is not a dynamic mechanism in accordance with 

observations of recrystallization in transparent materials. 

A recent model of dynamic recrystallization by boundary migration (Derby 

& Ashby 1987) is derived from consideration of the steady-state microstruc- 

ture. During steady-state recrystallization, it is known from observations of 

analogue transparent organic materials (Urai et a/. 1975, Means 1983), that 

the constant mean grain size is achieved by cycles of nucleation and growth 

events occurring out of phase throughout the material. Nucleation events 

occur only on grain boundaries; hence we can assume a mean constant 

nucleation rate on all grain boundaries of N (per unit area) and a mean 

boundary-migration rate of g. For a steady state to exist, there must be a 

balance between nucleation rate and growth rate such that one nucleation 

event will occur per volume equivalent to one grain, in the time taken for a 

similar volume to be swept out by a recrystallization front (grain boundary), 

i.e. 

aD>N[2g = 1 (13.4) 

Thus an estimate of mean grain size can be made if laws governing grain- 
boundary migration and nucleation rates can be derived. A more complete 
derivation of this model is presented elsewhere (Derby & Ashby 1987). Here 
only a brief description will be given. 

The Bailey & Hirsch criterion for recrystallization states that nucleation will 
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occur if the dislocation density, o, in the region ahead of a bowing grain 

boundary disc of diameter / is greater than a critical value pc, defined as 

pe = 2E] (Tal) (13.5) 

where 7z is the dislocation line tension, and E is the grain-boundary energy 

per unit area. Richardson ef a/. (1967) suggest that the distance / is defined by 

the spacing of dislocation sub-boundary walls acting as pinning points. These 

walls also act as the reservoir of stored energy during recrystallization. If the 

subgrains are of mean size d; and of wall energy E,, then the driving force (N 

m~”) for recrystallization will be: 

F=E,d, (13.6) 

If we consider a two-dimensional analogue of the microstructure, a nucleus 

of diameter / can form by the bulging of a grain boundary if 

E,jds>Efl or Ids > EJE; (13.7) 

Thus a nucleation criterion is defined as a length / of grain boundary pinned 

between two adjacent sub-boundaries on one side, which has at least n sub- 

boundaries (where n = //d;) intersecting on the other. 

If we assume the sub-boundaries to randomly impinge the grain boundary 

with a mean spacing of /, then the probability of there being a segment of 

length / free of sub-boundaries on a given side will be given by the exponential 

distribution 

P()) = (/) exp(-/) (13.8) 

Similarly, in any given length of grain boundary /, the probability that n sub- 

boundaries intersect from the other side will be given by the Poisson distribu- 

tion 

P(n) =(1[n!) JD" exp(—//D (13.9) 

The fraction of grain-boundary segments between / and /+ 6/is P(/)é/. Thus 

the number of pinned segments per unit length of boundary with n sub- 

boundaries impinging from the other side is approximately 

ibe Mae —2)\ di 
= —— = —— |} — 13.10 

De) a), GG) ew (=F) 5 ene) 

which integrates to 

N@yar] (2288) (13.11) 
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The number of nuclei per unit length is the sum of N(n) for all values of n 

above the critical value nc, if we set / to d, the mean sub-grain diameter, and 

then 

N= 5) NG 11 2) (13-12) 

Hence, nucleation rate per unit length is 

Ny = — &(2"d*)d(d)/ de (13.13) 

or, in these dimensions, the equivalent nucleation rate per unit area is 

N= —2é|/(2"d*)d(d)/ de (13.14) 

The nucleation rate is clearly dependent on the rate of subgrain formation. 

If recrystallization does not occur, (13.2) defines a limiting subgrain size of 

d*= KmGb/o. We postulate that subgrains approach this size from a limit of 

the grain size D, such that 

d(d) * = GE 
—— = §(d" — d) — 13.15 ay ( ) Tr ( ) 

where 1/S is a characteristic strain (typically 5 per cent) required to achieve 

steady state. Solving this for d and substituting into (13.14) gives 

5 Sé(D/d* — 1)exp(— Se) 
~ ne-1 g¥2 + (D/d* — l)exp(— Se)} 

N (13.16) 

During steady state, the dynamic balance criterion requires that in the time 

taken for a migrating grain boundary to sweep the mean grain volume, one 

new nucleation event must occur per equivalent volume of the material. This 

can be rewritten in terms of a recrystallization strain, e,, characteristic of the 

deformation cycle, defined by the integral of (13.16): 

re 

N= | ' NG’ D? de = 
0 

(Dj/d* —1)D*J' : 1 ‘| 1 iran eS 
2 mie te {1 + (D/d* — lexp(—Se,)}? (Di d*)?| — Ste 

here J’ is a geometric term related to grain shape. If the mean grain size is 

considerably larger than the steady-state subgrain size (i.e. D > d*), and if the 
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recrystallization strain e, is less than the steady-state recovery strain 1/S, 

(13.17) can be expanded thus 

a Se lum ede (13.18) 

€,, the recrystallization strain, is the strain during one cycle of recrystallization 

as defined by the dynamic balance (13.4), so 

ETS D) (13.19) 

here és; is the mean strain rate during dynamic recrystallization, which from 

(13.18) gives 

DJ dep)e. (13.20) 

wheres] eae ls 3S. 
The growth rate is related to the stored energy, F, by a mobility term such 

that g = MF. This mobility is defined as a conventional grain-boundary mobi- 

lity, i.e. M=6Dgb/kT; here 6Dz is the product of boundary thickness and 

diffusion coefficient, and kT has its usual meaning. Now we assume that the 

stored energy is held by the subgrain structure, taking a mean boundary 

misorientation of 6 and Ty ~ Gb? for dislocation line tension then, from 

(13.6), F = 6Gb6/d". if we assume &;; to be similar to that determined by 

recovery creep, then, to a reasonable approximation 

eeGL () (13.21) 
Far NE 

in which A and n are constants and D, is the volume diffusion coefficient. 

Substituting all the above into (13.20) gives: 

Di 8 (522) | 6J0 | (13.22) 
b bD,} | A(o/G)" 

which can be rewritten in the form of (13.3), i.e. 

2 (?) =C (13.23) 

where m = 2/n (n is the creep power-law exponent) and C is a constant con- 

taining creep, diffusion, and grain-shape terms. 
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13.3. Microstructural measurements as a function of stress 

One must exercise due caution in reading too much into a single set of 

experimental measurements. There is a great deal of scatter and bias intrinsic 

in the methods of measuring mean grain and subgrain diameters. Hence it is 

best to consider data from tests on many materials when reduced to a dimen- 

sionless form by suitable normalizing materials’ constants. For this work, the 

microstructural scale is normalized by a Burgers vector, while in the case of 

non-cubic materials the easiest slip system has been chosen (e.g. basal plane 

slip for Mg). The deformation stress has been normalized by a shear modulus 

Log(a/G) 

3 4 5 6 

Log(d/b) 
Figure 13.1 Mean deformation stress normalized by shear modulus as a function of measured 

mean subgrain diameter normalized by Burgers vector. Al', McQueen & Hockett (1970); Al’, 

Miller & Sherby (1976); Al*, Servi & Grant (1951); Fe', Goldberg (1966); Fe’, Barrett ef al. 

(1967); Ni, Richardson ef al. (1967); NaCl/halite, Guillopé & Poirier (1979); NaNO3/soda nitre, 

Tungatt & Humphreys (1984) — see (1) below; MgO, Hiither & Reppich (1973); LiF! Streb & Rep- 

pich (1973); LiF?, Cropper & Pask (1973); calcite, Schmid ef al. (1980) — see (2) below; 

dunite/olivine, Ross et al. (1980). 

(1) Burgers vector from crystallographic data (Robie ef a/. 1966), with slip behaviour assumed 

to be identical to that of calcite. Elevated temperature elastic modulus from Birch (1966), with 

extrapolation law assumed to be identical to that for calcite. 

(2) Burgers vector (r-slip) from crystallographic data (Robie ef a/. 1966); elevated temperature 

elastic modulus from Birch (1966). 

All other Burgers vectors and shear moduli from Frost & Ashby (1982). 
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(G) taken as the c44 term of the compliance tensor. This shear modulus has 

a weak dependence on temperature, and the normalizing modulus used was 

either that measured at test temperature or else extrapolated. This temperature 

variation of shear modulus has not always been accounted for in previous 

compilations of recrystallization data, and thus only material where the test 

temperature was defined has been used in this study. 

In Figures 13.1 & 2 the fullest compilation of reliable measurements of sub- 

grain and migration-recrystallized grain size is presented as a function of 

deformation stress. Although there is a wide scatter of gradients for individual 

materials within both plots there is a distinct trend of od = constant for the 

subgrain data (Fig. 13.1) and of oD°®’ = constant for the dynamic recrystal- 
lization by boundary-migration data (Fig. 13.2). 

varie ee) @ Halite 

-2? vs Oo Ni @ NaNO 
a A > Fe = Ice 

Ww w rr © Mg @ Pyrite 

& A 
Brahe 09, ¥ 

af fe) Af } , Olivine 

Log(o/c) 

l 5 6 7 g 
Log(D/b) 

Figure 13.2 Mean deformation stress normalized by shear modulus as a function of measured 

migration-recrystallized mean grain diameter normalized by Burgers vector. Cu, Blaz ef a/. (1983); 

Ni, Sah ef al. (1974); Fe, Glover & Sellars (1973); Mg, Drury ef a/. (1985); NaCl/halite, Guillopé 

& Poirier (1979); NaNO;/soda nitre, Tungatt & Humphreys (1984) — see (1) below; ice, Steinne- 

man, 1958); pyrite, Cox ef al. (1981) — see (2) below; olivine/dunite' deformed wet at 1100°C, 

olivine/dunite? deformed wet at 1225°C, olivine/dunite* deformed dry at 1100°C, Ross et al. 
(1980); olivine/dunite* deformed at 1650°C, Karato et al. (1980). 
(1) See Figure 13.1 for normalizing data. 

(2) Burgers vector from crystallographic data (Robie ef a/. 1966) assuming the same slip system 

as NaCl structure; elevated temperature shear modulus from Birch (1966). 

All other Burgers vectors and shear moduli from Frost & Ashby (1982). 
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Considering Figure 13.2 in more detail, it can be seen that all the grain size 

— stress data is within a region bounded by two lines of the form 

log(o/G) = K — 0.667 log(D/b) (13.24) 

with an upper bound of K =~ 20 and a lower bound of K = 1. This region 

contains the relation inferred by Twiss (1977). How can this narrow region of 

results be reconciled with (13.23) and the materials constant C? From (13.22), 

AD ee (13329) 
a (522 of) 1/n 

6Dp/bD, is a dimensionless grouping of materials constants (Frost & Ashby 

1982) with little dependence on temperature and a very small range of values. 

The creep pre-exponent A is a known function of the creep exponent n (Derby 

& Ashby 1984) and, for the range of materials plotted in Figure 13.2, n (and 

thus A) has a small range. Indeed, the types of material with high values of 

n and A (for which (13.23) would predict results outside the region of 

Fig. 13.2) are those which do not display migration recrystallization, e.g. 

highly precipitated materials. Thus from (13.25) a narrow band of grain 

size — stress relationship is predicted. 

References 

Bailey J. E. & P. B. Hirsch 1962. The recrystallization process in some polycrystalline metals. 

Proc. R. S. Lond. A 267, 11-30. 

Barber, D. J. 1990. Regimes of plastic deformation — processes and microstructures; an overview. 

This volume, 138-78. 

Barrett, C. R., W. D. Nix & O. D. Sherby 1966. The influence of strain and grain size on the creep 

substructure of Fe—3Si. Trans ASM 59, 3-15. 

Birch, F. 1966. Compressibility: elastic constants. In Handbook of the physical constants, S. P. 

Clark, Jr. (ed.), 97-174. Geological Society of America, Memoir 97. 

Blaz, L., T. Sakai & J. J. Jonas 1983. Effect of initial grain size on dynamic recrystallization of 

copper. Metal Sci. 17, 609-16. 

Cox, S. F., M. A. Etheridge & B. E. Hobbs, 1981. The experimental ductile deformation of 

polycrystalline and single crystal pyrite. Econ. Geol. 76, 2105—17. 

Cropper, D. R. & J. A. Pask 1973. Creep of lithium fluoride single crystals at elevated 

temperatures. Phil Mag. 27, 1105—24. 

Derby, B. & M. F. Ashby 1984. Power-laws and the A—n correlation in creep. Scripta Metall. 18, 

1079-84. 

Derby, B. & M. F. Ashby 1987. On dynamic recrystallization. Scripta Metall. 21, 832-7. 

Drury, M. R., F. J. Humphreys & S. H. White 1985. Large strain deformation studies using 

polycrystalline magnesium as a rock analogue, part Il: dynamic recrystallization mechanisms 

at high temperatures. Phys. Earth Planet. Inter. 40, 208—22. 

362 



B. DERBY 

Frost, H.-J. & M. F. Ashby 1982. Deformation-mechanism maps. Oxford: Pergamon. 

Glover, C. & C. M. Sellars 1973. Recovery and recrystallization during high temperature 

deformation of a-iron. Metall. Trans 4, 765—75. 

Goldberg, A. 1956. Influence of prior cold work on the creep resistance and microstructure of 

a 0.05% carbon steel. J. Iron Steel Inst. 204, 268—77. 

Guillopé, M. & J.-P. Poirier 1979. Dynamic recrystallization during creep of single crystal halite: 

an experimental study. J. Geophys. Res. 84, 5557—67. 

Huther, W. & B. Reppich 1973. Dislocation structure during creep of MgO single crystals. Phil 

Mag. 28, 363-71. 

Karato, S., M. Toriumi & T. Fugii 1980. Dynamic recrystallization of olivine single crystals 

during high temperature creep. Geophys. Res. Lett. 7, 649-52. 

McQueen, H. J. & J. E. Hockett 1970. Microstructures of aluminium compressed at various rates 

and temperatures. Metall. Trans. 1, 2997-3004. 

Means, W. D. 1983. Microstructure and micromotion in recrystallization flow of 

octachloropropane: a first look. Geol. Rund. 72, 511—28. 

Mercier, J. C. C., D. A. Anderson & N. L. Carter 1977. Stress in the lithosphere: inference from 

the steady state flow of rocks. Pure Appl. Geophys. 115, 199-226. 

Miller, A. K. & O. D. Sherby 1976. On sub-grain strengthening at high temperatures. Scripta 

Metall. 10, 311-17. 

Poirier, J.-P. 1985. Creep of crystals. Cambridge: Cambridge University Press. 

Richardson, G. J., C. M. Sellars & W. J. McTegart 1966. Recrystallization during creep of 

nickel. Acta Metall. 14, 1225—36. 

Robie, R. A., P. M. Bethke, M. S. Toulmin and J. L. Edwards 1966. X-ray crystallographic 

data, densities and molar volumes of minerals. In Handbook of the physical constants, 

S. P. Clark, Jr (ed.) 27—74. Geological Society of America, Memoir 97. 

Ross, J. V., H. G. Avé Lallemant & N. L. Carter 1980. Stress dependence of recrystallized 

grain and subgrain size in olivine. Tectonophysics 70, 39-61. 

Sah, J. P., G. J. Richardson & C. M. Sellars 1974. Grain size effects during dynamic 

recrystallization of nickel. Metal Sci. 8, 325-31. 

Sandstrom, R. & R. Lagneborg 1975. A model for hot working occurring by 

recrystallization. Acta Metall. 23, 387—98. 

Schmid, S. M., M. S. Paterson & J. N. Boland 1980. High temperature flow and dynamic 

recrystallization in Carrara marble. Tectonophysics 65, 245—80. 

Servi, I. S. & N. J. Grant 1951. Structure of aluminium deformed in creep at elevated 

temperatures. Trans Am. Inst. Mech. Engrs 191, 917-22. 

Steinneman, Von S. 1958. Experimentelle Untersuchungen zur Plastizitat von Eis. Beitrage zur 

Geologie der Schweiz, Hydrologie no. 10, 1—71. 

Streb, G. & B. Reppich 1973. Steady state deformation and dislocation structure of pure and 

Mg-doped LiF single crystals. Physica Status Solidi (a)16, 493—S0S. 

Takeuchi, S. & A. S. Argon 1976. Steady-state creep of single phase crystalline matter at high 

temperatures. J. Mat. Sci. 11, 1547—SS. 

Tungatt, P. D. & F. J. Humphreys 1984. The plastic deformation and dynamic 

recrystallization of polycrystalline sodium nitrate. Acta Metall. 32, 1625-35. 

363 



DYNAMIC RECRYSTALLIZATION AND GRAIN SIZE 

Twiss, R. J. 1977. Theory and applicability of a recrystallized grain size palaeopiezometer. 

Pure Appl. Geophys. 115, 227—44. 

Urai, J. L., F. J. Humphreys & S. E. Burrows 1980. Jn-situ studies of the deformation and 

dynamic recrystallization of rhombohedral camphor. J. Mat. Sci. 15, 1231—40. 

White, S. H. 1973. Syntectonic recrystallization and texture development in quartz. Nature 

244, 267-8. 

364 



CHAPTER FOURTEEN 

Simulation of dislocation-assisted 
plastic deformation in olivine 

polycrystals 
Toru Takeshita, Hans-Rudolf Wenk, 

Gilles R. Canova & Alain Molinari 

14.1 Introduction 

Studies on mantle convection provide insight into the geodynamics of the 

Earth. Convection models have relied on flow laws for olivine (e.g. Hager 

1984, Christensen 1987), which is believed to be the major constituent of the 

upper mantle. The mantle is assumed to deform in a régime of steady-state 

creep in which diffusion and dislocation glide occur. When dislocation glide 

is present, polycrystalline materials develop anisotropy due to rotations of 

crystals during straining, which produce a preferred orientation distribution. 

Strong seismic anisotropy has been observed in the upper mantle underneath 

oceanic crust (e.g. Hess 1964) and continental crust (e.g. Fuchs 1983), and it 

is generally accepted that at high pressure where microfractures are closed, 

seismic anisotropy can be due to crystallographic preferred orientation or tex- 

ture (e.g. Christensen 1984). Whereas Arrhenius-type flow laws are adequate 

to describe the diffusion-controlled plastic deformation (e.g. Karato ef al. 

1986), they do not take account of plastic anisotropy due to slip. We attempt 

to introduce a generalized description of anisotropic plastic flow of olivine 

based on polycrystal plasticity theory which takes into account the deform- 

ation history. It should be emphasized that all arguments brought forward 

relate to processes in which dislocation movements are involved and do not 

apply to recrystallization, which is also important in deformation of olivine 

(e.g. Avé Lallemant & Carter 1970). Deformation by grain-boundary sliding, 

such as during superplastic flow, does not produce texture. 

Deformation of polycrystals by intracrystalline slip was first explained quan- 

titatively by Sachs (1928). He assumed that in each crystal the slip system 

which has the highest resolved shear stress is activated. Such a model allows 

for a continuous stress state, but since each crystal deforms differently, it 

creates openings or overlaps at grain boundaries. This is generally not the case 
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in coherent real materials, and Taylor (1938) suggested that deformation is 

homogeneous, i.e. each component crystal undergoes the same shape change 

as the whole polycrystal. To accommodate an arbitrary shape change requires 

activation of up to five independent slip systems. The Taylor theory has been 

highly successful in modelling texture development in cubic metals and many 

minerals (e.g. Lister et a/. 1978, Van Houtte 1978, Takeshita ef a/. 1987); but 

some minerals such as quartz have a very anisotropic single-crystal yield sur- 

face and crystals in unfavourable orientations are much stronger than others 

(Takeshita & Wenk 1988). Such strong grains are likely to deform less than 

soft ones. In olivine, with less than five independent slip systems, the situation 

is worse. The yield surface is not closed, and in order to obtain a solution, the 

assumption of homogeneous strain needs to be partly abandoned. In the 

‘relaxed constraints’ models (e.g. Honneff & Mecking 1978, Kocks & Canova 

1981, Van Houtte 1982) some of the five equations which describe the strain 

caused by the slips are dropped. 

We first apply a relaxed Taylor theory to olivine. Next we use a self- 

consistent theory in which grains have more freedom to deform, achieving 

better stress equilibrium at the sacrifice of local strain continuity (Molinari 

et al. 1987, Wenk etal. 1989a). We deal only with high-temperature condi- 

tions which prevail in the mantle and lower crust, neglecting low-temperature 

olivine fabrics (‘(100)-type’; e.g. Mdckel 1969, den Tex 1970). 

14.2 Slip systems 

Numerous single-crystal deformation experiments have been carried out to 

determine slip systems of olivine at different temperatures (e.g. Raleigh 1968, 

Carter & Avé Lallemant 1970, Phakey ef a/. 1972, Durham & Goetze, 1977, 

Mackwell ef a/. 1985). In summary, at moderate temperatures, slip on systems 

with a [001] direction is most important; at higher temperatures {Okl} [100] 

slip (so-called pencil glide) dominates, and at highest temperatures (010) [100] 

slip becomes predominant (Nicolas & Poirier 1976). We have estimated critical 

resolved shear stresses (CRSS) for two conditions representative of lower 

temperature (A) and higher temperature (B) (Table 14.1). Model B is based on 

the exact values of experimentally determined CRSS’s (Durham & Goetze 

1979, Mackwell et a/. 1985). Model A is preliminary, and equal ease of {110} 

[001] and {Ok1} [100] (represented by {011} [100] ) slip is assumed. It turns 

out that texture development is not very sensitive to these assumptions. Since 

all slip directions are parallel to crystallographic axes [100] and [001], the 

normal-strain components €11, €22, and €33, cannot be accommodated by dis- 
location glide on existing slip systems, whereas the shear-strain components 
£12, €13, and €23, can (strain components are referred to the principal crystallo- 
graphic axes). During flow in the asthenosphere both slip and climb are active 
(e.g. Nicolas etal. 1971, Green & Radcliffe 1972), and slip and climb on 
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Table 14.1 Slip systems in olivine 

and assumed normalized CRSS used 

for models A and B. 

Slip system CRSS used in 

Taylor 

{hkl}<uvw) calculations 

A B 

{110}[001] 1.0 0 

{011}[100] 1.0 roo) 

(010)[ 100} oo 1.0 
(001)[ 100] oo) 1.33 

(010)[ 001] oe) PA 

existing slip systems are sufficient to create an arbitrary strain. We propose 

that shear-strain components are accommodated mainly by slip and normal- 

strain components by climb (or diffusion in general). This conforms with 

experiments on olivine single crystals which indicate that a significant amount 

of strain is created by dislocation climb in the [101] orientation (Durham & 

Goetze 1977). Other mechanisms to accommodate minor strain incompatibi- 

lity are grain-boundary diffusion and grain-boundary sliding. In mathematical 

terms of the Taylor model, this assumption means that equation 5.17 in Gil 

Sevillano ef al. (1980) is only satisfied for the shear components: 

3 
>) (bin§+ bini) dy’, ij = 12, 13 or 23 (14.1) 
s=1 Si 

dei; = 

where déj;j is the imposed strain-increment tensor on each crystal, bj and n; are 

the components of slip direction and slip plane normal unit vectors, and dy* 

is the macroscopic shear-strain increment for each slip system s. If normal- 

strain components are ‘relaxed’ or omitted, three independent slip systems 

suffice. Whereas slip produces a rigid body rotation of crystals, climb does not 

and therefore does not add to texture development. If the normal-strain com- 

ponents accommodated by climb are smaller than those required to satisfy 

homogeneous deformation, local heterogeneous deformation has to occur to 

prevent openings and overlaps across grain boundaries. We assume that the 

additional plastic work and lattice rotation accompanying such heterogeneous 

deformation is negligible. 

14.3. Texture predictions from Taylor theory 

Rotations due to activation of slip systems lead to preferred orientation which 

we have analysed for pure and simple shear deformation for both models 

described in Table 14.1. In each case ten steps of a von Mises strain increment 
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Figure 14.1 Axis diagrams displaying Taylor simulated pure shear textures for model A and 

model B conditions (Table 14.1). Shortening and elongation directions are indicated (equal-area 

projection). Contour interval 0.25 m.r.d., dotted below 1 m.r.d. (multiples of a random distribu- 

tion). 

of 0.05 were applied, leading to a 40 per cent thickness reduction in pure shear. 

The orientation patterns are shown in [100]-, [010]- and [001]-axis diagrams 

(Figs 14.1 & 2). Note that despite different slip systems in Models A and B, 

similar textures result, which reassures us that uncertainties in CRSS values 

will not cause significant changes. 

In pure shear (Fig. 14.1), [010] shows the strongest preferred orientation, 

with a maximum in the compression direction for both A and B conditions. 

This is consistent with textures in many naturally deformed peridotites (e.g. 

Christensen 1984, Mercier 1985) and with textures observed in compression 

experiments (e.g. Nicolas eft al. 1973). 

In simple shear (Fig. 14.2), the [010] maximum is rotated about 30° from 

the shear plane normal against the sense of the macroscopic shear. A similar 

behaviour has been observed in Taylor simulations for calcite (Wenk ef al. 

1987), quartz (Lister & Williams 1979), and halite (Wenk ef a/. 1989a), and 

also in experiments [e.g. Kern & Wenk 1983, Dell’Angelo 1985, Franssen 

[100] [010] [001] 

Figure 14.2 Axis diagrams displaying Taylor simulated simple shear textures. Total shear is 1.0 

The shear plane and shear sense are indicated (equal-area projection). Contour interval 

0.25 m.r.d., dotted below 1 m.r.d. 
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SESITERS 10 STEPS 20 STEPS 

Figure 14.3 [010] axis diagrams for simple shear, model B, illustrating the effect of increasing 

shear. Each step corresponds to an incremental shear of 0.1. The direction of the longest finite 

strain axis is indicated. Contour interval 0.25 m.r.d., dotted below 1 m.r.d. 

1987). The [010] diagrams in Figure 14.3 illustrate that the maximum does 

rotate slightly with respect to the shear plane in the sense of the shear during 

increasing deformation, and becomes stronger. The rotation of the [010] max- 

imum corresponds closely to the rotation of the finite strain ellipsoid. (The 

long axis is marked in Figure 14.3). 

With the Taylor theory we can determine not only changes in orientation 

distribution but also the work on slip systems that is necessary to accomplish 

a deformation step. Depending on the evolution of the orientation distribution 

a polycrystal may plastically harden or soften (e.g. Wenk ef al. 1986). 

In evaluating this plastic anisotropy for olivine, it is necessary to assess both 

the work necessary to accommodate the shear-strain components by slip and 

the work necessary to accommodate the normal-strain components by climb. 

Since the latter is not very well known, we have considered two alternatives. 

(a) Slip is rate controlling. If slip is more difficult than climb, the geometrical 

hardening due to orientation changes is assessed by changes of work done 

by slip systems (SS) with increasing strain. This work corresponds to the 

average Taylor factor, except that for our relaxed model three instead of 

five slip systems are used. The work for different deformation modes 

decreases significantly (Fig. 14.4a), particularly for axisymmetric elon- 

gation. One may therefore expect that, analogous to quartzites, extension 

is the preferred strain mode (Takeshita & Wenk 1988). However, simple 

shear, the hardest strain mode, is often observed in peridotites (Nicolas 

& Poirier 1976) and therefore the assumption that climb is much easier 

than slip is probably incorrect. 

(b) Climb is rate controlling. If climb is more difficult than slip and our 

assumption that climb accommodates most of the normal strains applies, 

then geometrical hardening can be assessed by changes of the averaged 

sum of normal-strain components over all grains (NS) with increasing 

strain: 

NS= >) { dei: | + | de22 | + | des3 | [ndeyag (14.2) 
g=l g 

369 



DISLOCATION-ASSISTED PLASTIC DEFORMATION 

ss 
3.5 

NS 
S| 15 FEL 

30 

Fil 

eS PU S| 

1.0 
20 oN 

05 Nok 05 Lye 8 

a b 

Figure 14.4 Olivine model B (high-temperature). Plots of the non-dimensional work necessary 

to accommodate the shear strains (SS) (a) and the averaged sum of the normal strains (NS) (b) 

versus von Mises strain €y,, for four different deformation modes: FL, axisymmetric flattening; 

EL, axisymmetric elongation; PU, pure shear; SI, simple shear. See text for definitions of SS and 

NS. 

where n is the number of grains. NS is normalized to the von Mises strain 

(déy,,) to allow comparisons of different deformation modes. In this 

model, olivine polycrystals harden except in simple shear (Fig. 14.4b), 

which appears to be the preferred strain mode in natural peridotites. It 

is important that in simple shear the material neither hardens nor softens 

significantly as preferred orientation develops. Therefore for olivine 

deforming in simple shear, ‘steady-state’ Arrhenius-type flow models 

may be a good approximation. 

Our model of polycrystal deformation of olivine which is based on the 

relaxed Taylor theory predicts textures which are in fair agreement with those 

observed in experimentally and naturally deformed peridotites, although 

experiments are admittedly incomplete and so far confined to axial compres- 

sion. If these predictions are correct, we can predict the sense of shear from 

the asymmetric disposition of the [010] (or [100] ) maximum relative to the 

shear plane (Fig. 14.3). 

14.4 Texture predictions from self-consistent theory 

There have always been objections that Taylor’s condition of homogeneous 

strain does not apply to strongly anisotropic minerals. Therefore we have also 

used a new, large-strain, viscoplastic self-consistent theory (Molinari ef al. 

1987) to model deformation of polycrystalline olivine. In this theory, each 

crystal is embedded in a homogeneous anisotropic medium. Deformation 

which is assumed to be homogeneous in each grain is affected both by compat- 

ibility and equilibrium conditions with the neighbourhood. This maintains the 

macroscopic compatibility but locally — from grain to grain — strain is heter- 
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ogeneous. Stress is closer to equilibrium than in the Taylor theory. Under self- 

consistent conditions, favourably oriented crystals are allowed to deform fast 

and unfavourably oriented ones may not deform at all (Wenk ef a/. 1989a). 

There is no restriction as to the minimum number of slip systems. Also the 

theory assumes a viscoplastic behaviour which accounts for the strain-rate 

dependence, whereas the classical Taylor theory models rigid plastic deform- 

ation. This is significant for olivine with a small stress exponent and therefore 

a strong rate sensitivity (we used a power law with n= 5S). 

Results for simple shear deformation to y= 1 of 200 grains are shown in 

Figure 14.5. The predictions of the self-consistent theory for simple shear are 

very similar to those of the relaxed Taylor theory (Fig. 14.2). [100] and [010] 

pole figures show the most pronounced textures; the [001] pole figures are less 

distinct. In the self-consistent model individual grains can deform at different 

rates. We have indicated the relative change in grain shape by the size of sym- 

bols. Some crystals have not deformed at all (small symbols), whereas others 

have an average von Mises strain of 3 (largest symbols). The distribution of 
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Figure 14.5 Axis diagrams predicted from self-consistent deformation for simple shear of model 
A and model B conditions. Total shear is 1.0. The size of the symbols indicates the relative defor- 

mation of individual grains (200 grains, equal-area projection). 
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deformed and undeformed grains is similar. The average number of sig- 

nificantly activated slip systems is between 2 and 2.5 compared to 3.0 for 

Taylor. As for Taylor, the simple-shear flow stress barely changes during 

deformation. 

14.5 Discussion 

Different theories have been developed to describe the plastic deformation of 

polycrystals. Some assume that the material is isotropic, which is a good 

approximation for diffusion processes and for grain-boundary sliding. Other 

theories take account of the anisotropic nature of constituent crystals, which 

is essential if dislocation glide plays an important rdle. These theories differ 

in the way they satisfy strain compatibility between grains and/or stress 

equilibrium. Some theories, such as that of Sachs (1928), have been largely 

dismissed because they fail to predict experimentally observed textures. A 

modified Taylor (1938) theory is most widely accepted today. Recently a vis- 

coplastic self-consistent theory has been proposed (Molinari ef a/. 1987) which 

should be useful for rocks in which components display strong plastic anis- 

otropy. But self-consistent texture modelling is fairly new and we do not have 

much experience about its applicability. Whereas the Taylor model emphasizes 

compatibility, the self-consistent model sacrifices local compatibility for better 

stress equilibrium. If predictions from both models agree we can be fairly con- 

fident that the results are representative of the material behaviour. 

Texture development in olivine has also been modeled by Etchecopar (1977). 

His approach is geometrical (kinematic) and not based on plasticity theory, 

dealing only with strain and not with stress. He assumes a unique slip system 

in all grains, not the most favourable one as in the Sachs theory (1928). For 

(010) [100] slip, Etchecopar predicts for pure shear two [100] maxima dis- 

posed symmetrically with respect to the elongation direction. Most significant 

is the difference between Taylor and Etchecopar in the shear sense determina- 

tion. Whereas Taylor and self-consistent theories predict an asymmetrically 

disposed (010) maximum, the Etchecopar model assumes that the slip plane 

(010) lies in the shear plane and the slip direction [100] in the shear direction, 

much in accord with Sander’s (1950) concept of a ‘movement picture’. Nicolas 

& Poirier (1976) observed simple shear textures in peridotites in which [010] 

and [100] maxima are displaced 20—30° from the mesoscopic foliation normal 

and lineation respectively (Fig. 14.6). Following Etchecopar (1977), they inter- 

pret (010) as lying in the macroscopic shear plane and [100] in the macroscopic 

shear direction. Therefore, both [010] and [100] crystal lattices are rotated 

from the foliation normal and lineation respectively, in the same sense as that 

of the macroscopic shear (Fig. 14.7a). In our simulations the [010] is asymme- 

tric with respect to the shear plane and displaced in a direction opposite to the 

sense of shear (Fig. 14.7b). The sense of shear predicted from the Etchecopar 
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Figure 14.6 Fabric diagrams for olivine aggregate from the Bay of Islands ophiolite complex, 

Newfoundland, from Mercier (1985): (a) [100]; (b) [010]. Foliation is horizontal (straight line), 

and lineation trends E—W (dots) (equal-area projection). 

model is just the opposite from that predicted with the Taylor model. This 

indicates some controversy with far-reaching geological implications. Does 

olivine deform in single slip or in polyslip? The answer is not conclusive, but 

slip occurs on different crystallographic planes both in natural rocks (Nicolas 

et al. 1971) and in experimentally deformed single crystals (Durham & Goetze 

1977, Mackwell ef a/. 1985). A polyslip model therefore seems applicable. 

Unfortunately there are so far no simple-shear experiments on olivine with 

which texture predictions could be compared, and natural fabrics rely on inter- 

pretation. In these the identification of the shear plane and the foliation plane 

can be extremely difficult and uncertain (e.g. Lister & Snoke 1984). The 

question of which of the deformation models is more applicable remains 

undecided. In our view, it seems unlikely that olivine behaves differently from 

any other material of geological or engineering interest which has been studied 

[100] 
maximum 

Figure 14.7 Determination of the sense of shear from fabric diagrams of olivine aggregates 

deformed in simple shear based on (a) interpretation by Nicolas & Poirer (1976) and (b) our calcu- 

lations. Note that the interpretation by Nicolas & Poirier leads to a dextral sense of shear, whereas 

our calculation leads to a sinistral sense of shear. Solid circles and triangles indicate foliation nor- 

mal and lineation, respectively. Open circles and triangles in (b) indicate shear plane normal and 

direction, respectively, assumed to be parallel to the shortest and longest axes of the finite strain 

ellipsoid. Arrows indicate the macroscopic shear plane and sense of shear. 

Si 



DISLOCATION-ASSISTED PLASTIC DEFORMATION 

so far. In particular, the concept of an ‘easy glide’ stable orientation in simple 

shear is contrary to plasticity theory, which predicts a constant rollover of 

orientations (e.g. Wenk ef a/. 1989b), with texture maxima merely represent- 

ing a dynamic equilibrium. 

All arguments presented apply to deformation by glide and climb, and have 

not considered recrystallization. Whereas Avé Lallemant & Carter (1970) 

observed a near-orientation coincidence of plastically deformed and syn- 

tectonically recrystallized grains, Nicolas (1971, 1973) strongly argues for a 

kinematic origin of texture in most naturally deformed olivines. 

We have presented an anisotropic flow model for olivine polycrystals that 

allows us to predict deformation in this important system which has fewer than 

five independent slip systems, thus precluding application of the classical 

Taylor theory. A relaxed Taylor theory and a self-consistent model predict 

similar textures for pure shear and simple shear. Simple-shear textures can be 

used to infer the sense of shear. It is assumed that deformation which can not 

be achieved by means of slip systems occurs by climb. For simple shear the 

predicted flow stress does not change greatly during deformation, suggesting 

that in this case steady-state flow laws may apply reasonably well. 

Acknowledgements 

We appreciate support from grants NSF EAR 87-09378 and IGPP-LANL. 

H.R.W. acknowledges the generous hospitality of the Technical University of 

Hamburg—Harburg through the A. von Humboldt Foundation. Stimulating 

discussions with S. I. Karato, U. F. Kocks, and L. E. Weiss were most 

valuable. P. Van Houtte kindly provided a Taylor computer code on which 

part of our simulations are based. 

References 

Avé Lallemant, H. G. & N. L. Carter 1970. Syntectonic recrystallization of olivine and modes of 

flow in the upper mantle. Geo/ Soc. Am, Bull. 81, 2203—20. 

Carter, N. L. & H. G. Avé Lallemant 1970. High temperature flow of dunite and peridotite. Geol 

Soc. Am. Bull. 81, 2181—202. 

Christensen, N. I. 1984. The magnitude, symmetry and origin of upper mantle anisotropy based 

on fabric analyses of ultramafic tectonites. Geophys. J. R. Astron. Soc. 16, 89-111. 

Christensen, U. R. 1987. Some geodynamical effects of anisotropic velocity. Geophys. J. R. 
Astron. Soc. 91, 711—36. 

Dell’Angelo, L. 1985. Quartz c-axis preferred orientation in experimentally deformed shear zone. 
Geol Soc. Am. Abstr. with Program 17, 562. 

Den Tex, E. 1970. Principal olivine fabrics: their tectonic and metamorphic significance. In 
Experimental and natural rock deformation, P. Paulitsch (ed.), 486—95. Berlin: Springer. 

374 



T. TAKESHITA ET AL. 

Durham, W. B. & C. Goetze 1977. Plastic flow of oriented single crystals of olivine, 1. Mechanical 

data. J. Geophys. Res. 82, 5131-753. 

Etchecopar, A. 1977. A plane kinematic model of progressive deformation in a polycrystalline 

aggregate. Tectonophysics 39, 121-39. 

Franssen, R. C. M. W. 1987. The influence of the deformation path on mechanical behavior. 

EOS, Trans Am. Geophys. Union 68, 1454. 

Fuchs, K. 1983. Recently formed elastic anisotropy and petrological models for the continental 

subcrustal lithosphere in southern Germany. Phys. Earth Planet. Inter. 31, 93-118. 

Gil Sevillano, J., P. Van Houtte & E. Aernoudt 1980. Large strain work hardening and textures. 

Progr. Mat. Sci. 25, 69-412. 

Green, H. W. & S. V. Radcliffe 1972. Deformation processes in the upper mantle. In Flow and 

fracture of rocks, H. C. Heard, I. Y. Borg, N. L. Carter & C. B. Raleigh (eds), 139-56. 

Geophys. Monogr. 16. Washington, DC: American Geophysical Union. 

Hager, B H. 1984. Subducted slabs and the geoid constraints on mantle rheology and flow. J. 

Geophys. Res. 89, 6003-15. 

Hess, H. H. 1964. Seismic anisotropy of the uppermost mantle under oceans. Nature 203, 629-31. 

Honneff, H. & H. Mecking 1978. A method for the determination of the active slip systems and 

orientation changes during single crystal deformation. In Proceedings of the 5th International 

Conference on Texture of Materials, G. Gottstein & K. Liticke (eds), 265—75. Berlin: Springer. 

Karato, S.-I., M. S. Paterson & J. D. Fitzgerald 1986. Rheology of synthetic olivine aggregates: 

influence of grain size and water. J. Geophys. Res. 91, 8151-76. 

Kern, H. & H.-R. Wenk 1983. Calcite texture development in experimentally induced ductile shear 

zones. Contrib. Mineral. Petrol. 83, 231—6. 

Kocks, U. F. & G. R. Canova 1981. How many slip systems, and which? In Deformation of poly- 

crystals: mechanisms and microstructures, Proc. 2nd Riso Symp., Riso Nat. Lab., Roskilde, 

Denmark. 

Lister, G. S., M. S. Paterson & B. E. Hobbs 1978. The simulation of fabric development during 

plastic deformation and its application to quartzite: the model. Tectonophysics 45, 107-158. 

Lister, G. S. & A. W. Snoke 1984. S—C mylonites. J. Struct. Geol. 6, 617-38. 

Lister, G. S. & P. F. Williams 1979. Fabric development in shear zones: theoretical controls and 

observed phenomena. J. Struct. Geol. 1, 283—97. 

Mackwell, S. J., D. L. Kohlstedt & M. S. Paterson 1985. The role of water in the deformation 

of olivine single crystals. J. Geophys. Res. 90, 11 319-33. 

Mercier, J.-C. C. 1985. Olivine and pyroxene. In Preferred orientation in deformed metals and 

rocks: an introduction to modern texture analysis, H.-R. Wenk (ed.), 407-30. Orlando, 

Florida: Academic Press. 

Mockel, J. R. 1969. Structural petrology of the garnet peridotite of Alpe Arami (Ticino, 

Switzerland). Leidse Geol. Med. 42, 61—130. 

Molinari, A., G. R. Canova & S. Ahzi 1987. A self-consistent approach of the large deformation 

polycrystal viscoplasticity. Acta Metall. 35, 2983—94. 
t 

Nicolas, A., J. L. Bouchez, F. Boudier & J.-C. C. Mercier 1971. Textures, structures and fabrics 

due to solid state flow in some European lherzolites. Tectonophysics 12, 55—85. 

Nicolas, A., F. Boudier & A. M. Boullier 1973. Mechanisms of flow in naturally and 

experimentally deformed peridotites. Am. J. Sci. 273, 853-76. 

375 



DISLOCATION-ASSISTED PLASTIC DEFORMATION 

Nicolas, A. & J.-P. Poirier 1976. Crystalline plasticity and solid state flow in metamorphic rocks. 

New York: Wiley. 

Phakey, P., G. Dollinger & J. Christie 1972. Transmission electron microscopy of experimentally 

deformed olivine crystals. In Flow and fracture of rocks, H. C. Heard, I. Y. Borg, N. L. Carter 

& C. B. Raleigh (eds), 117-38. Geophys. Monogr. 16. Washington, DC: American 

Geophysical Union. 

Raleigh, C. B. 1968. Mechanisms of plastic deformation of olivine. J. Geophys. Res. 73, 

5391—406. 

Sachs, G. 1928. Zur Ableitung einer FlieSbedingung. Z. Verein. Dtsch. Ing. 12, 134-6. 

Sander, B. 1950. Einfiihrung in die Geftigekunder der geologischen Korper. Vienna: Springer. 

Takeshita, T., C. Tomé, H.-R. Wenk & U. F. Kocks 1987. Single crystal yield surface for trigonal 

lattices: application to texture transitions in calcite polycrystals. J. Geophys. Res. 92B, 

12 917-30. 

Takeshita, T. & H.-R. Wenk 1988. Plastic anisotropy and geometrical hardening in quartzites. 

Tectonophysics 149, 345—61. 

Taylor, G. I. 1938. Plastic strain in metals. J. Inst. Metals 62, 301—24. 

Van Houtte, P. 1978. Simulation of the rolling and shear texture of brass by the Taylor theory 

adapted for mechanical twinning. Acta Metall. 26, 591—604. 

Van Houtte, P. 1982. On the equivalence of the relaxed Taylor theory and the Bishop—Hill theory 

for partially constrained plastic deformation of crystals. Mat. Sci. Engng 55, 69-77. 

Wenk, H.-R., T. Takeshita, P. Van Houtte & F. Wagner 1986. Plastic anisotropy and texture 

development in calcite polycrystals. J. Geophys. Res. 91, 3861—3869. 

Wenk, H.-R., G. R. Canova, A. Molinari & H. Mecking 1989a. Texture development in halite: 

comparison of Taylor model and self-consistent theory. Acta Metall. 37, 2017-29. 

Wenk, H.-R., G. R. Canova, A. Molinari & U. F. Kocks 1989b. Viscoplastic modelling of texture 

development in quartzite. J. Geophys. Res. 94, 17 895—906. 

Wenk, H.-R., T. Takeshita, E. Bechler, B. G. Erskine & S. Matthies 1987. Pure shear and simple 

shear calcite textures: comparison of experimental, theoretical and natural data. J. Struct. 

Geol. 9, 731-45. 

376 



CHAPTER FIFTEEN 

On the slip systems in uranium 
dioxide 

Arthur H. Heuer, Robert J. Keller & Terry E. Mitchell 

15.1 Introduction 

Uranium dioxide (UO2) exists over a wide range of O:U ratios (UO + ,) at 

elevated temperatures as shown in Fig. 15.1 (Nadeau 1969). The variation of 

various physical properties with the O: U ratio has considerable technological 

significance, as use of UO2-based nuclear fuels necessarily encompasses a large 

region of the 7—x space of Fig. 15.1. Plastic deformation in UO? has been of 

interest since the earliest uses of UOz2 as a nuclear fuel, since fuel pins are sub- 

jected to large thermomechanical stresses. In this chapter, we consider the s/ip 

systems in UO2 as a function of T and x. The way in which x is accom- 

modated, particularly in hyperstoichiometric UOz, is also of importance to the 

mechanical behaviour. Isolated point-defect models are clearly not appro- 

priate when 5—10 per cent excess oxygen can be added to the basic fluorite 

structure (Fig. 15.2) as interstitial species. Defect clusters (Willis 1978), an 

example of which is shown in Fig. 15.3, are stable over a range of T and x, 

and by analogy with interstitial solutes in metals and alloys, could be expected 

to be potent hardeners. However, such is not the case! 

There is general agreement (Seltzer et a/. 1972) that some softening accom- 

panies increasing x in polycrystalline UOz undergoing diffusion-controlled 

creep, because of the increase in both oxygen and uranium self-diffusion kin- 

etics with increasing non-stoichiometry. For single-crystal UOz, the literature 

(Nadeau 1969, Ronchi & Blank 1970) on plastic deformation indicates soften- 

ing on some but not all slip systems with increasing non-stoichiometry, and a 

sensitivity to O: U ratio concerning the slip system which has the lowest critical 

resolved shear stress (CRSS). 

At the time the present work was begun, there was general agreement that 

the primary slip system of UOz2 was {100}, a common slip system for both 

oxides and fluorides with the fluorite structure, but reports existed for both 

{110} <OI1) and {111} <O11) slip and, indeed, of non-crystallographic slip 
with an <011) slip direction (Nadeau, 1969, Ronchi & Blank 1970; Yust 1971, 

1973). The choice of 1/2<011) for the Burgers vectors of dislocations in 
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Figure 15.3. 2:2:2 Willis defect cluster in hyper-stoichiometric UO2+, (Willis 1978). The two 

oxygen interstitials do not occupy the centre of the alternate empty subcells but relax along (011) 

towards two lattice oxygens, which in turn relax along (111) away from the two interstitials, 

resulting in two oxygen vacancies (hence the 2:2:2 notation). 

crystals with the fluorite structure is obvious from inspection of the crystal 

structure (Fig. 15.2), as it is the shortest lattice vector. On the other hand, the 

choice of the preferred slip plane is not at all obvious. 

In this chapter we report slip systems determined from slip trace analysis for 

UO, crystals deformed over ranges of temperature, O: U ratio, and orienta- 

tion such that a variety of slip systems have been activated; experimental 

details have been reported elsewhere (Keller 1982, Keller et a/. 1988). The prin- 

cipal aim of the discussion section is to attempt a simple-minded but atomistic 

interpretation of these data. 

15.2 Effects of non-stoichiometry on microhardness, flow stress, 

and preferred slip system 

Single crystals were grown by the directional solidification of internally zone- 

melted powder compacts (Chapman & Clark 1965), cut into one of several 

orientations, and annealed in various CO/CO 2 mixtures to establish the 
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desired O: U ratio. At room temperature, the microhardness anisotropy was 

consistent with {111} <O11) slip (Fig. 15.4), and the peak hardness increased 

with increasing x (Keller 1982). 

Bulk-plastic deformation in compression was studied in detail at 600°C, 

800°C, 1000°C, and 1400°C. (Actually, crystals pre-strained at 600°C could 
be deformed at 250°C (Keller et al. 1988); UOz apparently has the lowest 

brittle-to-ductile transition temperature of any oxide other than those that 

have the structure of rock salt.) At 600°C, but not at the higher temperatures, 

the specimen exhibited upper yield points and yield drops. At temperatures of 
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Figure 15.4 Knoop hardness anisotropy on {110} as a function of O:U ratio for UO?2.001. 
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Figure 15.5 Compression orientations used and the corresponding Schmid factors. 

1000°C and below, the yield stress was surprisingly insensitive to the O: U 

ratio but was widely scattered (the range at 600°C was 45—95 MPa, and lower 

at the higher temperatures), which was attributed to extrinsic impurities pre- 

sent in variable amounts in the crystals studied (Keller e¢ a/. 1988). At 1400°C, 

the same was true for crystals undergoing {100} slip, but not for those under- 

going {111} slip — they softened with increasing x (Keller ef a/. 1988). 

Apparently, defect clusters of the type shown in Fig. 15.3 are ‘transparent’ to 

moving dislocations; reorientation of the vacancies and interstitials of the 

defect must occur with sufficient rapidity not to impede dislocation motion and 

may even facilitate {111} slip at 1400°C (Keller 1982). The lack of any effect 

of non-stoichiometry on {100} slip at 1400°C rules out explanations attri- 

buting non-stoichiometric softening to enhanced diffusion kinetics. 

On the other hand, there was a marked dependence of the preferred slip 

system on 7 and x. This was checked using two compression orientations: 

469), which provides nearly equal Schmid factors for both {100} <O11) and 

{111} <O11) slip (0.48 and 0.46, respectively); and <029), which provides an 

equal Schmid factor of 0.49 for a pair of {110} (110) systems and a pair of 

{111} <O11) systems (Fig. 15.5). At 600°C, slip trace analysis showed that 

{111} slip predominated for both orientations and for all O: U ratios. 

At 1000 and 1400°C, the data were more complex (Keller e¢ a/. 1988). For 

the (469) orientation, the more nearly stoichiometric crystals (x < 107 3) 

deformed by {100} <011) slip, while the more oxygen-rich crystals exhibited 

non-crystallographic slip on a maximum resolved shear stress (MRSS) plane 
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Figure 15.6 Primary slip planes for specimens deformed along (a) [469] and (b) [029] as a func- 

tion of O:U ratio and deformation temperature, showing slip directions (solid circles) and the 

presence of primary slip planes on or near the corresponding maximum resolved shear stress 

planes. 

that combined {100} and {111} slip (Fig. 15.6a). For the <029) orientation, a 

similar transition was seen: {111} slip for the most oxygen-rich crystals 

(x > 10~*), and non-crystallographic MRSS slip on a combination of {110} 

and {111} planes for more nearly stoichiometric crystals (Fig. 15.6b). Clearly, 

{111} slip is preferred at low temperatures, and {100} slip is preferred at high 

temperatures for stoichiometric crystals, while plastic anistropy nearly dis- 

appears at high temperatures for non-stoichiometric crystals. 

15.3. The structure of half-slipped dislocations 

We attempt to explain the evidence just summarized by focusing on the struc- 

ture of (011) dislocations on {100}, {110}, and {111}. 
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Figure 15.6 (Continued) 

The first issue is one of charge. It was recognized quite early (Ashbee & 

Frank 1970, Brantley & Bauer 1970) that if straight- and jogged-edged disloca- 

tions on {100} carry no intrinsic charge, anions must move normal to the 

Burgers vector along the dislocation line for the dislocation to move. Alter- 

natively, anion shuffling can be avoided (Evans & Pratt 1969) at the expense 

of a charge of +2e per atom plane intersected by the dislocation line (for UO2 

or +e for CaF2); this charge can be avoided by alternating positively and 

negatively charged segments, resulting in an atomically jogged dislocation. 

Straight-screw dislocations are neutral. 

Straight-edge and screw dislocations on {110} are uncharged (Sawbridge & 

Sykes 1970), since the two extra half-planes of the edge dislocation carry equal 

and opposite charges at their edges. Dislocations on {111} can move between 

two oxygen planes, or between an oxygen and a uranium plane (Keller ef al. 

1988, Keller 1982). In the first case, each half-plane ends in the stoichiometric 

ratio of O to U so each half-plane is neutral, as is the dislocation, which is 

therefore equivalent to an edge dislocation on {110} in a rock-salt crystal. If 

the dislocation moves between an oxygen and uranium plane, each half-plane 

has equal and opposite charge so the dislocation is again neutral. In summary, 

no intrinsic charge problem exists for dislocations on either {110} or {111} 

383 



ON THE SLIP SYSTEMS IN URANIUM DIOXIDE 

{100} 

@) POSS 9 2 2S SSS 55 5 oa A 

1.374 B 

A ies 

A oe 

1.584 . 
(110 _y 316A 

a et . 0.798 
B ----------- 

B 
Qom—_——---—-—---— 

A 

Dorner berate q ----------- 

FA at PAE eg OG | a ee URANIUM 

6 aero! FY ree! rt veers! Or! Fae SSS OOEN 

—-——-— MIXED 

Figure 15.7. Planar spacing along (100), ¢110), and ¢111). 

planes, but dislocations on {100} may have to assume an unusual core struc- 

ture. 

Next consider the spacing of planes. Elementary dislocation theory suggests 

that the most widely spaced planes should offer the least resistance to the glide 

of dislocations (in simple metallic structures, this means the most close 

packed, but a more general definition is needed for compounds). The planar 

spacing along ¢100), (110), and ¢111) is shown in Fig. 15.7; {110} is clearly 

the most widely spaced, and this, combined with the charge neutrality of edge 

dislocations gliding on {110}, makes the absence of {110} slip surprising. 

One probable answer lies in considering the structure of the dislocation in 

a half-slipped position, as was done many years ago by Gilman (1960) to 

explain the difficulty of activating {100} (011) slip in ionic rock-salt structure 

crystals. (This is actually tantamount to studying the core structure of a dis- 

location in an ionic crystal at the zeroth level of atomic simulation.) 

The perfect lattice and the corresponding structure of the dislocation in its 
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half-slipped position is shown in Fig. 15.8 for dislocations on {100}, {110}, 

and {111} planes. Consider the {110} case first (Fig. 15.8a). As pointed out by 

Sawbridge & Sykes (1971), it is immediately obvious that planes of highly 

charged anions and cations are present in the half-slipped position. This is 

equivalent to bringing unscreened like charges near one another at the disloca- 

tion core, which must contribute to a sizeable Peierls barrier and prevent the 

occurrence of {110} slip. 

Similar planes of anions and cations are not present in the half-slipped posi- 

tions for glide on {100} and {111} planes. It can be seen in Figures 15.8b and 

15.8c, however, that unscreened anion—anion separations increase in the half- 

slipped position on {100} planes, while they decrease (to 0.273 nm) across the 

slip plane in the half-slipped position on {111} planes. This favours slip on 

{100} and apparently is the dominant effect in the deformation of CaF2, where 

a - mixed 

b - mixed 

STACKING © ~ mixed 
b - mixed 

(a) {110} a - mixed 

ta 

© 0 10NS ee 

@ vu IONS 

Figure 15.8 Orientation of perfect unit cell, and after one-half unit of shear, along (a) {110}, 

(b) {100}, and (c) {111}. 
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Figure 15.8 (Continued) 

{100} <O11) is the primary slip system, and in near-stoichiometric UO) at high 

temperatures. 

The formation of complex anion defects, such as that shown in Figure 15.3, 

is favoured by low temperatures and by large deviations from stoichiometry 

at elevated temperatures. These are the same conditions that favour slip on 

{111} planes, and it is likely that dislocations interacting with such defects will 

have altered core configurations. Possible configurations at the equilibrium 

and half-slipped positions when a simple 1: 1:1 Willis defect is present are 

shown in Figure 15.9. A configuration can be found (Fig. 15.9b) which 

increases anion—anion separations in the half-slipped position for {111} slip, 

while all configurations so far considered lead to decreased separation for 

{100} slip. Although the 1: 1:1 defect is simpler than the defects likely to be 

present at low temperatures and in highly non-stoichiometric crystals at 
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(c) {111} 

RPDHO>PKDOR COIs Ol OsColole 

Figure 15.8 (Continued) 

elevated temperatures, we suggest that interactions of this type cause the dom- 

inance of {111} slip. 

15.4 Questions for future work 

While this study has clarified some of the issues in the deformation of UO, 

a number of important questions remain which we now summarize: 

(1) Why is the flow stress so relatively insensitive to the O: U ratio, except 
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{100} 

Figure 15.9 Orientation of perfect unit cell containing a 1:1:1 Willis defect, and after one-half 

unit of shear, along (a) { 100} and (b) {111}. Vo and O; indicate oxygen vacancies and oxygen inter- 

Stitials, respectively. 

at high temperatures, where some softening is observed, but only for 

{111} slip? 

(2) What is the nature of the interaction between dislocations and complex 

Willis defects known to exist in highly non-stoichiometric material? 

(3) Why does UO> have such a low brittle-to-ductile transition temperature 

(Tp-p~0.15Tm), whereas other isostructural oxides, e.g. stabilized 

ZrO2, have a 7g~-p that is more nearly equal to 0.57)? 

It is likely that theoretical work is required on all these issues, probably involv- 

ing computer simulation. 
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{111} 

Figure 15.9 (Continued) 
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CHAPTER SIXTEEN 

A TEM study of dislocation 
reactions in experimentally 
deformed chalcopyrite single 

crystals 
Christa Hennig-Michaeli & Jean-Jacques Couderc 

16.1 Introduction 

Sulphides may contain valuable tectonic information, since they display a var- 

iety of deformation features which are particularly sensitive to temperature 

conditions in the shallow Earth’s crust. The understanding of the mechanical 

behaviour of the common sulphide ore minerals, galena, sphalerite, pyrite, 

pyrrhotite, and chalcopyrite, has progressed on account of numerous defor- 

mation studies in the laboratory over a variety of experimental conditions 

involving microstructural investigations and texture determinations (for 

reviews see Clark & Kelly 1976, McClay 1983, Siemes & Hennig-Michaeli 

1985). Recently, the flow mechanisms of sulphide minerals in response to 

various imposed parameters in crustal environments have been comprehen- 

sively discussed by Cox (1987) with a view to the development of characteristic 

microstructures. TEM has been applied to analyse the dislocation substruc- 

tures in deformed marcasite (Fagot ef a/. 1981), and has provided detailed 

information on the ductile behaviour of pyrite (Cox ef al. 1981, Graf ef al. 

1981, Levade ef a/. 1982) and sphalerite (Levade ef a/. 1986). Previous inter- 

pretations of the flow mechanisms in experimentally deformed polycrystalline 

chalcopyrite resulted from texture determinations (Lang 1968) and from 

metallographic studies of deformation structures (Atkinson 1974, Kelly & 

Clark 1975, Roscoe 1975). The change from cataclasis to slip and twinning on 

{112} planes with increasing confining pressure and temperature could be 

outlined. The rather tentative results need to be revised by means of single- 

crystal deformation experiments over a similar range of conditions, and by 

TEM investigation. This chapter is part of such a re-examination. 

Chalcopyrite (ccp) is a common accessory mineral in metamorphic and 

igneous rocks, and it is found in almost all types of ore deposits, apparently 
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representing the widest possible range of conditions for sulphide formation 

(Stanton 1972). Under tectonic stress chalcopyrite is evidently a relatively weak 

and ductile mineral. Microscopic observations on grain aggregates in naturally 

deformed ores reveal a variety of structural features considered to be due to 

plastic deformation: weakly strained grains with deformation twins; elongated 

grains being subdivided into more or less organized subgrains; and fine- 

grained recrystallized aggregates (see, for example, Cox & Etheridge 1984). 

The dislocation mechanisms, however, are still a matter of speculation, since 

TEM investigations have only been carried out on crushed powders of few ore 

samples. Perfect dislocations with unexplored Burgers vectors and partial dis- 

locations terminating extended {112} stacking faults or microtwins (Murr & 

Lerner 1977, 1978) and a sub-boundary network (Cox & Etheridge 1984) have 

been reported. 

Recent investigations of the glide mechanisms of several ccp single crystals 

(Couderc & Hennig-Michaeli 1986, 1987; Hennig-Michaeli & Siemes 1987) 

have established that during experimental deformation at 200°C the behaviour 

of ccp crystals is more versatile than that of sphalerite-structured crystals. The 

dislocation mechanisms are in some respect analogous to those in DQOz)- 

ordered alloys, with the same type of Bravais lattice (body-centred tetragonal 

with co/ao = 2). It is the aim of this study to emphasize that not only do the 

operating glide systems control the deformation, but that also dislocation 

interactions and dislocation reactions have affected the plastic behaviour of 

those weakly strained crystals. Already published characteristics of the dislo- 

cations will be briefly summarized to provide the basis for this more detailed 

analysis. The comparison of the dislocation configurations in a crystal com- 

pressed at 400°C (0.587m) with the microstructures of the 200°C crystals 

(0.417;,) will show that a marked change of the deformation mechanisms 

occurs in that temperature range. 

TEM observations under weak-beam dark-field conditions reveal how par- 

tial dislocations are involved in the reactions. Included in the term ‘reactions’ 

are dissociations of perfect dislocations and cross-slip processes, since they are 

associated with transformations of dislocation cores. By means of analysing 

triple junctions, particular microprocesses, such as the dissociation mode of 

specific dislocations, dipole interactions, the formation of a microtwin, and 

the crossing over of dissociated dislocations gliding in conjugate glide planes, 

become elucidated. Thus the detailed characterization of dislocation reactions 

leads to a better understanding of the deformation behaviour of the crystals 
studied. 

It would be premature to infer general conclusions on the deformation 

behaviour of chalcopyrite in crustal environments from the present study. 

Electron-transparent foils normal to the axes of compression were prepared 

by electrochemical polishing of mechanically thinned sections, and were 
observed in a JEOL 200-CX electron microscope operating at 200 kV (TEM 

SCAN Service of the Université Paul Sabatier, Toulouse). 
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16.2 Dislocation reactions in crystals strained at 200°C 

16.2.1 Survey of glide modes 

In the cep crystals studied, which were experimentally deformed at 200°C, at 

300 MPa confining pressure and with é=~4x10~°s~!, dislocation glide 

occurred on three different types of glide planes (Couderc & Hennig-Michaeli 

1986, 1987; Hennig-Michaeli & Siemes 1987): on {112} planes, on the (001) 

plane, and on {100} planes, all being stackings of sulphur layers alternating 

with CuFe cation layers. 

Surface and TEM observations have established that {112}<311) slip and 

{112}<311) slip are the main glide modes at 200°C. Straight dislocations par- 

allel to low index directions in {112} planes form isolated slip bands with high 

dislocation densities. Dislocations with b = 1/2<111), which is the shortest lat- 

tice vector in {112} planes (cf. Table 16.1), are less numerous than dislocations 

Table 16.1 Glide dissociation of perfect dislocations in chalcopyrite crystals deformed at 200°C. 

Models derived from TEM observations (Coudere & Hennig-Michaeli 1987). 

Glide Dissociation reaction 

plane Total dissociation 

Modulus of b Planar defects width 

(A) {112} 1/2¢311) — 1/3<111) + 1/6¢421) + 1/2<110) 20-25 nm 
988 pm BL Se 

SF APB 

(B) 1/2¢311) + —1/6<111) + 1/12¢421) + 1/2¢110) + 1/4201) 20-35 nm 
988 pm 2 epee pte ae 

SF APB; APB; 

(C) 1/2111) = = 1/6111) + 1/6¢ 111) + 1/64 111) ~20 nm 
642 pm PSS SS aie a 

SEEeXt SF intr. 

(D) (110) >  1/2¢110) + 1/2¢110) ~10nm 
748 pm 2. 

APB 

(E) (001) ¢110) > 1/2¢110) + 1/2¢110) ~20 nm 
748 pm AL ak 

APB 

(F) {100} <010) +> 1/4¢021) + 1/4021) ~15 nm 

529 pm IE 
APB 

SF, geometrical stacking fault; APB, antiphase boundary; APBj, incomplete antiphase boundary. b, Burgers 

vector. 

393 



A TEM STUDY OF DISLOCATION REACTIONS 

Figure 16.1 (112) slip band in a chalcopyrite crystal, deformed 1.1 per cent at 200°C, showing 

high-density pile-ups of straight dislocations parallel to [201], most of them probably with 

b = 1/2[311], and several screw dislocations with b = 1/2[111] (<, a). The encircled nodes are 

presumably junctions of dislocations with b = 1/2[111], [201] and 1/2[311]. Compression axis 

(CA) = foil normal (FN) = [110]. Bright field electron micrographs (BF). Electron beam direction 

(BM) = [221]. (a) g = [220]; (b) g = [024]. 

with b = 1/2¢311). This is illustrated in Figure 16.1 by the slip band in the 

crystal shortened along [110], in which 1/2[111] is the most favoured slip vec- 

tor in the glide plane (112). Dislocations with b = (110) can enter {112} planes 

by cross-slip from the (001) plane, and dislocations with b parallel to <201) 

are rare in {112} planes. {112}<111)deformation twins are characterized by a 

high density of screw-twin dislocations in their boundaries. 

(001)<110) slip is a main glide mode in the crystals shortened along [111] 

and [221]. The slip mode {100}<010) has been activated in the vicinity of 

high-density {112} dislocation bands in the crystal shortened along [110]. 

16.2.2 Dissociation of perfect dislocations in {112} planes 

In previous studies, particular attention has been paid to the dissociation of 

perfect dislocations, and the kinds of planar defects which are associated with 

particular types of partial dislocations have been specified (Coudere & Hennig- 

Michaeli 1986, 1987). Dissociation reactions, which have been inferred from 

TEM observations in weak-beam conditions are summarized in Table 16.1. 

Dislocations with b = 1/2(311), gliding in {112} planes, are observed to be 

dissociated into up to four non-collinear partials. Due to the overlapping of 

the elastic strain fields of the partials, analysis by weak-beam methods is 

difficult. The dissociation width is not constant along the dislocations, and the 
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dissociation mode changes from place to place, indicating that the dislocation 

core is a changeable configuration. Several dissociation models have been 

proposed by the authors (Table 16.1), although a definite characterization of 

the complex splitting has not yet been achieved. 

Dislocations with b = 1/2¢111) are dissociated into three collinear partials 

in the {112} planes. A dissociation model, involving dissociation in two adja- 

cent interatomic planes, as proposed by Vanderschaeve & Escaig (1978) for the 

splitting of b = 1/2{111} in DO22-ordered Ni3V, is consistent with the obser- 

vations. 

Dislocations with b = <110) gliding in {112} planes are split into two col- 

linear partials. Four collinear partials are attributes of dislocations with b 

parallel to <201), which look like double dipoles rather than dissociated per- 

fect dislocations. Dislocations with b = (201) do not seem to be stable. The 

observation that they can decompose into pairs of perfect dislocations: 

(200 1/201 11 el 2311) (16.1) 

is regarded as an indication that dislocation reactions in {112} planes might be 

sources for dislocations with the somewhat astonishing Burgers vector 

1/2<311) (Couderc & Hennig-Michaeli 1987). 

16.2.3 Dislocation reactions in {112} planes 

Several dislocation nodes in Figure 16.1 show that reactions have taken place 

in the glide plane (112). At the encircled junctions one of the dislocations is 

out of contrast for g = [220]* (Fig. 16.1a) and has b = 1/2[I11]. The nodes 

are assumed to be joined by dislocations, as indicated in reaction (16.1). 

The configuration in Figure 16.2 with six interacting dislocations in the (112) 

plane manifests the versatile dislocation behaviour in {112} planes. Disloca- 

tions 3 and 4 can easily be specified. Dislocation 3, parallel to ~ [021] and out 

of contrast for g = [220]*, has b = 1/2[111] and is dissociated into three col- 

linear partials. Dislocation 7 is of the same type. Dislocation 4, parallel to 

~ [421] and out of contrast for g = [112]* and g = [008]*, has b = [110] and 
is split into two collinear partials. Dislocations 1, 2,5, and 6 remain in contrast 

whatever the operating reflection, specified by reciprocal lattice vector g. 

Dislocation 6 in Figure 16.2, parallel to ~ [110], represents the most fre- 

quent dislocation type, with b = 1/2(311) in that sample. It seems to be split 

into four partials: 

1/2(311] > 1/6[111] + 1/6[111] + 1/6[421] + 1/2[110] (16.2) 
_—— 

1/3 [111] 
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Figure 16.2 Net configuration of dislocations with four different types of Burgers vectors in the 

(112) plane: 1, 2, b= 1/2[311) or [201];.3, b = 1/2[111); 4, b = [110]; 5, 6, b= 1/2311}. 1 2,3 
and 3,4,5 form nodes; 5 and 6 join each other in a dipole. 1.0 per cent strain at 200°C. 

CA = FN = [021]. (a) g = [024]*, BM = [021], BF. (b) g= [112]*, BM= [021], weak-beam 
dark-field electron micrograph (DF/WB). (c) Dislocation 4 is out of contrast; g= hu baleen 

BM = [021], DF/WB. (d) g = (204]*, BM = [221], DF/WB. (e) Dislocation 3 is out of contrast; 

g = [220]", BM = [221], DF/WB. (f) Dislocation 4 is out of contrast; g = [008]*, BM = [010], 
DF/WB. (DF, dark field; WB, weak beam.) 
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Dislocation 5 has to be of the same type, since it results from the reaction: 

1/2[111] + [110] > 1/2 [311] (16.3) 

dislocation (3) (4) (5) 

Along a short segment the dislocations 5 and 6 form a dipole. That the partial 

b = 1/6[421] is the central one in dislocation 5 can be inferred from the con- 

figurations of partial dislocations in Figures 16.2c and d: 

1/2[110] + 1/6[111] — 1/6[421] (16.4) 

partial (d) (c) (f) 

of dislocation (4) (3) (5) 

The observations at the nodes 3,4, and 5, as depicted in Figures 16.3b & c, 

substantiate previously derived dissociation reactions (A, C, and D in Table 

16.1). Whereas the partials c, d, e, and f in the glide plane (112) are considered 

to be situated together in a single interatomic layer, this is not the case for b 

and c if the model of Vanderschaeve & Escaig (1978) for the splitting of 

5 

. atb 

f 

(112) 

S : - : aT ee) 1/2{ Tio} - 

a\<2,, 19 v6 (421) ow: ay oti) 
| aatiniy valli ote 1/3(i11) 

e 4 e e d ° e a+b] . 

(110) 

(a) (b) (c) 

Figure 16.3 Schematic representation of interactions in Figure 16.2. Configuration of disloca- 

tions (above), and lattice points and Burgers vectors in the (112) plane (below). (a) Reaction of 

perfect dislocations at the node 3,4,5. (b) Reaction of partial dislocations at the node c, d, f. 

(c) Dissociation of dislocation 5. 
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b = 1/2¢111) is maintained. The observations suggest that the core of disloca- 

tion 5 has spread over two successive interatomic layers. The splitting of 

1/3[111] in reaction (16.2) into two collinear partials cannot take place in a 

single fault plane. 

The node between dislocations 1,2, and 3 might account for the reaction: 

1/2[111) + 1/2[311] > [201] (16.5) 

dislocation (3) (I) con (2) Maelo (2) 

Due to their indistinct contrasts, dislocations 1 and 2 cannot be specified. 

Nevertheless, the observations show that dislocations with four different types 

of b are linked together in one slip plane. 

16.2.4 Reactions of dislocations with b = (110) 

Dislocations with b = (110) gliding in their primary slip plane (001) are gen- 

erally dissociated into two collinear partials (reaction E, Table 16.1) and can 

Figure 16.4 Cross-slip of dislocations with b = [110] from (001) planes to (112) planes. Horizon- 
tal lines are edge dislocations in (001) planes, and screws are vertical. Rather uniform dissociation 
in the (001) planes with only one short less extended segment (+) at C. The less extended segments 
at A and D, parallel to ~ [131], and at B, parallel to ~ [111], lie in (112) planes. The less extended 
segment at E in the (112) plane, parallel to ~ [421], reorientates to ~ [111] and redissociates. 
1.4 per cent strain at 200'C. CA = FN= [11 1], DF/WB, BM = [001], g= [220] *. 
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easily cross-slip into a {112} plane (Fig. 16.4). Cross-slip can take place 

without recombination of the partials, since they both are glissile in the two 

glide planes. A shrinking of the ribbons at the intersection of the primary slip 

plane with the cross-slip plane has been observed most frequently (Fig. 16.4). 

The cross-slipped dislocation segments in a {112} plane are always short, even 

when {112} 110) slip is more favoured by the applied stress than (001)<110) 

slip. 

oe UY etree _ 
Sey. 

Figure 16.5 Interaction of a dislocation of the glide system (001)[110] with a (112) deformation 

twin (left). The upper partial A with b = 1/2[110] in the (001) plane decomposes into a Frank par- 

tial 1/6[221] and two Shockley partials + 1/6[11 1] (C, D). The Shockley partials are screws linked 

by a geometrical SF in the (112) plane showing fringe contrasts in (b) and (d). 1.4 per cut strain 

at 200°C..CA = FN = [111]. DF/WB. (a) (ae (204]*, BM = [241]; (b) g = [220]*, BM = [001]; 

(c) g = [024]*, BM = [221]; (d) g= [112]*, BM = [111]; (e) g = [220]", BM = [221]. 
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1/6(221) 

1/6(111] 1/2(110] 

[111] 

Figure 16.6 Schematic representation of the dislocation reactions in Figure 16.5. 

Figure 16.7 Dislocations parallel to [110] in the (112) and (001) planes. At triple junctions (<) 

several dislocations are joined by [110] directed segments. Most of these junctions result from 

dipole interactions of dislocations with b= [110]. 1 per cent strain at 200°C. CA=FN= 
BM = [021], BF, g = [024]*. 
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Figure 16.8 Dipole formation of dislocations within b= [110] gliding in two adjacent (001) 

planes. The dislocations B—E and C—D are dissociated into two collinear partials, which are super- 

imposed along an edge dipole A, so that only three or two partials remain visible (cf. Fig. 16.10a). 

1.4 per cent strain at 200°C. CA = FN = [111]. DF/WB. g = [220]*, BM = [001]. 

Decomposition reactions of partials with b = 1/2110) appear to be sources 

for microtwin formation. In Figure 16.5 an edge dislocation in the (001) plane 

is dissociated into two collinear partials as usual. It joins a microtwin in (112) 

which acts as an obstacle to dislocation motion in the primary glide plane, and 

the upper partial spreads into Shockley partials in (112) and into a Frank par- 

tial in the way illustrated in Figure 16.6: 

1/2[110] > 1/6[111] + 1/6[221] (16.6) 

gliding in (001) (112) 

The Frank partial 1/6[221] is sessile in the (001) plane and in the (112) plane. 

The Shockley partials + 1/6[111] in the (112) plane bound a pure geometrical 

stacking fault, a ‘one-layer’ microtwin. The observed large differences between 

the twinning shear stresses in ccp crystals of different orientations (Hennig- 

Michaeli & Siemes 1987) might be explained by processes such as the operation 

of reaction (16.6), which evidently is induced by local stress concentrations. 

Most of the ‘triple junctions’ in Figure 16.7 are not nodes between disloca- 

tions with three different Burgers vectors but result from dipole interactions 

of dislocations with b = <110). It is shown in Figure 16.8 how dislocations dis- 

sociated in the (001) plane into two collinear partials with b = 1/2[110], and 

gliding in closely spaced (001) planes, meet and re-orientate in an edge dipole. 

Along the dipole the four partials in the two glide planes are superimposed so 

that only three or two remain visible. The dipole immobilizes the edge 

segments of the dislocations and becomes elongated by the motion of mixed 
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Figure 16.9 Interaction of dissociated dis- 

locations with b= [110]. A and B are screw 

dislocations and C is an edge dipole of 

superimposed dislocations in adjacent (001) 

planes. The upper ‘partial dipole’ of C is pin- 

ched off from the upper partial of A and B. 

The lower ‘partial dipole’ of C spreads into 

mutually opposed screw orientations (cf. Fig. 

16.10d). 1.0 per cent strain at 200°C. 

(CUN=TEIN| = (OVAL, (DEIR, (a) f= [220] *, 

BM = [221]; (b) g = [112]*, BM = [021]; (c) 
g = (220]*, BM = [221]. 

and screw segments. When screw segments of the two dislocations happen to 

meet at the end of the dipole (Fig. 16.9) they can join each other by cross-slip, 

resulting in a jogged-screw dislocation separated from a pinched-off edge 

dipole (Fig. 16.10, cf. Tetelman 1962). The configuration in Figure 16.9 

exemplifies an intermediate state of this process: one partial of dislocation A 

has cross-slipped so that the ‘dislocation’ C consists of a pinched-off edge 

dipole of one partial and a dipole of two partials spreading into mutually 

opposed screw orientations (cf. Fig. 16.10d). The configuration in Figure 

16.10b has also been observed. 
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(Cc) 

(a) 

/ 

(e = 

ey ada (e) (110) 

Figure 16.10 Interactions between dissociated dislocations with b = [110] in two adjacent (001) 

planes at the end of an edge dipole: (a) superposition of dissociated dislocations (cf. Fig. 16.8); 

(b) low-energy configuration of pure edge and pure screw dislocations; (c) a, and b; have joined 

each other by cross-slip of a partial dislocation containing a jog (J); (d) the dipole c, has been 

pinched off after exchange of partials (cf. Fig. 16.9); (e) cz has been pinched off. Note that 

shortening of c; and cz can proceed by core diffusion. 

16.3 Dislocation reactions in crystals strained at 400°C 

16.3.1 Deformation experiments 

During experiments at 400°C (0.587) at 300 MPa confining pressure and 

&€=5x10-°s~!, plastic deformation started at low differential stresses which 

could not be determined accurately due to the external load registration of the 

high-pressure deformation apparatus. After the experiments the capsules 

embodying the deformed crystals contain H2S vapour. The pre-polished sur- 

faces of the samples are corroded, but they show the typical yellow metallic 

lustre of ccp. Exposed to the atmosphere, the outsides of the crystals and 

freshly cut surfaces tarnish rapidly. After a couple of months, however, the 

tarnishing of fresh cuts proceeds less quickly. A crystal that was thermally 

treated under the experimental conditions but not strained oxidizes only 

slowly. Obviously, the reactivity of the deformed crystals originates from 

strain-induced defects and decreases gradually. X-ray diffraction does not 

reveal any new reflections pointing to phase transitions. No additional spots 

appear in TEM diffraction patterns. 
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One crystal, strained 3.8 per cent by compression along [100], has been 

studied by TEM. Closely spaced {112} slip traces have been observed on the 

corroded sample surfaces. In a broad shear band two sets of { 102} twins occur 

which have distorted the crystal surfaces only slightly, but the crystal orien- 

tation in the twin domains is perpendicular to that in the matrix. In the 

following, the characteristics of the dislocations within the matrix, not those 

within the twins, will be outlined. 

16.3.2 Survey of glide modes 

In contrast to the crystals strained at 200°C, the dislocation distribution is very 

homogeneous in the crystal strained at 400°C (Fig. 16.11). The four sets of 

{112} planes have been equally stressed, but glide on two of them predom- 

inates. The main slip systems as observed by TEM are 1/2[111](112) and 

1/2[111](112) (Fig. 16.12). The dislocations with b = 1/2¢111) have a pro- 

nounced screw character, indicating a high mobility of edge components in the 

{112} planes, and are often arranged in pairs similar to dipoles (Figs 16.11 & 

13). They are dissociated in the {112} planes into three collinear partials with 

b = 1/6111) (Figs 16.13 & 16) in the same way as at 200°C and can cross-slip 

Figure 16.11 Dislocation arrangement in a chalcopyrite crystal deformed 3.8 per cent at 400°C. 
Three types of dislocations are in contrast: screws with b = 1/2(111] (~N45°W) in (112) planes; 
screws with b= 1/2[111] (~ N65-E) in (112) planes; and screws with b= [110] (~NIO°E). 
CA =FN = [100]. BF, == [024] * BM = [100]. 
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» 

Figure 16.12 Characterization of the dislocations in the 400°C sample. In (a), (b), and (c) the 

two main glide planes (112) (N30 W) and (112) (N80°E) are viewed edge-on. Dislocations with 

b= 1/2[111] in (112) planes are out of contrast in (b), dislocations with b = 1/2[111] in (112) 
planes are out of contrast in (c), and both types show numerous cross-slips into (110) planes. Dis- 

locations with b= [110] are only visible in (d). 3.8 per cent strain. CA ~FN~= [100], BF. 

(a) g= [220]*, BM=[110]; (b) g=[112]*, BM=[110]; (c) g= [112]*, BM= [110]; (d) 
g = [220]*, BM = [110]. 

into (110). The observation that {112}<111) slip is the main glide mode in the 

sample and not the more favoured {112}<311) slip shows that at 400°C the 

Burgers vector 1/2311) is no longer stable. 

Numerous screw dislocations with b = [110] occur (Figs 16.11 & 12d), which 

are split into two collinear partials 1/2[110] (Fig. 16.13). In weak-beam micro- 

graphs, the points of emergence of the partials on the foil surface coincide with 

traces of the (001) plane rather than with traces of {112} planes (cf. 

Fig. 16.13). The slip mode (001)<¢ 110) seems to be activated in spite of the zero 

resolved shear stress acting on it. The slip system (001)[110] was activated 
at undefined low stresses in a crystal strained along [221]. It is probably the 

easiest glide mode in chalcopyrite at 400°C. 

16.3.3 Cross-slip of dislocations with b = 1/2¢111) 

For both main slip systems, (112)[111] and (112)[111], the plane of cross-slip 

is (110), coinciding with the plane of the micrographs a, b, and c in Figure 

16.12, so that the lengths of the cross-slipped segments can be seen directly 
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Figure 16.13 Dissociation of dislocations with b= 1/2[111] (A,B,C, D) in (112) planes into 
three collinear partials. A, B, and C are screws. A and B form a dipole. D joins a node. Dissocia- 

tion of screw dislocations with b = [110] (NSO°E) into two collinear partials. In the upper left 

there is a small loop in the (001) plane with b parallel to [021]. 3.8 per cent strain at 400°C. 

CA = FN = [100]. DF/WB, g = [024] *, BM = [221]. 

(they are several tens of nanometres). The character of the dislocations (55°, 

70°) in the (110) plane can be established too, since the Burgers vectors lie also 

in the planes of the micrographs. The serrated appearance of several disloca- 

tions (Figs 16.12b, c) shows that generally only short segments cross-slip, and 

that the loops usually do not expand in the {112} glide planes which are just 

reached. The segments in the (110) plane can be described to be long jogs 

(superjogs) of the screws in {112}, with heights from several b up to 60b. 

16.3.4 Interactions between dislocations of different {112}<111) slip 
systems 

The configuration in Figure 16.14 is due to interactions between dislocations 

of the two main slip systems, (112)[111] (dislocations A, E) and (112)[111] 

(dislocations B, D). The segment C has b= [110], and is a screw dislocation 

in the cross-slip plane (110) showing an enhanced contrast in Figure 16.14a 

where g is parallel to +b. At the nodes A,B,C and C,D,E the dislocations 

1/2¢111) join: 

1/2(111] + 1/2[111] > [110] (16.7) 

dislocation in (112) (112) (110) 
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Figure 16.14 Interaction between dislocations of two different {112}<111) slip systems. E and 

A are screws with b = 1/2{111] in (112); D and B are screws with b = 1/2[111] in (112); C is a 

screw with b= [110]. 3.8 per cent strain at 400°C. CA = FN = [100]. DF/WB. (a) g= [220] *, 

BM = [110]; (b) g = [024]*, BM = [421]; (c) g= [112]*, BM= [110]. 
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Figure 16.15 Interaction between dislocations of two different {112}<111) slip systems. (a) Sche- 
matic representation of interactions in Figure 16.14. (b) Dislocations of two different 

1/2¢111) {112} slip systems approach. (c) Joined by formation of a segment in the (110) plane with 

b = [110], screw branches in {112} planes are shifted stepwise into successive {112} planes. In (d) 

they have passed each other and contain segments in (110) planes. 
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The reaction is energetically favourable since the two 1/2<111) dislocations 

(b; bz = 109°) are mutually attractive. In Figure 16.15 it is shown how two 

dislocations gliding in the conjugate {112} glide planes meet. Because of the 

shape of the loops, a probable situation will be that edge segments of one loop 

happen to meet screws of the other one. During the reaction the screws in 

{112} are shifted stepwise into successive glide planes. The reaction continues 

until the edge segments of the joining loop are consumed, resulting in the 

observed coplanar configuration in (110). 

Segment C seems to be split into two collinear partials (Fig. 16.14b): 

[110] > 1/2[110] + 1/2[110] (16.8) 

Under an applied stress, segment C can decompose in such a way that the 

dislocations A-E and D-—B can pass each other (Fig. 16.15d). Dislocation 

A-—E will be a screw in two separated (112) planes with a long jog in (110). 

Dislocation D—B will look like an elongated ‘loop in the (110) plane’. The 

microstructure of such a loop with b = 1/2[111] is revealed in Figure 16.16. 

Whereas the segments A and C are dissociated in (112) into three collinear 

partials, recombination of two partials has taken place along segment B: 

1/6(111] + 1/6[111] + 1/6[111] > 1/6[111] + 1/3 [111] (16.9) 

dissociation in (112) at segment B 

The two partials of segment B appear to lie in adjacent (110) planes. The dis- 

sociation mode in (110) and the wide dissociation as revealed in Figure 16.16c 

might be assisted by climb processes. 

200nm ~~ 
REARS, 

Figure 16.16 Dissociation of a dislocation with b = 1/2{111] probably formed during reactions 

between dislocations of two different 1/2¢111) {112} slip systems (cf. Fig. 16.15). The segments 

A and C are screw dislocations dissociated into three collinear partials in separated (112) glide 

planes being viewed edge-on in (c). Segment B parallel to Ke [110] in the (110) plane is dissociated 

into two: collinear partials. 3.8 per cent strain at 400 C. CA = FN = [100] 7 (a) g= [024], 

BM = [100], BF; (b) g = [024], BM = [100], DF/ WB; (c) g= [024)", BM = [421], DF/WB. 
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The configuration in Figure 16.16 can also be imagined to arise from double 

cross-slip of a 1/2[111] dislocation from a (1 12) plane via the (110) plane into 

another (112) plane. The joining of serrated 1/2[111] screw dislocations 

gliding in neighbouring (112) glide planes might bring about a similar defect 

structure. 

16.4 Discussion 

The observation of dislocation reactions in ccp has substantiated the versatile 

dislocation behaviour at 200°C in the main glide plane {112}. The appearance 

of dislocations with the Burgers vector 1/2(311) has been found to result from 

the recombination of dislocations with b=<¢110) and b=1/2<111). 

Reactions between dislocations with b = (201) and 1/2<111) also generate 

dislocations with b = 1/2¢311). Nevertheless, it is very likely that most of the 

dislocations with b = 1/2311) are directly activated by the applied stress. The 
observed node between specific partials (reaction 4, Fig. 16.3b) has confirmed 

previous dissociation models of the different types of joining perfect dis- 

locations (Couderc & Hennig-Michaeli 1986, 1987): but there is now some 

indication that the dissociation of 1/2(311) is spread over two successive 

interatomic layers, since only one partial 1/6<111) of the dissociated disloca- 

tion b= 1/2¢111) participates in reaction (4). The remaining two 1/6<111) 

partials which are supposed to glide in successive interatomic layers of the 

‘glide set’ obviously have not undergone reactions at the node and continue 

along the 1/2¢311) dislocation. It has to be admitted that the splitting of the 

1/2311) dislocations is not yet understood clearly. In particular, it has to be 

discovered whether interatomic layers of the ‘shuffle set’ can be slip planes of 

specific partials. Most favourable observation conditions are expected in foils 

parallel to the glide plane {112}, which are in preparation. 

During cross-slip of dislocations with b= 110) the dislocation core is 

modified: in the (001) plane the two partials are linked by an APB without any 

incorrect first neighbours and in {112} planes by a complete APB. The energy 

of the APB in the (001) plane is lower than in {112} planes (cf. dissociation 

widths, Table 16.1) and, therefore, glide in the (001) plane should be favoured. 

The charge distributions at broken bonds along dislocation cores are not the 

same in the two glide planes. When an edge dislocation in an (001) plane has 

two dangling bonds per unit length, there will be three dangling bonds in {112} 

planes if the dislocation lies in an interatomic layer of the ‘glide set’, and one 

dangling bond if it lies in an interatomic layer of the ‘shuffle set’. 

Further significant microprocesses proceed from dislocations of the glide 

mode (001)< 110): the decomposition of partial dislocations with b = 1/2¢110) 

supports the formation of microtwins and exchange reactions of these partials 

at superimposed dipoles generate immobile ‘triple junctions’ in (001) planes. 

The state of the samples deformed at 400°C manifests that chemical 
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reactions occurred during the experiments. Small loops in (001) planes with 

diameters not exceeding 100 nm (Fig. 16.13) with b parallel to (021) indicate 

diffusive mass transfer. Due to the observed desulphurization it is assumed 

that anion vacancies have collapsed in the (001) plane which is not the densest- 

packed plane in ccp. 

At 400°C (001)<110) slip is probably the easiest glide mode. In {112} planes 

dislocations with b = 1/2¢311) seem not to be stable any longer. They might 

occur occasionally, as suggested by the node at C in Fig. 16.13, where the 

following reaction has probably taken place: 

1/2{111] + [110) — 1/2[311] (cf. reaction (16.3)) 

in (112) in (001) in (112) 

In the {112} slip planes the dislocations with b = 1/2¢111) can easily move in 

the glide direction, but the displacement of the screws is determined by the 

propagation of the long jogs in the cross-slip plane (110). Dislocations with 

b = 1/2¢111) moving in conjugate {112} planes can pass each other by com- 

bining to b= [110] in the (110) plane and by disjoining under the applied 

stress. Specific ‘loops in the (110) plane’ result from the interactions. Although 

only short dislocation segments lie in the (110) plane, the plastic behaviour at 

400°C seems to be affected considerably by them. The {110} planes in cep con- 

sist of atomic layers with the composition CuFeS2, in contrast with the glide 

planes at 200°C which are sheets of sulphur anions alternating with sheets of 

CuFe cations. 

16.5 Summary and conclusions 

The results of TEM observations of the authors on deformed ccp crystals are 

summarized in Table 16.2. Although knowledge of the glide behaviour at 

200°C is more complete than that at 400°C, the present study has shown that 

a conspicuous change of the glide mechanisms occurs between the two temp- 

eratures. Coarse 1/2(311){112} slip bands predominate at 200°C, whereas 

homogeneously distributed 1/2¢111) {112} dislocations characterize the crys- 

tal deformed at 400°C. With rise of temperature (001)<110) slip evidently 

becomes more important. 

Dislocation reactions and interactions have an effect on the deformation 

behaviour. At 200°C strong elastic forces in the main glide plane {112} due 

to the long Burgers vector 1/2¢311) might favour the development of net con- 

figurations of dislocations in this glide plane, and might induce dislocation 

multiplication in neighbouring glide planes, leading to the progressive growth 

of slip bands. Dipole formation accommodates local stresses which are due to 

elastic lattice distortions. Dipoles can be immobilized entirely when annihil- 

ation of partial dislocations takes place between the superposed dislocations. 
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Table 16.2 Survey of glide modes and dislocation reactions in experimentally 

deformed chalcopyrite crystals. 
EE EET 

200°C 400°C 

Glide modes, main dislocation character 

primary slip 

modes 

secondary slip 

{112}<311) slip, mixed 

{112}<311) slip, mixed 
(001)<110) slip, edge 

{112}<111) slip, screw 

(001)¢110) slip, screw 

{112}<111) slip, screw 

{110}<111) slip, mixed 

modes {112}<110) slip, mixed 
{112}<201) slip?, 60° 
{100}<010) slip, 45° 

twinning {112}<111) twins, screw {102} twins 

modes 

Reactions 

dissociation observed at all observed at all 

dislocation types dislocation types 

cross-slip (001)<110) to {112}<111) to 
processes {112}<110) {110}<111) 

dipole narrow (001)<110) broad {112}<111) 
formation edge dipoles, a screw dipoles 

narrow {112}<311) 

mixed dipoles observed 

dipole rows of loops 

annihilation 

reactions at 

dislocation 

nodes 

vacancy loops 

interactions of 

dislocations in {112} 

planes 

formation of a (112) 

microtwin 

intersection of 

{112}<111) dislocations 
gliding in conjugate 

{112} planes 

formation of elongated 

‘loops in the (110) 

plane’ 

loop plane (001), 

random distribution 

The formation of serrated loops by cross-slip processes at 400°C is assumed 

to exercise a strong influence on the mobility of the dislocations with 

b= 1/2¢111) in {112} planes. The interaction of dislocations gliding in two 

conjugate glide planes leaves behind long jogs and elongated loops in the (110) 

planes, which seem to be rather immobile configurations causing pronounced 
strain hardening. 

The réle of creep processes during deformation cannot be estimated from 

the present observations. Annihilation of pure edge dipoles of dislocations 
gliding in (001) occurs at 200°C. Rows of loops are also common features in 

412 



C. HENNIG-MICHAELI & J.-J. COUDERC 

the {112} glide planes, where the nature of the loops has not yet been clearly 

identified. The trails of loops look similar to those observed in experimentally 

deformed pyrite where they are common attributes of crystals deformed at 

temperatures higher than 650°C (Graf ef al. 1981, Cox etal. 1981, Levade 

et al. 1982). Narrow dipoles are rare in the ccp crystal deformed at 400°C. Pre- 

sumably dipole annihilation immediately follows dipole formation. Trails of 

loops are absent, but numerous prismatic loops in the (001) plane demonstrate 

condensation of vacancies or interstitials resulting from bulk diffusion. The 

motion of dislocations with b = 1/2¢111) in the (110) plane is assumed to be 
controlled by climb. 

Perhaps the TEM studies on deformed crystals have provided some infor- 

mation for the interpretation of deformation mechanisms in naturally 

deformed ccp. The identification of specific types of dislocations and their 

interactions might be a useful tool with which to distinguish low-temperature 

mechanisms from high-temperature mechanisms. For this purpose, further 

deformation experiments on chalcopyrite single crystals over a less restricted 

range of conditions have to be performed, assisted by detailed TEM work. A 

future aim will be to learn to understand the defect chemistry of the strain- 

induced defects and its dependence on stoichiometry and ambient sulphur 

fugacity. 

Due to its extensive distribution in ores and rocks and its temperature- 

dependent deformation mechanisms, ccp might become an index mineral 

for deformation temperatures at low stresses. The complex deformation 

behaviour that sensitively depends on the orientation of the individual crystals 

is considered, in particular, to be indicative that conclusions can be drawn 

about palaeostress directions during the final stage of deformation. 
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crack interface (surface) tractions 15, 17, 72, 

TSpeasd ASS ee 
crack opening displacement 16, 18, 77—8, 81 

crack statistics 2.4 
crack-tip displacement modes 8, 49, 2./ 
crack-tip humidity /.8, 1.10, 38—9 

crack-tip stress field 15 

crack velocity 

dynamic 10 

subcritical 12, 35, 50, 80—1 

cracks 

Griffith 28, 50 
penny-shaped 24, /.5, 29, 33, 62, 127 

wing 27-8, 59, 2.8, 2.9, 60, 86, 4.2—4.4, 

94 
creep 4.4.2, 5.1:1, 117, 5.2.15 130-1; 

139-56, 257, 264, 297, 328, 334 

creep 

brittle 11, 19, 25, 28 

Coble 155, 297 

densification 334, 336, 351 

deviatoric 334, 336 

diffusion 6.3.3, 191, 207, 214, 267, 281, 
285530 

dislocation 6.3.2, 193, 198, 201—2, 207, 

209, 215,220; 281 
fluid-phase diffusional 6.3.4.3, 12 

glide-controlled 121, 145—6 

Harper-Dorn 122, 6.3.2.5 

high temperature 179, 183 

indentation 297, 326 

Nabarro-Herring 6.3.3 

power-law 101—2, 118, 121, 142, 144, 156, 
182, 187, 191, 359 

primary (transient) 100, 121, 131, 141 

143, 145 

recovery-controlled 6.3.2, see also 8 

secondary 100, 141 

steady-state 100, 121, 140, 143, 149 
tertiary 100, 141, 143 

creep apparatus, uniaxial 134 

creep fracture 117, 120, 5.3, Table 5.9, 125, 

129, 131 

creep laws 341-2 

creep mechanisms 117, 6.3, 191 
creep model 337 

creep polygonization 149 

creep rate 101, 121, 125 

’ 



INDEX 

creep regimes 4.4.2, 140, 181 

creep rupture 156 

creep tests 35, 100, 139, 140, 180 

creep-yield surface 101—2 

critical tensile stress 88, 90 

critical resolved shear stress 110, Table 5.2, 
125, 168, 366 

cross-slip 110, 121, 146, 170, 188, 392—4, 

399, 402, 405—6, 410-12 

crust, Earth’s 5, 38, 157, 296, 365—6, 392 
crystal plastic deformation 253, 297, 309 

crystal structure 5.1.1, Table 5.1 

crystal systems 5.1.1 

crystalline plasticity 31, 33, 5, 163, 297, see 

also 14 

cyclic deformation 254, 257 

cyclic fatigue 11, 40 

cyclic loading 28, 35, 38 

damage mechanics, 6, 27, 106 

damage models, continuum, 1.5.2.3, 37, 2.3 

damage surfaces 28, 37 

damage theory 26—7 

data processing 7 
deep-focus earthquakes 269 

defect clusters 377, 379 

defects 5.1.6 

deformability, reaction-enhanced 10 

deformation 

bands 151, 198, 202, 211 
experimental 1, 2, 3, 4, 7, 8, 15, 16 

history 9.2 

mechanisms 5, 6.3, 262, 279, 10.4 

paths 232 

processes 6 

regimes 6 
texture 166, 14, 391 

deformation-mechanism maps 31, 40, 109, 

LAS Oo. cen Sane Ola OO= e284. 

deformation-mechanism path 250—1, 257 

deformation rate 10, 61, 101 

dehydration 114, 161, 263—4, 282, 290, 292 

reactions 10.2.1 

densification creep 334, 336, 351 

deviatoric stress 58, 65, 117, 120—2, 125-7, 

131, 153 
diabase 5.6, see also dolerite 

diamond 111 

differential stress 22, 29, 30, 32, 34 

diffusion 11, 100, 171, 304, 321, 340, 359, 

B72 

core 121—2 
grain boundary 123, 154, 298, 367 

lattice 114, 121-3, 154-5 

pipe 205 

volume 205 

diffusion coefficient 121—3, 154 
diffusion creep 6.3.3, 191, 207, 214, 267, 

Sil, AMS, SHY 
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fluid-phase 6.3.4.3, 12 
diffusion mass transfer 239, 245, 257, 411 

dilatancy 5, 15, 22, 28, 30, 33-6 

diopside CaMgSi2O¢, 142 

dislocation 

climb 121, 146, 148, 151, 164, 233, 366, 
369-70 

creep 151, 6.3.2, 193, 198, 201—2, 207, 

209, 215, 220, 281 

density 122, 149, 233 

dipoles 392, 400—12 

glide 114, 120, 125, 145, 

365—6, see also 16 

jogs 403, 406, 411 

line energy 114 

loops 412-13 

nets/networks 149, 6.66, 

reactions 16 

tangles 148, 152, 201—2, 210 

dislocations 5.1.2, 116, 5.2.1, 6.4, 197, 357, 

383, 16 
dissociation of 170, 210, 

half-slipped 15.3 

partial 16 

slip 110 

dissolution 11 

dolerite 131 

Whin Sill 35, 7.8, 1.10 
dolomite CaMg(CO3)2 6.66 

double cantilever beam (DCB) test 2.2, 56 

double torsion (DT) test 51—2, 2.3, 2.4, 

54-7, 2.6, 60, 2.10 

DTAB surfactant 2.3, 2.4 

ductile flow 5.1.2, 138 

ductile fracture 117 

ductility 5 
dunite 131, 5.6, 134, 148 

dynamic fatigue 80, 3.6 
dynamic (overcritical) fracture 1.2.4, 48-9, 

PLOY, Dias} 
dynamic recrystallization 123, 6.3.2.3, 158, 

165, 168, 202, 211, 218, 236, 13 

170, 188, 191, 

by 3}, 32 

16 

earthquakes 

deep focus 269 

earthquake prediction 20 

earthquake seismicity 22, 30, 40 

easy glide Table 5.1, 374 

‘effective’ crack model /.2, 16 

effective stress (pressure) 11, 30—1, 66, 130 

law of 25, 130 

elastic moduli 19, 33—4, 113 

elastic stiffness 19 

elastic wave velocity 28, 32, 1.6.1, 1.6, /.7, 

By J) 

electrical conductivity 66 

electron microscopy 

scanning 31, 197, 206, 349 
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transmission 162—4, 170, 196—7, 234, 

243—4, see also 16 

energy dissipative processes 14, 50, 56 

energy release rate 

mechanical 7 

strain 8, 10, 12, 49 

environmentally-enhanced crack growth see 

subcritical crack growth 
equilibrium atomic spacing 115 

equilibrium cavities 117 
experimental deformation 1, 2, 3, 4, 7, 8, 15, 

16 
extensional shear 127 

fabric 166-7, 232, 237, 240, 296, 14 

fabric diagram 167, 373 

failure criterion 

Griffith 1.5.2.1, 116 

Tresca 99 

von Mises 99, 101, 168 

weakest-link 20 

failure prediction 1.5, 3.5 

failure surfaces 85, 4./6, 4.17, 101 

creep 85, 102 

yield 85, 101—2 
faulting 97, 198, 207, 257 

faulise22 lst 2ees) 

fault zones 165, 228, 249 

feldspar aggregates 8.4 

ferrite, magnesium zinc (Mn,Zn)Fe2O4 142, 

155 

Fick’s law 304, 340 

films 

fluid 158, 162, 298, 334 

intergranular 162 

glassy 157 

fitting surface 181, 185 

flaw distribution 20, 84 

flaws 5, 11, 21, 74-5, 80, 85 

critical 19—20, 72—S, 81 

natural 20 

flaw size/grain size ratio 3.2, 3./ 

flow 

diffusional 101, 117—18, 5.2.1.3, 154, 158 

DlasticnsO; 02, ae eeo ss 

superplastic 145 

viscous fluid 321 

flow laws 141, 190, 195, 262, 270, 365 

flow mechanisms 139, 391 

flow stress 112, 114, 117, 190, 379-82 

fluids 158, 191, 201, 243, 255, 280, 290, 334, 

337-8, 349 

pore 5, 24, 31 

fluid inclusions 210, 297, 299 

fluid phase 303, 334 

fluorite structure 169, 377—9 

fold structures 240 

foliation 204—5 

forethrust 236, 239 
forsterite MgSizO4 109, 131, 5.6, 148 

fractal dimension /./0, 40 

fracture’ 15124314557 1915 257 

fracture 

energy 6—7, 11, 14-17, 73, 75—6, Table 

5.6 

resistance 72 

stress 10, 88, 117 

surface energy 14, 73, 3.1, 75, 116, 123 

toughness 6, 9-10, 15—18, 29, 39, 72, 

74-7, 3.3, 81, 85—6, 116 

fracture mechanics 1, 2, 3, 4 

parameters 8—10, 73 
fracture mechanism maps 40, 114, 118, 5./, 

beep APLip BPs) 

fracture models 

continuum damage 1.5.2.3, 37, 2.3 

Griffith 1.5.2.1 

plastic yield-zone 15—16 

thin zone (Barenblatt) 16—18 

fracture process zone 1.4.1, 1.4.3, 18 

fracture resistance mechanisms see 

toughening mechanisms 

fracture toughness — grain size relationship 

TOS 26 300 

fragmentation 10, 67 

Frank partial (dislocation) 399, 401 

Frenkel’s formula 111 

friction 56 

friction coefficient 25, 27, 89, 4.7, 91, 

4.9—4.11, 94, 4.16, 4.17, 99, 127 

frictional interlocking 17, 3.3, 78—9 

frictional sliding 30, 32, 35 

gabbro 1.10 

gas apparatus 192 

Gibbs equation 159, 305—6, 315, 322 

Gibbs-Dunhem equation 340 

glass 12, 14, 50-1, 2.2.2.1, 2.2, 75, 80-1 

glide 121, 145, 188, 191, 365—6, see also 16 

pencil 366 

glide dissociation 393—400 

glide set 410 

global inversion method 7.3 

gouge 240, 258 

grain boundaries 56, 75, 109, 122, 162, 316, 

365 

effective thickness of 123, 155 

structural thickness of 155, 162, 163 

structure of 6.5, 336 

grain boundary 

embrittlement 134 

fluids 341 

migration, stress-induced 202, 211, 13.2 

migration, strain-induced 151—2 

sliding 122, 153, 157, 161, 212, 249, 268, 

DSI 2355 316; 322) 305 007 ade 
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grain bridging 16 
grain shape 153, 342, 359 

grain size 20, 31, 84, 118, 132, 151, 182-3, 

212, 270, 285, 346-7, 13 
grain size — stress relationship 355—62 
granite 17, 28, 7.10, 99, 102, 4.18, 5.6, 212, 

DNS, AY) 
Westerly 17, 28-9 

Stripa 21 

Green’s function 91 

Griffith cracks 28, 50 

Griffith energy balance criterion 6, 24, 50, 56 

Griffith failure models 1.5.2.1 

Griggs apparatus 180—1, 8.2, 192—4 

Gutenburg-Richter frequency-magnitude 
relation 30, 38 

gypsum CaSO4:2H20 263-5 

halite, NaCl 146, 159, 168, 193, 206, see also 

12 
hardening 266—7 

strain 23, 1.4, 58, 142, 412 

hardness 74, 112—14, 380 

Harper-Dorn creep 6.3.2.5 

heat generation 14 

Helmholtz free energy 298 
homogeneous strain see strain 

homologous temperature 11, 30, 100-1, 

LI2= 13, 1isSPs=—S.5, Table sey, 13:1; 
143, 148, 156 

hot-working 140 
humidity, crack-tip 7.8, 7.10, 38—9 

hydration reactions 10.2.3 

hydrocarbon reservoirs 159 

hydrogen-bonded solids Table 5.1 

hydrogen partial pressure 193, 213 
hydrostatic pressure (stress) 99-100, 117, 

125-7 

ice H2O 99, 103, 4.22, 106, 118, 121, 130, 

134 
impulsive (explosive) loading 10, 67 

indentation 3.2.1, 3.2, 79 

hardness 112—13 

indentation testing 74, 113 

indenter 

Knoop 74 

Vickers 74, 113 

inelastic fracture processes 1.4, 57 
in-situ observation of cracking 17, 31, 72, 

ly 
interstitial 379 

ion exchange 11 

ion thinning/milling 170, 196 
ionic-covalent solids Table 5.1 
ionic solids Table 5.1 

interatomic spacing 111, 116 
inversion method, global 7.3 

island-channel 

network 334-6 

structure 339 

island structure 160, 297, 337 

isomechanical groups 109, Table 5.1, 

113-14, 5.1.3, 118, 132, 161 
isomechanical solid behaviour 5.1.1 

jogged dislocation 383 

jogs 403, 406, 411 

jump conditions 11.2.2 

Kaiser (stress memory) effect 37 

kink bands 151 

Knoop hardness 380 

lattice coincidence 155 
lattice trapping 11 

ligamentary bridging 17, 37, 3.3, 78-9 

limestone 27, 60, 2.10, 2.11, 61, 158, 168, 
243 

Solnhofen 33, /.7, 5.6 

Soultz micrite 2./0, 2.1] 

linear elasticity theory 7, 49-50, 4.9—4.1] 

linear regression 181, 185—7 

lithosphere, Earth’s 17 

localization of deformation 17, 40, 67—8, 117 

log-log plot 181 

loops, dislocation 412—13 

magnesium oxide MgO 110, Table 5.2, Table 

NK, Sally Se}, Wee Soh. 9.55 JB 

mantle, Earth’s 140, 145, 157, 190, 197, 

365-6 

convection 269 

marble 

Carrara 99, 102, 4.20, 5.6 

YuleS.6: 

maximum resolved shear stress 381—2 

mechanical properties 1, 2, 3, 4, 5, 6.4 

mechanisms 

creep 6.3 

deformation 10.4 

dynamic recrystallization by migration 13.2 

subcritical crack growth 11 

melting-point temperature 100, 114 

metals, properties of 5 

metamorphic grade 198 

metamorphic reactions 160 

metamorphism 6.3.4.4, 272—3, 282 

methods 

experimental 8.2 

of data processing 7 

microcrack damage 6, 14, 26 

microcracking 15—16, 19, 21, 27, 75, 3.3.2, 

Wile N27 WB MH 

microcracks 5, 19, 40, 84, 115-16 

microfabric 166 
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micrograin superplasticity see superplasticity 

microgranodiorite 131 
microhardness 15.2 

anisotropy 380 

testing 74 

microplasticity 11, 14, 116, 130-1 

crack-tip 14, 56 

microscopy 

optical 77 
scanning electron 31, 197, 206, 349 
transmission electron 162—4, 170, 196-7, 

234, 243—4, see also 16 

microstructural 

analysis 9, 347-9, see also 16 

complexity 15 

heterogeneity 25, 28, 58 

measurements 13.3 

parameter 142, 145 

stability 255 

state 27, 61, 125, 145 

microstructure 

characteristic dimensions 72, 74 

microstructures 138, 142, 6.3.2.2, 159, 6.6.1, 

170, 190—1, 196-7, 206, 234, 297, 

345-9, 16 

microtwins 392, 401 

migration recrystallization 150—2, 13.2, see 

also 6.3.2.3 

mineral reactions 10 

mixed-mode fracture 9, 40 

Mohr diagram 31, 125, 5.4, 129 

Moine thrust 9.4 

Moine thrust zone 165, 9 

molar volume 114 

multi-axial failure maps 4.4, 4./8—4.25 

multilinear regression 181 
mylonites 204, 230—2, 279 

Nabarro-Herring 

creep 6.3.3 

diffusion 298 

non-stoichiometry 142, 169, 179, 15.2 

nuclear fuels 377 

olivine (Mg,Fe)2SiO4 109, 130, 134, 142, 147, 

151, 155, 162—3, 168, 191, 193, 197, 
266, 14 

olivine Mg2GeO,4 269-70, 286, 291 

order-disorder transitions 114 

ore deposits 391 

oxides 143, 157, 158, 171, see also 15 

oxygen partial pressure 142, 179, 193, 213 

palaeopiezometers 354 
partial dislocations 16 

partial melting 131, 134, 214—15, 220 

path 

deformation mechanism 250—1, 257 
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P-T-t 169, 229, 250 
path-independent integrals 40 

Peierls 

barrier 169, 385 
force 114, 120 

stress 110-12, Table 5.4, 116, 146 

pencil glide 366 
‘penny-shaped’ cracks 24, 1.5, 29, 33, 62, 

127, 
percolation 2.4.1, 67—8 

domain 65, 2.14 

theory 48, 62, 2.4.1 

threshold 2./2, 65 

peridotites 169, 372 

permeability 48, 62—3, 2.12, 2.13, 64, 2.4.2 
perovskite structure 145, 153, 179, see also 7 

phase transformations 14, 75, 3.3.3, 114, 

139, 156-7, 269 
phenomenological rate equations 321 
phyllosilicates 232—7 

pipe diffusion 205 
plane strain see strain 

plane stress see stress 
plastic anisotropy 113, 365, 369 

plastic flow 30, /.7 

plasticity 5, 109, 142, 163, 6.6.3, 191, 351, 

14 
crystalline 31, 33, 163, 297 

plastic yield-zone fracture models 16—17 

plate boundaries 17, 190 

plate tectonic theory 17 

point defects 112 

Poisson ratio 9, 24, 50, 111-12, 126 

polygonization 149, 354 

poly-methyl-methacrylate (PMMA) 86, 

4.2—4.4, 94, 4.13—4.15, 97 

polymorphism 114 

polyphase aggregates 196, 207 

polyslip 373 

pore fluids 31, 160 

pressurized 5 

pore fluid pressure 24, 130, 264, 289 

poro-elastic materials 28 

power-law creep 101, 102, 118, 121, 142, 

144, 156, 182, 187, 191, 359 

breakdown 6.3.2.4 

preferred orientation 73, 163, 166, 197, 14 

pressure solution 6.3.4.3, 164, 206, 253, 

271—2, 284, 11, 12 

incongruent 271—2, 289-92 

interface-reaction-controlled 323—4 

intergranular, stationary non-equilibrium 
11.4 

principal stress 16, 19, 21, 88, 90, 5.4, 126 

intermediate 24, 99 

maximum 89, 97 

minimum 89, 97 

process zone models 1.4.2 
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pseudo-ductility 22, 84 

pseudo-traction 29, 58—9 

P-T-t paths 165, 229, 250 

quartz SiO2, 145,51, 2:3, 2.2.2.2, 55—6, 2.6, 
142, 192-3, 204, 218-19, 233, 366 

a-quartz 204 

B- quartz 204 

a-8 transition 57 

quartz aggregates 8.3 

quartzite 20, 5.6, 168, 201—2, 218, 230-2, 
250, 369 

quartzo-felspathic aggregates 8.5 

quartzo-felspathic rocks 8 
quasi-static fracture 1.3 

quiescence 35—6 

R-curves 1.4.4, /.3 

R-curve behaviour 1.4.4, /.3, 72, 76-82 

rate equations 5.2.1, 321 
reactions 

chemical 6.3.4.4 

dehydration 10.2.1 

hydration 10.2.3 

mineral 10 

solid-solid 10.2.2 
reaction-enhanced deformability 10 
reaction-rate controlled crack growth 14, 51 

recovery 125, 149, 233, 237 

recovery-controlled creep 6.3.2 
recrystallization 150, 164, 202, 240, 351, 357 

recrystallization 

dynamic 6.3.2.3, 158, 165, 168, 202, 211, 

218, 236, 13 

static 150 

syntectonic 150, 205, see also dynamic 
recrystallization 

regimes of deformation 6 

relaxation tests 55 

representative elementary volume 300-1, 

310-11 
resolved shear stress see shear stress 

retrograde metamorphism 160 
rheological laws 179, 185, 187 

rock salt 99, 102, 4.23, 4.24, 130 

rock-salt structure 384 

rotation crystallization 150, 354 

sandstone 14, 51, 57, 99, 201, 300 

Darley Dale /.6, 35, 1.9 

Fontainebleau 2.4, 2.2.2.3 

scale-invariance 40 

scanning electron microscopy 31, 197, 206, 

349 
Schmid factor 381 

seismic anisotropy 197, 365 

seismic b-value 38, /./0, 39 

self-consistent theory 168, 366, 14.4 

sense of shear 197, 372-3 

serpentinite 264—7 

shear 

pure 368 

sense of 197, 372-3 

simple 195, 204, 368, 372 
zones 4.1, 205, 246, 249, 267, 269, 273 

shear bands 235—9 

shear failure 22, 28, 40, 60, 84, 130-1 

shear faulting 30, 35, 117, 127 

shear modulus 111, 114, 120 

shear strain 76, 101 

shear stress 30, 49, 88, 4.5, 101, 114, 125, 
132 

resolved 168, 366, 381—2 

critical resolved 110, Table 5.2, 125, 168, 

366 
maximum resolved 381—2 

twinning 401 

shear (S) wave velocity 32, 1.6 
Shockley partial 299, 401 

shuffle set 410 

silicon carbide SiC 23, Table 5.1 

silicon nitride Si3N4 23, Table 5.1 

single crystals 192, see also 15, 16 

sintered aggregates 196 
sintering 162 
slabbing see axial splitting 

slip 201, 365—7, 369, 391 
band 110 
poly- 373 

systems 109-13, Table 5.1, 167, 169, 204, 

211, 14.2, 15, see also 16 

slip-weakening 40 

sodium chloride NaCl 146, 159, 168, 193, 

206, see also 12 

Sole thrust 231, 9.6 

solid/fluid base boundary 307 
solid-solid reactions 10.2.2 

solute drag 151 

solution/precipitation process 317, 334 

sphalerite ZnS 170, see also 16 

spinel MgAloO,4 142 

stacking faults 113, 392—3, 401 

stacking fault energy 149 

state variable 26, 142, 305 

static fatigue 11, 19, 21, 80 

statistical crack mechanics 48 

steel 100 

steric effects 113 

stick-slip 5, 56 

stoichiometry 142, see also 169, 179, 15 

strain 

homogeneous 167-8, see also 13 (especially 

366) 
plane 8, 28, 101, 116, 195 

volumetric 339, 346—7 

strain continuity 366 
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strain-energy release rate 7—8, 10, 12, 49 

strain hardening 23, /.4, 58, 120—2, 125—7, 

132, 142, 201, 412 

strain rate 

equivalent 101 
laboratory 10 

plastic 100 

tectonic 11 

strain rate 10, 20, 23, 31, 102, 117, 120-3, 

134, 140, 156, 190, 263, 286 

cycles 165 

-induced grain boundary migration 6.3.2.3, 

see also 13 
strain softening 16-17, 23, 37, 58, 122, 127 

strength 109-10, 131 
compressive 5, 19—20, 25, 74, 127, 131 

fracture 10, 22—4, 27, 30, 58, 84, 97-9, 

127, 130-2 

tensile 22—4, 116, 126—7, 131 

theoretical shear 111—12, Table 5.3, 115 

theoretical cleavage Table 5.3, 115 

yield 99-100 

stress 

biaxial 24—5 

Cauchy 302, 306 

flow 112—17, 120, 125, 132, 379-82 

Piola-Kirchoff 306 

plane 9, 28, 50, 101 

prediction of 152 

thermal 84 

triaxial 24-5, 5.3 

stress concentrations 5, 22, 25, 4.5, 89, 91, 

116 

stress corrosion 11-13, 23—6, 29, 39, 101 

index 26 

stress drop 127, see also strain softening 

stress-enhanced chemical reactions 72, see 

also stress corrosion 

stress exponent 144, 146, 180, 187, 264, 269 

stress fields 153 

crack-tip 15 

compressive 1.5.2, 58-62, 84—5 

stress-grain size relationship 152, 13 

stress intensity 

analysis 7 

factor 8-12, 17—20, 25, 29, 35, 38, 49, 59, 

Table 2.1, 72, 80, 85, 91 

critical factor 11, 22, see also fracture 

toughness 

resistance 11, 22 

stress intensity factor—crack velocity relation 
I,J, 19-20, 1.8, 72, 81 

stress sensitivity 192 

stress-strain relationship 5, 22—3, 33, 167 

stress-strain curves /.4, 264 

structural superplasticity see superplasticity 

stylolites 9.4.5, 245, see also 296 

subcritical crack growth 1.3, 19-21, 48-9, 

422 

222, 22-2, 5, 56-88 2210p ee ono 

101, 126, 130 
constitutive relations for 12-13, 20, 72 

index 13, 21, 23 

limit 12 

mechanisms 11 

subgrains 148, 354—5 

subgrain size 149, 233, 354—S, 360 

subgrain boundaries 201, 356 

superplasticity 123, 145, 156-7, 212, 365 

micrograin 157 

structural 157, 158 

transformational 157 

sulphides 16 
surface energy 7, 14, 50, 53—4, 115—16, 

Table 5.6 

fracture 14, 50, 116, 123 

surface roughness 75—6, 78 

surfactant 

adsorption 54—6 

effects 54 

surfactants 11, 2.3, 2.4 

Taylor theory 168, 14.3 

techniques 

data processing 7 

experimental 8.2 

tectonic evolution 228 

tensile failure 1.5.1 

tensile loading 35, 88, 117, 126 

tensile tests 16, 21 

tension softening 79, see a/so strain softening 

tests 

constant strain rate 7.6, /.7, 1.9, 101, 122, 

131 

creep 35, 100, 139, 140, 142, 180 

double cantilever beam 2.2, 56 

double torsion 51—2, 2.2, 2.4, 54-7, 2.6, 

60, 2.10 

indentation 74 

microhardness 74 

tensile 16, 21 

triaxial 29, 35 

texture, deformation 166, 14, 391 

thermal stress 84 

thermodynamics 11 (especially 11.3), 335—7 
thin-zone fracture models 16-18 

thrust sheets 165, 9 

thrust systems 9 (especially 9.2) 

thrust zones 9 

time-dependent behaviour 13, 23, 27, 58, 62, 

(O 

tortuosity 67 

toughening mechanisms 75, 3.3 

transformation plasticity 269, 281, 291—2 

transformational superplasticity 157 

transition orthogneiss 273—6 

transition temperature 132, Table 5.9 
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transmission electron microscopy 162—4, 170, 
196—7, 234, 242-3, see also 16 

transport-limited crack growth 14, 51 
transport properties 48 

Tresca failure criterion 99 
triaxial compression 28, 131 

triaxial stress 24—S, 5.3 
triaxial testing 29, 35 

twinning 113, 130, 391—2, 404 

shear stress 401 

twins 151, see also 392, 401 

ultrasonic waves 16—17 

uniaxial compression 10, 60-1, 2.// 

universal gas constant 26, 101 

uranium dioxide UO? 142, 169, 15 

vacancy sources 162 

valence band 112 

vertical shortening 237—9, 257 
void growth 117 
volume diffusion 205 

volumetric strain see strain 

von Mises criterion 99, 101, 168 

von Mises equivalent stress 99 

water 11, 130, 142, 193, 205, 213, 218, 255, 
288, 290, 296-301 

423 

defect 142, 198, 201, 212 

weak-beam imaging 392, 394, 396—402, 

406-9 
‘weakest-link’ failure criterion 20 

Weibull distribution 20-1 
Willis defect 377, 379, 386 
‘wing’ cracks 27—8, 59, 2.8, 2.9, 60, 86, 

4.2—4.4, 94 
growth 4.2.3, 4.8—4.11, 4.14 

initiation 4.2.2, 4.6, 4.7 
work hardening see strain hardening 

yielding 4.4.1 

yield 

strength 99—100 

stress 16, 101, 113-14 

surface 28, 168, 366, 368 

Young’s modulus 9, 20, 50, 55—7, 73—4, 112, 

114 

zirconia ZrO2, 157 

partially stabilized 3.3.3 
Zener-Hollomon parameter 180 

zones 
fault 165, 228, 249 
shear 205, 246, 249, 267, 269, 273 
thrust 9 
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