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1. PHENOMENOLOGY OF PLASTIC 
DEFORMATION 

When crystals are strained above a certain limit, they 
cease behaving like elastic solids and become plastic. 
Plastic deformation is an irreversible, isovolume process, 
which results in a permanent shear strain after the shear 
stress that caused it has been removed. Hydrostatic pressure 
alone does not produce plastic deformation. 

A perfectly plastic solid undergoes no plastic strain if 
the applied stress is lower than the elastic limit oEL, or 
yield stress ; if ts = GEL, the plastic strain can take any 
value. Any increase in applied stress would immediately be 
relaxed by strain, so that the applied stress cannot be 
greater than the yield stress. The yield stress usually 
decreases with increasing grain size and increasing 
temperature; in single crystals, it depends on the 
orientation of the stress axis with respect to the crystal 
lattice. In actuality, the applied stress necessary for 
continuing deformation usually increases with strain 
(hardening ). At high temperatures, however, many 
crystalline materials exhibit negligible hardening and can 
reasonably be considered as perfectly plastic solids. 

For perfectly plastic solids, the stress-sfrain curve, 
CT=~(E), is a straight line, (3= crEL, parallel to the strain axis 
(Figure la). Time does not explicitly appear in the 
constitutive equation. Standard stress-strain curves for 
materials <are obtained by straining a sample in a testing 
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machine (usually in tension or compression), at constant 
strain-rate: deldt = 6 ; when the yield stress is reached, 
stress remains constant and strain keeps increasing at rate 
i; the yield stress usually increases with &The constitutive 
equation can therefore be written cr = f( i ,T). 

Plastic deformation of materials in the Earth, however, 
does not generally occur at constant strain-rate: at high 
temperatures, rocks and minerals slowly flow under 
constant stress. The relevant laboratory experiments are 
then creep tests [45].In creep tests, a sample is put under 
constant stress (tensile or compressive) and strain is 
recorded as a function of time; the curve E(t) is a creep 
curve. In many cases, after a transient stage during which it 
decreases, the strain-rate becomes approximately constant, 
until eventual failure (Figurelb). The creep curve is then 
approximately linear (quasi steady-state creep ) and the 
corresponding creep-rate depends on the applied stress and 
on temperature: i =f(o,T). In creep tests, the crystals are 
free to deform, and the observed creep-rate is that for which 
the yield stress is equal to the applied stress. As creep tests 
are usually performed at temperatures high enough to 
obtain a measurable creep-rate, there is very little 
hardening, and, for most materials, a quasi steady-state can 
be reached (if not, the creep rate would be continuously 
decreasing). 

It can therefore be seen that a solid deforming in steady- 
state creep under constant stress can be considered as a 
perfectly plastic solid, but, more interestingly, if the 
variable time is introduced, it can also be considered as a 
viscousfluid , since it flows in shear at constant rate under 
applied stress. The viscosity at constant stress can be 
defined as: q = 01 i . If creep-rate depends linearly on 
stress, viscosity is independent of CT and it is said to be 
Newtonian . However, creep-rate often increases faster than 
stress and viscosity decreases with increasing stress (non- 
Newtonian viscosity ). In many cases, the creep-rate 
depends on stress by a power-law E’ oc on, with II n I 5. 
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Eat 
Fig. la Stress-strain curve of an elastic-perfectly 

plastic solid at constant strain rate. 
Above the elastic limit oEL, stress remains 
constant. 

The temperature dependence of the creep-rate usually 
follows an Arrhenius law , i.e.: E’ oc exp (-QKI’), where R 
is the gas constant, T is the absolute temperature, and Q is 
the apparent activation energy , determined from the slope 
of the In 6 vs l/T plot, at constant stress. The activation 
energy increases with hydrostatic pressure P, through an 
apparent activation volume AV*. If creep is controlled by 
only one physical mechanism, the activation energy can be 
written: Q = AHo + PAV*, where AHo and AV* are the 
activation enthalpy and volume respectively of the 
controlling process. In some cases, the activation enthalpy 
may depend on the applied stress (decreasing as stress 
increases); then, if the logarithm of the creep-rate is plotted 
against the logarithm of the stress to obtain the exponent n 
of a power law, the stress dependence of the activation 
enthalpy may appear as a spuriously high value of n (n > 
5). 

The creep-rate of polycrystals (and obviously of single 
crystals) does not generally depend on grain size, except for 
very fine-grained polycrystals deforming by diffusion creep 
(see next section). 

The creep rate of pure elements (e.g., metals) is entirely 
characterized by its dependence on stress, temperature, 
pressure and grain-size. This, however, is not the case for 
ceramics and minerals, whose thermodynamic state depends 
on the activity of the components. In particular, the creep 
rate of oxides (which constitute most of the minerals 
relevant to deformation in the Earth) often depends on 
oxygen fugacity fo2.1n addition, the creep-rate of silicates 
is also sensitive to the amount of water present as an 
impurity, expressed as the ratio H+/Si. 

The constitutive equation (rheological equation) of pure 
single crystal oxide minerals, if creep is controlled by only 
one process, is usually expressed as: 

i = i0 fQZm 0” exp (- 
AH@)+PAV* 

RT ) (1) 

where so is a constant that often depends on the orientation 
of the stress axis with respect to the crystal lattice. 

The values of the parameters n, m, AHg, AV*, are 
usually obtained by fitting a curve to the experimental 
values of i, determined in a range of values of the relevant 
variable (a, l/T, P, fo2...). all the other variables being 
kept constant. More reliable results are obtained by global 
inversion of the experimental results, which 
simultaneously yields best values of all the parameters [51, 
481. 

In many cases, more than one controlling process is 
active in the experimental range of CT, T, fo2 etc. Several 
processes, with rates E’i, may act concurrently or 
sequentially. The resulting creep-rate can be expressed as: 
.6 = Ci ii , for concurrent processes, and as: 6 = [Xi ~i-l]-l, 
for sequential processes. The Arrhenius plot In 6 vs l/T is 
then usually curved and the fit of a single straight line, 
when it is possible, gives only an apparent energy Q, 
which does not correspond to any physical process, [e.g., 
21. 

If, for some reason, it becomes easier to deform an 
already deformed zone further than to initiate deformation 
elsewhere, plastic instability occurs, and strain becomes 
localized in deformation bands or shear zones. This 
situation occurs when strain-softening mechanisms 
predominate over strain-hardening mechanisms [27, 441. 
The stress sensitivity of strain-rate n (or stress exponent in 
the creep equation) is an important parameter: if n =1 
(Newtonian viscous material), deformation is intrinsically 
stable. If n = 2, the solids still can be deformed to very 

G= const. 

Fig. lb Constant stress creep curve. Strain rate is 
approximately constant during quasi steady- 
state creep. 
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large strains in a stable manner by the so-called 
superplastic deformation , which may occur infine-grained 
materials. Non-Newtonian creep, with n 2 3, on the other 
hand, is potentially unstable and strain-induced structural 
changes or strain heating may cause shear localization. 

Phase transformations strongly interact with plastic 
deformation; the resultant transformation plasticity [45] 
appears, in creep experiments, as an important transient 
enhancement of the creep rate during transformation (or as a 
stress drop in the case of deformation at constant strain- 
rate). Localized phase transformation under non-hydrostatic 
stresses may cause shear faulting instabilities [7,30]. 

2. PHYSICAL MECHANISMS 

Plastic deformation is the macroscopic result of transport 
of matter on a microscopic scale, resulting from the 
motion of defects: point defects, dislocations, or grain- 
boundaries. Applied shear stress provides the driving force 
for the motion of defects and the rate of motion usually 
increases with temperature. Deformation at low temperature 
U/T, c 0.3) is due to glide of dislocations on 
crystallographic slip planes in the direction of their Burgers 
vector; plastic deformation occurs when the shear stress 
resolved on the slip plane in the slip direction is equal to 
the critical resolved shear stress (CRSS), characteristic of 
the slip system. Deformation at high temperature, in most 
cases, involves diffusion of point defects (usually 
vacancies); it may also depend on the interaction of several 
kinds of defects : e.g., in dislocation creep controlled by 
vacancy diffusion or diffusion creep accommodated by 
grain-boundary sliding (see [45] for a review). 

In general, the shear strain rate is given by a transport 
equation, and is equal to the density of carriers of 
deformation times the strength of the carriers times their 
velocity. In the most frequent case of deformation by 
motion of dislocations, the shear strain-rate i obeys 
Orowans equation : 

where p is the density of mobile dislocations (length of 
dislocation line per unit volume), b is their Burgers vector 
(strength), and v their velocity. Orowan’s equation is valid 
whether shear strain is caused by slip or climb of 
dislocations. Theoretical rheological equations such as (1) 
can be derived from Orowan’s equation by expressing the 
dislocation density and the dislocation velocity in terms of 
the relevant physical parameters: T, 6, P, fo2, etc. [45]. 

Glide of dislocations is driven by the applied shear stress; 
to move along their slip plane dislocations have to go over 
the potential hills between dense rows of atoms; they also 
have to overcome localized obstacles, due for instance to 
the stress field of other dislocations. If the potential hills 
are high (as they are in some minerals, even at high 

temperature), dislocations tend to remain straight in the 
deep troughs along the dense rows, and the thermally 
activated, stress-assisted step of passing over the hill 
between one row of atoms and the next (lattice friction), is 
the controlling process. Creep is then said to be glide- 
controlled. If the potential hills are so low, that slip 
between localized obstacles is easier than overcoming the 
obstacles, dislocations wait in front of the obstacle until 
they can circumvent it by climbing out of their slip planes 
and glide until they meet the next obstacle. As climb of 
edge dislocations out of their slip plane is controlled by 
diffusion of point defects to or from the dislocations, 
climb-controlled creep is rate-limited by thermally 
activated diffusion and can only occur at high temperatures; 
also, the activation energy does not depend on stress. In 
climb-controlled creep as in glide-controlled creep, the 
strain is still due to dislocation glide, only the controlling 
processes of the strain rate differ. In general, dislocation 
creep is grain size independent. 

If one makes the reasonable assumption that, in steady- 
state deformation, the average distance between dislocations 
is determined by their long-range stress field, which 
balances the applied stress 6, the dislocation density p is 
then proportional to cr2. The difference between the 
rheological equation for glide-controlled and climb- 
controlled creep essentially comes from the physics 
underlying the expression of the velocity. 

i) In glide-controlled creep (Figure 2a), to move by one 
Burgers vector, a dislocation must locally nucleate pairs of 
kinks over the potential hill; sideways migration of the 
kinks then brings the dislocation to the next low-energy 
trough. Nucleation and migration of the kinks are 
thermally activated processes; the applied stress helps in 
overcoming the energy barrier and the activation energy 
decreases by an amount equal to the work done by the 
stress. In most cases, the dependence of the activation 
energy on stress can be assumed to be linear: AH (0) = 
AHo - Bo. 

Fig. 2a Glide-controlled creep. Dislocations tend to 
lie in the potential troughs, overcoming of 
the potential hills is achieved by nucleation 
and sideways spreading of kink pairs (K). 
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Fig. 2b Climb-controlled creep. Edge dislocations 
emitted by a source (S) glide on their 
glide plane (G) until they are stopped in front 
of an obstacle (0), they have to climb (C) to 
clear the obstacle and resume gliding (G). 

A screw dislocation can in principle glide on all 
crystallographic planes which contain it; if it is dissociated 
in one plane, it can usually easily glide in this plane. 
However, to cross-slip from on plane to another, which 
may be needed to avoid obstacles, the dislocation must be 
constricted. Constriction is thermally activated and the 
activation energy of cross-slip controlled creep decreases 
.with increasing stress. Although cross-slip helps in 
overcoming localized obstacles, the rheological equation of 
cross-slip controlled creep is basically similar to that of 
glide-controlled creep. 

ii) In climb-controlled creep (Figure 2b), strain results 
from glide of the dislocations between obstacles, but the 
strain-rate is controlled by the time the dislocations must 
wait behind the obstacles before circumventing them by 
climb and gliding further. Creep-rate increases with 
decreasing waiting time, i.e., with increasing climb 
velocity. Climb velocity depends on the diffusive flux of 
point defects to or from the dislocation, which in turn 
depends on the diffusion coefficient of the relevant point 
defects. In the case of crystals of elements (e.g., metals) the 
activation energy for creep is therefore independent of stress 
and equal to the activation energy of self-diffusion [45]; in 
the case of simple ionic crystals (e.g., NaCl), it is equal to 
the coefficient of diffusion of the slower species, usually 
the anion (oxygen for binary oxides). For more complicated 
minerals, climb involves multicomponent diffusion and the 
activation energy for creep is not simply related to the 
activation energy of diffusion of any one species (see next 
section and [2,23]). 

The diffusive flux of defects responsible for climb is 
driven by a chemical potential gradient, which is usually 
assumed to be proportional to the applied shear stress. The 
climb velocity is therefore proportional to the applied 
stress. Since, by Orowan’s equation, the creep rate is 
proportional to the product of the climb velocity by the 
dislocation density (proportional to 02), and since the 
activation energy is stress-independent, it follows that the 
creep-rate at constant temperature and pressure can be 
theoreticahy expressed by a power law: E’ oc 03. Although 
in many instances the stress exponent n of climb-controlled 
power-law creep is indeed n = 3, this is by no means 

always the case, and for many crystals 3165. 
iii) In diffusion-creep (Figure 2c), diffusion of point 

defects not only controls the creep rate, but also causes the 
creep strain: vacancies travel down the stress-induced 
chemical potential gradient between crystal faces in tension 
and in compression, thus deforming the crystal in response 
to the apphed stress. The creep rate is proportional to the 
applied stress and to the self-diffusion coefficient; it is 
inversely proportional to the square of the grain size if 
diffusion occurs in the bulk (Herring-Nabarro creep ), and 
inversely proportional to the cube of the grain size if 
diffusion occurs along the grain boundaries (Coble creep ). 
Diffusion creep is a mechanism effective only at high 
temperatures and in polycrystals of small grain sizes. As 
the creep rate is linear in stress (Newtonian viscosity), 
diffusion creep can successfully compete with climb- 
controlled creep only at low stresses. Deformation of the 
grains of a polycrystal by diffusion creep creates 
incompatibilities that must be relieved by grain-boundary 
sliding. Diffusion creep and grain-boundary sliding are 
mutually accommodating processes. 

Harper-Dorn creep, like diffusion creep, is characterized 
by a stress exponent n =l, but exhibits no grain-size 

Fig. 2c Diffusion creep. Vacancies (V) diffuse from 
regions of high equilibrium concentration, 
at surfaces normal to the extensive stress, to 
regions of low equilibrium concentration, 
at surfaces normal to the compressive stress. 
Atoms (A) diffuse in the opposite direction. 
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Fig. 3 Deformation mechanism map for olivine, 
with grain size 1 mm, showing iso-strain 
rate contours (after Frost and Ashby, 1982). 

dependence. It is observed only at low stresses and can 
probably be considered as climb-controlled creep, with a 
stress-independent dislocation density. 

Hydrostatic pressure has little influence on plastic 
deformation at low temperature during glide-controlled 
creep. It is only in the case of diffusion-controlled creep 
(climb-controlled dislocation creep and diffusion creep) that 
pressure can cause a noticeable decrease in the creep rate 
through the activation volume for diffusion. The role of 
pressure is, of course, important in the creep of materials 
in the Earth’s mantle and at the pressures of the lower 
mantle, one must consider a pressure dependence of the 
activation volume for creep 1461. 

The determination of the active mechanism of 
deformation cannot be done entirely on the basis of the 
experimental rheological equation (e.g., by comparing the 
stress exponent to that of the various models and the 
activation energy to those for diffusion of different species). 
It is essential, whenever possible, to examine the deformed 
samples by transmission electron microscopy [40] in order 
to characterize the dislocations and observe their 
configurations, looking for diagnostic features [e.g., 5,221. 

The parameters of rheological equations such as (1) can 
be constrained by experiments for various possible 
deformation mechanisms. A mechanism is dominant over a 
range in the variables defining the experimental conditions 
(T, cr, P, grain-size, fo2, etc.), if the corresponding strain- 
rate is greater than those of competing mechanisms. If all 
variables defining the experimental conditions, except two, 
are kept constant, deformation-mechanism maps can be 

constructed (Figure 3), displaying in 2-dimensional space 
(e.g., o/p and T/Tm) the domains where various 
mechanisms are dominant (e.g., power-law climb- 
controlled creep, diffusion creep, etc.). The boundaries 
between domains are obtained by equating the rheological 
equations for the mechanisms dominant in each domain. 
Deformation-mechanism maps are useful to predict the 
behavior of a material only in the intervals in which the 
parameters have been constrained by experiments. 

3. PLASTICITY OF IMPORTANT MINERALS 

This section deals only with recent investigations on the 
minerals most widespread in the crust and mantle of the 
Earth, whose plastic deformation has been experimentally 
investigated using single crystals, thus allowing better 
understanding of the physical mechanisms. The plasticity 
of polycrystalline minerals, or monomineralic rocks (e.g., 
quartzite, dunite...), will be treated in the “Rock Physics” 
section. For a review of the plasticity of crustal rocks and 
minerals, see [29,27, 171. Data on creep of ceramics can be 
found in [81. 

3.1. Quartz 
Since the discovery of water-weakening by Griggs and 

Blacic [20], it has been known that the plastic behavior of 
quartz is very much dependent on the nature and 
concentration of water-related defects contained in the 
crystals. Reviews on the influence of water on the 
plasticity of quartz can be found in [40,431. Water-related 
defects might consist of 4 protons (H+) substituted for a 
Si4+ ion or one OH2 group substituted for an oxygen; 
however, recent electron microscopy work identifies water- 
related defects with high-pressure clusters of molecular 
water [41]. 

Natural, “dry” quartz (H/106Si c 80) is almost 
impossible to deform plastically in the laboratory: it is still 
brittle at 13OO”C, under an applied stress of 1GPa [ 111. 
Thus, most experimental work is conducted on “wet” 
(H+/lO%i > 500), often synthetic, quartz crystals. 

Below a critical temperature, which decreases as water 
content increases, wet synthetic quartz is very strong and 
behaves much as dry natural quartz. Above the critical 
temperature, the stress-strain curves (at constant strain-rate) 
exhibit a sudden stress drop at the yield stress (yield-point ) 
followed by a hardening stage. The creep curves 
correspondingly exhibit an initial incubation period during 
which the creep rate increases to decrease later during a 
hardening stage [ 111. Dislocation glide usually occurs on 
the basal plane (0001) in the cl 1% direction (a), and on 
the prism planes (lOfi)in the a or c [OOOl] , or c+a, 
directions (the indices of planes and directions are given 
using Miller-Bravais notation). At high enough 
temperatures, there may exist a quasi-steady state creep, 
following a power law whose parameters depend on the 














