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Hurrah for positive science! long live exact demonstration!
 
Fetch stonecrop mixt with cedar and branches of lilac,
 
This is the lexicographer, this the chemist, this made grammar of old
 
cartouches,
 
These mariners put ship through dangerous unknown seas
 
This is the geologist, this works with the scalpel, and this is a
 
mathematician.
 

Gentlemen, to you the first honours always!
 
Your facts are useful, and yet they are not my dwelling,
 
I but enter by them into an area ofmy dwelling.
 

Walt Whitman, Song ofMyself (1881). 
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Summary 

SUMMARY 

The present study consists of an experimental investigation into the 
deformation behaviour of synthetic polycrystalline rocksalt (NaCl) in 
uniaxial compression and in simple shear. While there exists an exten
sive body of experimental work regarding the deformation behaviour 
of synthetic and natural rocksalt in compression, a number of impor
tant questions remains unanswered. In particular, though recognized 
that deformation history and geometry can strongly influence rheologi
cal behaviour and microstructural and texture development via so-cal
led "memory' effects", such effects have not been systematically in
vestigated. In addition, there still is widespread disagreement in the li
terature regarding the detailed dislocation creep mechanisms, rate-con
trolling processes and microstructural processes operating in polycry
stalline NaC!. 

This study aims at helping to resolve these questions. However, 
special attention is given to the influence of deformation geometry/his
tory on the mechanical behaviour of rocksalt and to testing the validity 
of the assumptions underlying methods normally used to generalize ex
perimentally obtained (axi-symmetric) flow laws, where stress and 
strain rate are treated as scalars, into forms suitable for 3-dimensional 
numerical modelling, where these quantities are treated as tensors. The 
results not only provide insight into the influence of deformation geo
metry and/or history on the deformation behaviour of NaC!, but allow 
general principles to be distilled that are also relevant to the effects of 
deformation geometry and history on the deformation behaviour of ot
her rock-forming minerals. 

In CHAPTER I, the problems addressed in this thesis are introdu
ced in detail, and the aims of the present study are defined. 

This is followed in CHAPTER 2 with an investigation of the me
chanical behaviour of synthetic rocksalt in uniaxial compression, in re
lation to microstructural evolution, crystallographic preferred orienta
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tion development and strain-rate history. To these ends, synthetic poly
crystalline halite was deformed in uniaxial compression in the tempe
rature range 250-780 °e (0.5-0.98 Tm) at strain rates between 10-3 and 
10-7 s-l, using both constant strain-rate and strain-rate stepping me
thods. At temperatures from 250 to 450°C, the dominant mechanism 
of deformation was inferred to be climb-controlled dislocation creep, 
where climb is controlled by pipe diffusion through dislocation cores. 
The corresponding steady state flow law is given by: 

E= 5.75 exp(-129/RT) (}'5.7 

where Eis the strain-rate, the pre-exponential constant is expressed in 
MPa-ns-1, the activation energy for creep is in kllmol, the temperature 
T is in K, the gas constant R is in kJ/Kmol and (}' is the applied stress 
in MPa. At temperatures in the range 500 - 780°C, the observed steady 
state flow behaviour follows an empirical creep equation given by: 

E= 6.57 x 107 exp( -227/RT)(}'4.4 

and was inferred to be dominated by lattice diffusion-controlled dislo
cation creep. With regard to microstructural development, in the tem
perature range 250-350 °e, polygonization and rotation recrystalliza
tion are the dominant microstructural processes. At higher temperatu
res, however, strain-induced grain-boundary migration becomes increa
singly important. Interestingly, the transition from pipe to lattice diffu
sion-controlled creep coincides with the transition to migration recry
stallization dominated microstructures. This is explained in relation to 
Derby's (1992) dynamic recrystallization model as due to relative 
changes of grain boundary mobility, nucleation rate and driving force, 
which allow a balance to be established between the migration rate of 
nucleated grains and the nucleation rate of new grains. Turning to the 
strain-rate history, below 450°C this has a profound effect upon the 
observed microstructural development and mechanical behaviour, na
mely that stresses do not fall, and subgrain sizes do not increase, to the 
expected steady state values upon a lowering in strain-rate. This results 
in a relative hardening effect and in an increase of the stress sensitivity 
of strain rate to 7 - 10. Above 450°C, however, the strain-rate history 
does not affect microstructural development and steady state behaviour 
is always attained because migration recrystallization is very efficient. 
Across the entire range of conditions investigated, the crystallographic 
preferred orientations developed during deformation show a strong 
tendency for the weaker {1l0}<1l0> slip planes to rotate perpendicu
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lar to the compression direction. The observed recrystallization proces
ses appear to have no influence on the texture development. 

CHAPTER 3 documents simple shear experiments carried out on 
the same salt starting material used for the uniaxial tests. The aim of 
the experiments was to gain insight into the mechanical behaviour, mi
crostructural evolution and crystallographic preferred orientation deve
lopment characterizing shear deformation. Both constant stress and 
constant strain-rate tests were performed at temperatures in the range 
250 - 600°C (0.5 - 0.8Tm), varying the imposed shear strain rates be
tween 10-5 and 10-7 s-l and the applied shear stress between 0.6 and 
2.75 MPa. Expressed in terms of shear stress ('t) and shear strain rate 
(y), the steady state flow law obtained for the temperature range 250 
450°C is given: 

2y= 0.72 exp(-93/RT) t 5. 

As in the uniaxial experiments, this lower temperature behaviour was 
inferred to represent pipe-diffusion controlled dislocation creep. 
However, at temperatures from 500-600 °C, the steady state flow law 
was characterized by the equation: 

3y= 2.65 X 108 exp(-209/RT) t 4. 

In parallel with the results obtained in uniaxial compression for the sa
me temperature range, this was inferred to describe lattice-diffusion 
controlled dislocation creep. As far as microstructural development is 
concerned, similar microstructural processes were also found to opera
te in shear, compared to those observed in the uniaxially shortened 
samples. Thus, polygonization and rotation recrystallization dominate 
microstructural development in the temperature range 250 - 365°C, 
whereas with increasing temperature, grain boundary migration beco
mes more important. The crystallographic preferred orientation develo
ped under all conditions investigated in shear is characterised by an 
alignment of the (llO) planes towards the flow plane and of the <111> 
direction parallel to the shear direction. However, while the preferred 
orientation pattern was found to be independent of deformation condi
tion, the intensity of the (llO) component increased above 500°C. 

In CHAPTER 4, a simple comparison of the results obtained in the 
uniaxial compression and simple shear experiments, between 250 and 
350 °C, is presented. The mechanical behaviour seen in the two geo
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metries is compared in terms of equivalent stress and strain, as defined 
in the theory of perfect isotropic plasticity. For a given equivalent 
strain rate, the uniaxially deformed samples were found to be stronger 
in terms of equivalent flow stress. From a detailed consideration of the 
data, it is inferred that this difference in flow strength is largely due to 
the development of anisotropy during deformation, presumably in as
sociation with the observed texture development. The results thus sug
gest that the assumptions underlying the classical theory of isotropic 
plasticity and the standard "associative" methods of generalizing 
uniaxial flow data to 3-dimensions are not applicable for the conditions 
considered. 

CHAPTER 5 aims at a more detailed and rigorous verification of 
the validity of the assumptions underlying the "associative" method of 
generalizing axisymmetric flow laws to 3-D. This is done for the tem
perature range 250-600 °C, using the extensive experimental datasets 
presented in Chapters 2 and 3. Following the approach adopted in 
Chapter 4, the mechanical behaviour and the flow laws obtained in 
uniaxial compression and shear are compared in terms of equivalent 
stress, strain and strain-rate, using the associated flow rule as defined 
in the theory of isotropic plasticity. Below 400°C, i.e. in the pipe-dif
fusion controlled field, the equivalent stresses supported in shear are 
smaller than those in compression (at similar equivalent strain rate and 
temperatures) for all strains, from the initial work hardening stage of 
deformation through into the steady state stage. Thus, strain hardening 
is anisotropic at lower temperatures. However, at temperatures above 
400-450 °C, in the lattice-diffusion controlled field, the strain harde
ning and steady state behaviour obtained in both test geometries is si
milar (isotropic). It is argued that the hardening behaviour is not neces
sarily unique and may depend on the number and combination of slip 
systems activated, which may in turn depend on the deformation mode 
imposed. Such behaviour has been observed in Cu polycrystals (Tome 
et al., 1984) and similar mechanisms may also occur in polycrystalline 
halite. Texture simulations suggest that in general fewer slip systems 
are needed to accommodate an increment of simple shear compared to 
an increment of uniaxial compression, and this would imply fewer dis
location interactions in shear than in compression. At the same time, 
the slip systems activated in shear tend to be preferentially 'softer', 
and hence the flow stresses in shear will tend to be lower than in com
pression. The effects of these two processes is most pronounced at 
temperatures below 400 DC, where the three principal types of slip sys
tems in halite have widely differing strengths, so that the single crystal 
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yield surface is highly anisotropic. In the pipe-diffusion controlled 
creep regime (250-450 DC), the flow law for compression is characte
rised by a significantly higher activation energy (129 kJ/mol) than the 
flow law for shear (93 kJ/mol). This is tentatively explained by varia
tions in dislocation substructures developed in simple shear and com
pression as a result of the different activation of slip systems. In view 
of the anisotropic hardening and steady state flow behaviour observed 
at lower temperatures, it is concluded that the associated flow rule does 
not offer an adequate method of generalizing the creep behaviour of 
polycrystalline salt in the pipe-diffusion controlled dislocation creep 
field. However, dislocation creep laws reflecting lattice-diffusion con
trol can be generalized using the associated flow rule. Notably, under 
geological conditions, the generalization of the pipe-diffusion control
led flow law for rocksalt using the associated flow rule, may lead to se
rious errors. Similarly, the generalization of the axi-symmetric defor
mation data of other rock forming minerals with highly anisotropic 
single crystal yield surfaces, that deform under conditions when pipe 
diffusion controls the dislocation creep rate or when recovery is limi
ted and recrystallization suppressed, may also lead to serious errors if 
the associated flow rule is used. 

The purpose of CHAPTER 6 is to draw together general conclu
sions, based on the findings presented in Chapter 2 to 5. In addition, 
questions which remain unanswered are identified and suggestions are 
made for further research. 
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INTRODUCTION:
 
Definition of problems and aims
 

1.1 GENERAL BACKGROUND AND SCOPE 

While halite (NaCl) is the principal constituent of evaporite depo
sits, it is of rather limited volumetric importance in the continental 
crust. Nonetheless, because of its low density (2.2*103 kg/m3), unusu
ally high ductility, and very low creep strength (resistance to plastic 
deformation) under crustal conditions, salt formations play an impor
tant and dramatic role in crustal tectonic processes. First, for example, 
layered salt formations often form major decollement horizons. 
Second, the density of salt, which varies little with depth, is lower than 
the density of most compacted sediments, and this often leads to gravi
tational instabilities giving rise to salt pillows and domes. In addition, 
salt formations often interact with extensional tectonic processes, and 
with sedimentation during basin evolution, giving rise to major struc
tural and stratigraphic hydrocarbon traps. Last, the high ductility, the 
generally plastic behaviour, low permeability and low creep strength of 
salt, coupled with its easy mineability (conventional or solution), make 
stable salt formations attractive sites for disposal of radioactive and 
chemical wastes, and for the development of strategic storage caverns. 

For these reasons, there has long been interest in the mechanical 
properties of rocksalt, and in the associated deformation mechanisms 
and microstructural development. Data on these are essential both for 
modelling natural salt flow and repository or storage cavern perfor
mance, and for interpreting structures and microstructures preserved in 
natural salt tectonites. Consequently, a great deal of experimental work 
has been done on the mechanical behaviour of both natural and synthe
tic rocksalt. In particular, the dislocation creep behaviour of natural 
and synthetic polycrystalline rocksalt has been investigated experimen
tally by numerous authors (Heard, 1972; Arieli et aI., 1982; Burke et 
al,. 1981; Carter and Hansen, 1983; Wawersik and Zeuch, 1986; 
Horseman and Handin, 1990; Carter et aI., 1993; Senseny, 1992), and 
it is well established that rocksalt deforms by dislocation creep mecha
nisms under laboratory, natural, and geotechnically relevant conditions 
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(e.g. Carter et aI., 1993). During slow natural deformation, rocksalt can 
also deform by pressure solution mechanisms provided the brine con
tent is in excess of -0.01 % (Spiers et aI., 1990), such that both disloca
tion and pressure solution mechanisms are probably important in natu
re (Urai et aI., 1986b; Spiers et aI., 1990; Carter et aI., 1993). In sum
mary, the experiments performed to date have yielded both flow laws 
and palaeopiezometers for salt (Carter et aI., 1993). In addition, consi
derable interest exists in salt as a rock analogue material, and nume
rous experiments have also been performed in this context (e.g. 
Guillope and Poirier, 1979; Banerdt and Sammis, 1985, Chester, 1989; 
Shimamoto, 1989ab; Chester and Logan, 1990). 

Despite the extensive experimental work referred to above, a num
ber of important gaps have remained in our understanding of the defor
mation behaviour of rocksalt. In particular, while it is recognized that 
deformation geometry (i.e. mode of deformation) and history may 
strongly influence the deformation behaviour of salt in the dislocation 
creep field (i.e. memory effects), and indeed other geological materials 
(for example Wenk et aI., 1986), this has not been systematically inves
tigated or quantitatively evaluated in a useful manner. Furthermore, 
there still is widespread disagreement in the literature regarding the de
tailed dislocation creep mechanisms, rate controlling processes and mi
crostructural processes operating in NaCl, and how/whether laboratory 
data can be extrapolated to natural and geotechnical relevant condi
tions (Senseny et aI., 1992; Carter et aI., 1993). 

The research reported in this thesis is directed at helping to resolve 
these questions. In particular, attention is focused on developing a mi
crophysically based understanding of the influence of deformation ge
ometry and/or history on deformation behaviour and microstructural 
and textural development in NaCl under laboratory conditions, where 
dislocation creep is dominant. The results provide useful insight not 
only into NaCI, but general principles distilled are also relevant to the 
effect of deformation geometry and history on the deformation beha
viour of other rock-forming minerals. 

In the remainder of this chapter, the various questions to be addres
sed are elaborated upon, and the specific aims of the present work are 
defined. 
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1.2 THE ROLE OF SALT IN TECTONIC PROCESSES 

As indicated above, rocksalt exerts an important control on the de
velopment of many tectonic structures in the Earth's crust. For exam
ple, it has long been recognized that thrusting is facilitated by the pre
sence of evaporites. In fold-and-thrust belts such as the Salt Range of 
Pakistan and the Jura (Alps), a detachment in salt permits the develop
ment of long thrust sheets and broad thrust belts with very narrow 
cross-sectional tapers and no consistent vergence direction (Davis and 
Engelder, 1985, 1987; Butler et aI., 1987). Salt detachments also ex
tend the range of shortening deformation into the foreland. This can be 
observed in the Alpine foreland, for example, where Jura folding has 
developed over the Triassic Keuper, whereas in Bavaria, where the salt 
is missing, the Alpine thrust belt stops abruptly. 

The role of salt tectonics in basin evolution and the associated de
velopment of hydrocarbon accumulations is manifold and of economic 
importance. It is controlled by the interaction between sedimentation, 
regional extensional tectonics and the rheological behaviour of the 
rocksalt, and is manifested in the following ways. 

First, salt has a density which is intermediate between the densities 
of uncompacted sediments near the surface and the densities of com
pacted sediments at depth. However, the density of salt varies little du
ring burial, so that at some point in a basin's evolution, the salt will be
come gravitationally unstable and attempt to rise, resulting in the for
mation of salt pillows and domes. During the evolutionary stages of a 
diapiric salt dome, differential burial and uplift leads to facies changes, 
unconformities, off- and onlap relations between stratigraphic units de
posited above and around the dome and to the development of rim syn
clines and so-called 'turtleback' structures (Lerche and O'Brien, 
1987). The recognition of differential loading and of downbuilding 
(Jackson and Talbot, 1991) as a mode of diapiric growth during regio
nal thin-skinned extension has recently led to a new understanding of 
the ri se and subsidence of diapirs (Vendeville and Jackson, 1992ab) in 
these tectonic settings, and of the importance of the rheological role of 
salt. 

Second, on some passive continental margin, gravitational gliding 
of the uppermost sediments occurs on a basal detachment layer consis
ting of evaporites. This can give rise to extreme thin-skinned exten
sion, or "raft tectonics". Examples include the Kwanza Basin of 
Angola (Duval et aI., 1992; Lundin, 1992) and the Santos Basin of 
Brazil (Cobbold and Szatmari, 1991). In these settings, the structural 
development and the formation of hydrocarbon traps depends on the 
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interplay between sedimentary processes, regional extensional tecto
nics and the flow behaviour of the rocksalt. Adequate salt supply and 
low sedimentation rates promote diapir growth by downbuilding. 
Restricted salt supply and high sedimentation rates, however, promote 
growth faulting (Vendeville and Jackson, 1992ab). 

Finally, consider the role of salt in delta tectonics, of which the 
United States Gulf Coast is the best documented example. The extreme 
mobility of the Middle Jurassic Louan salt during the Late Mesozoic 
and Tertiary cover deformation resulted in salt being squeezed towards 
the delta front by differential loading of the prograding sediments in 
the shelf upper-slope (Worral and Snelson, 1989). The allochtonous 
salt sheets, massifs, nappes and decollements are interpreted to reflect 
the large-scale horizontal displacements of salt (Worral and Snelson, 
1989; Wu et aI., 1990). The allochtonous salt nappe at the Sigsbee es
carpment is one of the largest structural features in North America and 
is about three times the size of Alpine nappes. The allochtonous salt it
self acts as a secondary source layer for diapirs formed by downbuil
ding of minibasins (Jackson and Talbot, 1991). 

From these examples, it is clear that the dynamical evolution of 
subsurface salt bodies has an important control on basin evolution. It is 
therefore essential that the flow behaviour of salt is well understood 
and incorporated in basin modelling studies in order to understand ba
sin evolution, and hydrocarbon migration and trapping (see for examp
le Weijermars et aI., 1993). 

From this perspective, there has been a longstanding interest in the 
rheological behaviour of rocksalt, in its deformation mechanisms and 
microstructural development (see for example reviews by Carter and 
Hansen, 1983; Senseny et aI., 1992; Carter et aI., 1993). As mentioned 
already, evidence for both the operation of dislocation and fluid-assis
ted diffusional creep processes is found in naturally deformed rocksalt 
(Urai et aI., 1987). Recent numerical experiments by Van Keken et aI. 
(1993) have shown that for strain rates typical of salt diapirism driven 
by buoyancy alone (10-12 - 10-15 s-I), the diffusion creep mechanism is 
likely to be dominant in most cases (grain size < 1 cm). However, for 
higher strain rates, which occur in cases of differential loading, salt ex
trusion and in active tectonic environments, the dislocation creep me
chanism should be more important (Van Keken et aI., 1993). Despite 
the extensive body experimental work on salt, however, important de
tails of the dislocation creep mechanisms are not well understood; ind
eed substantial disagreement exists regarding the magnitude for the ap
parent activation energy for creep, the rate-controlling mechanisms and 
the role of recrystallization. Questions also remain as to how laborato
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ry data can be extrapolated to natural conditions and how dislocation 
creep and fluid-assisted diffusional creep processes compete. Other 
gaps in our understanding of the mechanical behaviour of salt concern 
memory effects, for example i) to what extent does deformation geo
metry influence the deformation behaviour of rocksalt in the disloca
tion creep field, and ii) are experimentally derived subgrain size palae
opiezometers (for example Carter et ai., 1982) sensitive to deformation 
history? 

1.3 GEOTECHNICALLY RELATED QUESTIONS 

Salt has long been recognized as a relatively favourable medium 
for the disposal of radioactive and chemical wastes, and for the deve
lopment of strategic storage caverns. This is because of its relatively 
high ductility, low creep strength, low permeability and hence high 
containment capabilities (natural salt permeability is < 10-22 m2, c.f. 
10-16 m2 for a relatively tight sandstone, Peach, 1991), coupled with its 
easy mineability (conventional or solution). 

Now, the construction of storage caverns or disposal systems in a 
salt formation will lead to mechanical and/or thermal perturbations of 
the entire geological system. In particular, mechanical and thermal per
turbations will lead to plastic deformation of the surrounding salt in a 
time-dependent manner, governed by the deformation properties of the 
salt and the evolution of the thermal pulse. Although it is expected that 
these perturbations will be small (Prij, 1983), for an accurate analysis 
of the facility performance it is nonetheless necessary to quantitatively 
model the intermediate and long term response of the geological sys
tem (Janssen et ai., 1984). 

On this basis, it is apparent that a thorough performance analysis 
requires a detailed understanding of the rheological behaviour of the 
salt. In particular, requirements for predictions of the intermediate and 
long term behaviour of a storage system demand a thorough, funda
mental understanding of the mechanical behaviour of rocksalt at tem
peratures below 250°C. This includes an understanding of the effects 
of strain-rate on stress-strain behaviour and the rate-controlling mecha
nisms (cross-slip vs. climb-controlled creep), and of the magnitude of 
the apparent activation energy for creep. These provide the basis for 
the development of constitutive models that can be used to predict the 
behaviour of the salt body (Krieg, 1982; Russel et aI., 1990). However, 
such constitutive models should also incorporate the rheological beha
viour of salt for different loading conditions with due consideration of 
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the history dependent nature of the rheological behaviour of salt (me
mory effects) (Aubertin et aI., 1991). Laboratory investigations indica
te that steady-state flow of rock salt is not strongly influenced by pre
vious loading history when the loading geometry is relatively simple, 
for example coaxial (Heard and Ryerson, 1986; Russel et aI., 1990). 
However the effect of complex, non-coaxial histories is not known. In 
addition, it is recognized that transient flow is very sensitive to pre
vious deformation history (Aubertin et aI., 1991), and this has never 
been systematically investigated. Both of these areas clearly require 
further study, then. 

1.4	 GENERALIZATION OF LABORATORY CREEP 
EQUATIONS 

To numerically model the mechanical behaviour of a rock body un
der given boundary conditions, it is necessary to generalize experimen
tally obtained one-dimensional flow laws to two or three dimensions 
(McClintock and Argon, 1966; Ranalli, 1987; Twiss and Moores, 
1992). For example, almost all flow laws available for olivine rocks 
have been obtained from axially symmetric experiments and relate 
axial strain rate to axial differential stress; in order to model large-scale 
mantle flow processes in 2-D or 3-D, these have to be generalized into 
relations linking the strain rate tensor Eij to the deviatoric stress state 
(jij (Stocker and Ashby, 1973; Ranalli, 1987; Van Keken, 1993). The 
same type of generalization procedure must also be applied to axi-sym
metric data on rocksalt in order to model tectonic processes as well as 
the (thermo)mechanical response of salt formations to the construction 
of waste repositories and/or storage caverns (prij, 1983; Janssen et aI. 
1984; Van Keken et aI., 1993). This type of generalization is usually 
done using the theory of perfect isotropic plasticity known from metal
lurgy, applied to incompressible media in a form often referred to as 
the associated flow rule (for example Malvern, 1969). This theory im
plies that the principal axes of stress coincide with the principal axes of 
strain rate (Nye, 1953a, Drucker, 1956, 1959; Paterson, 1976; Hobbs et 
aI., 1990). The assumptions underlying this method of generalization 
are that i) the material is isotropic, remains isotropic during deforma
tion and has no memory for incremental strain history (Le. path inde
pendent behaviour), ii) deformation is isovolumetric and iii) the mate
rial response is independent of the third invariant of the deviatoric 
stress tensor (Nye, 1953ab; Ranalli, 1987; Schmid et aI, 1987). 

While the above method of generalization is widely applied in al
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most all modelling studies of large scale deformation phenomena, it is 
well-known that most plastically deforming materials have some mi
crostructural memory for incremental strain history. It therefore may 
be expected, and occasionally has been observed, that the incremental 
deformation history influences the mechanical behaviour to some ex
tent (for example: Ghosh and Backofen, 1973; Tome et aI., 1984). 
Furthermore, it has been clearly demonstrated from theory that axi
symmetric deformation experiments on materials with "memory" are 
insufficient to fully characterise the material behaviour (Hobbs, 1972; 
Ferguson, 1979). Since most flow laws for rocks are obtained from 
axi-symmetric compression experiments, there is thus no a priori justi
fication for generalizing these flow laws using the associated flow ru
le, and experimentally based information on the validity of the associa
ted flow rule for individual materials, such as rocksalt and olivine, is 
clearly needed. 

1.S	 ANISOTROPY DEVELOPMENT AND SHEAR 
LOCALIZATION DURING DISLOCATION CREEP 

Material strain softening is commonly taken as a requirement for 
the localization behaviour demonstrated in natural ductile shear zones. 
Strain softening mechanisms proposed to explain shear localization in
clude recrystallization softening, grain-size reduction softening, crys
tallographic preferred orientation softening, phase-change softening, 
reaction softening and thermal softening (White et aI., 1980; Poirier, 
1980; Evans and Wong, 1985, Kirby, 1985). However, shear localiza
tion does not always have to be associated with macroscopic strain 
softening, as has been observed in compression experiments in which 
localization of deformation occurred (for example Burrows et aI., 
1979). Localization of deformation under strain-hardening conditions 
also may occur and can arise from i) non-associated flow behaviour, 
which is characterized by the development of mechanical anisotropy 
during deformation (Rice, 1976; Leroy and Ortiz, 1990; Hobbs et aI., 
1990); and ii) the development of vertices on the yield surface, arising 
from the presence of randomly oriented small cracks or small faults, 
which will promote further localization (Rudnicki and Rice, 1975). 
The localization behaviour of pressure-sensitive, dilatant, rate-inde
pendent materials has been investigated rather extensively (for exa
mple Rudnicki and Rice, 1975; Hobbs et aI., 1990; Ord, 1991), but less 
so of presssure-insensitive, rate dependent materials (Anand et aI., 
1987; Harren et aI., 1988). The flow behaviour of rate-dependent poly
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crystals, defonning by cross-slip or climb-controlled creep, may be 
non-associated (Rice, 1976). For example, Asaro and Needleman 
(1985) developed a constitutive model for defonnation of rate-depen
dent polycrystals that predicts that flow in an initially isotropic mate
rial becomes non-associated with increasing defonnation. 

If the flow behaviour of rocksalt (or other geological materials) is 
non-associated (i.e. associated flow rule does not offer an adequate me
thod of generalizing the creep law), shear localization is possible under 
particular loading conditions. As explained above, this is because non
associated behaviour is characterized by the development of mechani
cal anisotropy during deformation giving rise to truly different strengths 
of the material, depending on the defonnation geometry. Now, locali
zation may occur as long as the material in a particular zone (for exam
ple where non-coaxial flow dominates) flows at lower stresses than in 
the adjacent rock body (for example where coaxial flow dominates) re
sulting in higher strain rates in that particular zone. Thus, the onset of 
shear localization may result from boundary conditions of the system 
causing inhomogeneous deformation coupled with relative and not ne
cessarily structural strain softening (Hobbs et aI., 1990). During the 
subsequent evolution of the zone of localized defonnation into a 'ma
ture' shear zone, typical mylonitic microstructures and crystallographic 
preferred orientations may develop as a result, and not necessarily as 
the cause of shear localization. 

From the above, it is clear that the influence of deformation geo
metry (i.e. mode of deformation) and history on the flow behaviour of 
rocksalt needs to be assessed. This may not only provide insight into 
the process of shear localization in relation to the development of me
chanical anisotropy, but is also important for modelling flow of salt in 
natural deformation and in geotechnical applications. Furthennore, a 
general understanding of the process of shear localization can be distil
led from the results, which may be applicable to other rock-fonning 
minerals defonning in the dislocation creep field. 
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1.6 AIMS OF THE PRESENT STUDY 

Having outlined some of the principal problems which remain out
standing as regards the deformation behaviour of salt, and information 
which may be gained relating to other materials, the general aim of the 
present work can be stated as to investigate the dependence of the rhe
ology of synthetic rocksalt upon deformation history in the dislocation 
creep field, and the detailed nature of dislocation creep mechanisms in 
NaC!. 

The specific aims of the study were: 
to investigate the mechanical behaviour, microstructural processes 
and texture development in polycrystalline halite deformed in uni
axial compression and in simple shear; 
to compare the behaviour seen in the two deformation geometries; 
to determine the deformation mechanisms and rate-controlling pro
cesses operating in halite deformed in both geometries investiga
ted; 
to determine the dependence of the uniaxial flow behaviour on 
strain-rate history; 
to test if the associated flow rule offers an accurate method of ge
neralizing creep laws obtained for polycrystalline halite; 
to assess the implications of the results for salt and other materials. 

In order to achieve these aims, uniaxial and simple shear experi
ments have been carried out on synthetic polycrystalline rocksalt in the 
temperature range 250-780 °C with strain rates between 10-3 and 10-7 

s-l. Under these conditions, rocksalt deforms by dislocation creep me
chanisms (Verall et aI., 1977; Frost and Ashby, 1982). Both the 
uniaxial and the shear apparatus used in the study were specially de
signed for this study. 
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UNIAXIAL DEFORMATION
 
experiments on synthetic polycrystalline salt*
 

ABSTRACT 

Synthetic polyerystalline halite (rocksalt) has been deformed in 
uniaxial compression in the temperature range 250-780 °C (0.5-0.98 
Tm) at strain rates between 10-3 and 10-7 s-l. Constant strain rate and 
strain-rate decrement, increment and cycling tests have been carried 
out. At temperatures from 250-450 °C the steady state flow law is gi
ven by 

E= 5.75 exp(-129/RT)cr5.7 

which is thought to describe climb-controlled dislocation creep, in 
which climb is controlled by diffusion through dislocation cores (pipe 
diffusion). The flow law in the temperature range 500 - 780°C is gi
ven by 

E= 6.57 X 107 exp(-227/RT)cr 4. 4 

which is inferred to describe lattice diffusion-controlled dislocation 
creep. In the temperature range 250-350 °C, polygonization and rota
tion recrystallization are the dominant microstructural processes. 
However, with increasing temperature, grain boundary migration be
comes important. The transition to migration recrystallization domina
ted microstructures, at c. 450°C, coincides with the change from pipe 
diffusion to lattice diffusion controlled creep. This is explained as due 
to relative changes of grain boundary mobility, nucleation rate and 
driving force, which allow a balance to be established between the mi
gration rate ofnucleated grains and the nucleation rate of new grains. 

* ThiS chapter has been submitted to Tectonophysics as: Franssen, 
R.C.M. W. The rheology of synthetic rocksalt in uniaxial compression. 
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Below 450°C the strain-rate history has a profound effect upon the 
observed microstructural development and mechanical behaviour. The 
subgrains do not increase and the stresses do not fall to the expected 
steady state values upon a lowering in strain-rate. This process of sub
grain refinement results in relative hardening effects and in an increa
se of the stress sensitivity upon strain rate up to 10. Above 450°C, 
however, the strain-rate history does not affect the microstructural de
velopment and steady state behaviour is always attained because mi
gration recrystallization resets the microstructure which adjusts to the 
newly imposed conditions. 
The crystallographic preferred orientation under all conditions inves
tigated is characterised by rotation of the {llO} poles towards the 
compression direction. Recrystallization processes appear to have no 
influence on the texture development. 
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2.1 INTRODUCTION 

The dislocation creep behaviour of natural and synthetic polycrys
talline salt (halite) has been investigated experimentally by numerous 
authors (Heard, 1972; Arieli et aI., 1982; Burke et aI., 1981; Carter and 
Hansen, 1983; Wawersik and Zeuch, 1986; Horseman and Handin, 
1990; Horseman et aI., 1992; Senseny et aI., 1992; Carter et aI., 1993), 
because of the interest in modelling salt tectonics and the behaviour of 
geotechnical structures, such as caverns for the storage of waste mate
rial or energy reserves. Microstructural development has also been in
vestigated in detail to provide useful information for the interpretation 
of microstructures developed in naturally deformed salt rocks (Carter 
et aI., 1982; Friedman et aI. 1984; Skrotzki and Haasen, 1984; Urai et 
aI., 1987). For example, sub-grain-size stress relations have been esta
blished for application as a palaeopiezometer to estimate steady state 
flow stresses in naturally deformed salt rock (Guillope and Poirier, 
1979; Carter et ai. 1982; Carter et al. 1984, Carter et aI., 1993). While 
all this work has provided much insight into the behaviour of salt, a 
number of questions remain unanswered. These include the following: 

1)	 There still is considerable disagreement in the literature regarding 
the detailed deformation mechanisms and rate-controlling proces
ses operating in halite, and which of these are relevant to natural 
deformation (e.g. cross-slip vs. climb control, vs. pressure solution 
creep; Wawersik and Zeuch, 1986; Wawersik, 1988; Carter et aI, 
1993). 

2)	 While it is known that the rheology of salt in the dislocation creep 
field is to some extent history dependent, very little is known about 
the transient behaviour of salt from a microphysical point of view. 
Such information is of potentially major importance for accurate 
geotechnical modelling (Aubertin, 1991). 
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3)	 Similarly, it still is debated what the effect is of deformation histo
ry is on the microstructural development in NaCl, notably on sub
grain size development (e.g. Robinson et al., 1974; Carter et al., 
1984; Poirier, 1985). 

4)	 Also, while evidence exists for several dynamic recrystallization 
mechanisms in NaCl, the conditions under which these occur and 
their influence on crystallographic preferred orientation (texture) 
development and mechanical behaviour are poorly understood and 
even controversial (Guillope and Poirier, 1979; Skrotzki and 
Welch, 1983; c.f. Urai et al., 1986a; 1987). 

In this paper, the results of a total of 40 uniaxial compression expe
riments on synthetic polycrystalline NaCl are reported. The experi
ments were carried out under conditions favouring dislocation creep 
behaviour, namely in the temperature range 250-780 °C (Ttrm = 0.5 
0.98) at atmospheric pressure (in air) and at strain rates between 10-3 

and 10-7 s-l. The objective was to provide new data relating to the abo
ve questions by 1) determining the mechanical behaviour of synthetic 
salt in relation to microstructural evolution and crystallographic prefer
red orientation (textures), 2) identifying the microphysical processes 
operating and, in particular, 3) investigating the influence of strain-rate 
history as a function of temperature. 

Viewing NaCl as a rock analogue (e.g. Shimamoto, 1989ab; Frans
sen and Spiers 1990; Chester and Logan, 1990), an additional aim was 
to gain insight into the likely influence of strain-rate history on mecha
nical behaviour and microstructural development in rocks in general, 
for deformation by dislocation creep mechanisms. A point of special 
interest here concerns to what extent subgrain palaeopiezometers may 
be influenced by strain rate history. 

2.2 EXPERIMENTAL METHODS 

2.2.1 Samples 
In this study, synthetic polycrystalline halite samples were used. 

The samples were prepared as follows. First, analytical grade NaCl 
powder (Merck), jacketed in rubber tubes, was hydrostatically cold
pressed at 100 MPa for 10 to 20 minutes into irregular billets. From 
these billets, cylindrical samples were machined. These samples mea
sured 20 mm in length by 10 mm in diameter. After machining, the 
samples were annealed for 12-14 hrs in an argon atmosphere at 720
725°C (Le. -0.9 Tm) and stored in a low humidity room (RH ::; 15%; 
Peach, 1991) before testing. 
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Figure 2.1 
The annealed starting material typically possesses a foam micro
structure with a grain size of 100 - 400 Ilm. The recrystallized grains 
contain no visible microstructure. The grain boundaries contain ar
rangements of gas-filled inclusions. The circular dark spots within 
the grains are artefacts resulting from the etching procedure. These 
artefacts are visible in all micrographs. 

After annealing, the samples possessed a recrystallized polygonal 
"foam" microstructure with a grain size 100 to 400 Ilm (Fig. 2.1). The 
grains contained no optically visible substructure. Grain boundaries 
contained gas-filled tubular and spherical inclusions of about 10-20 
Ilm in diameter and isolate pores up to 30 /lffi in diameter. The total 
porosity of the samples ranged from 2% to 2.5%. Neutron diffraction 
analysis showed that no significant starting crystallographic preferred 
orientation was developed (Fig. 2.2). The trace element content of the 
samples, analyzed by Inductively Coupled Plasma (ICP) emission 
spectrophotometry, was found to be below 75 ppm and the total diva
lent impurity content was approximately below 30 ppm. The main im
purities were, in decreasing order of importance: K, Ca, Cs and S. The 
trace element composition and concentration remained unchanged af
ter the annealing stage. The water content of the annealed samples, as 
determined by thermogravimetric analysis (TGA), was below 35 ppm. 
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I min 0.636 
I max 1.391 

NIVEAU 1 1.000 

NIVEAU 2 1.250 

Figure 2.2 
The starting material contain no significant preferred orienta
tion as is shown by this pole figure of the {200} reflection. 
Contour intervals are 0.25 times uniform. 

2.2.2 Deformation apparatus 
The experiments were carried out in uniaxial compression, using a 

modified lnstron 1193 constant displacement rate apparatus (Fig. 2.3), 
i.e. with a cross head speed (constant within 4%) variable over more 
than five orders of magnitude. The machine was equipped with a high 
temperature furnace and superalloy loading pistons. Temperature was 
controlled using a Eurotherm (type 093) controller connected to a 
Chromel-Alumel (Cr-AI) thermocouple positioned on the furnace wall 
(Fig. 2.3). A second thermocouple was used for temperature measure
ment of the sample. The temperature was kept constant to within -3°C. 
The axial force applied to the sample was measured using a 5kN load 
cell, with an absolute error less than 0.025 kN. 

2.2.3 Testing procedure 
As mentioned previously, the tests were done at 250-780 °C (T{fm 

= 0.5 - 0.98) at atmospheric pressure and strain rates between 10-3 and 
10-7 s-l. The following tests were carried out: 
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Figure 2.3:
 
Schematic diagram of the experimental apparatus used in the
 
present tests.
 

1)	 constant strain-rate tests (i.e. at constant cross-head speed); 
2)	 strain-rate increment tests, in which the lowest strain rate was im

posed at the beginning of the test and the strain rate increased step
wise during the test; 

3)	 strain-rate decrement tests, in which the highest strain rate was im
posed at the beginning of the test and the strain rate then decreased 
stepwise but not necessarily sequentially; 

4)	 strain-rate cycling tests, in which the same strain rates were impo
sed in cycles. 

In all of these tests, the sample was first inserted into the apparatus 
and brought to the desired test temperature. A small load was then ap
plied, and the desired strain rate was selected and imposed. In various 
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stepping tests (Le. 2-4 above), the strain reached during the first step 
was always more than 6% and the strain during each subsequent step 
was at least 2%. To terminate each test, the load was instantaneously 
removed and the sample quenched with compressed air. Within 5 mi
nutes after termination, the sample temperature was below 100 DC. 

For reasons of convenience, we henceforth refer to a constant 
strain-rate test as being 'equivalent' to a step test if the strain rate im
posed during the last step (Ef) is the same as the strain rate of the con
stant strain rate test. 

2.2.4 Data processing 
True stress-strain curves were obtained by digitizing and proces

sing chart records of force vs. time. Strains were calculated from loa
ding piston velocity, elapsed time and sample length, applying correc
tions for apparatus stiffness and for thermal expansion of the sample. 
Strains and strain rates were calculated with respect to the starting di
mensions of the sample. Since the last strain-rate steps were in general 
applied at total accumulated strains less then 15%, the difference com
pared with the true strain rate is very small (calculated strain rate is 
<6% lower than the true strain rate). For strains less than 20%, the 
strain rate is constant to within about 10%. Sheets of gold foil or 
Teflon inserted between the piston and the sample reduced the friction 
at the sample ends and minimized barrelling. Stress calculations assu
med homogeneous deformation with no volume change, but did inclu
de dimensional changes of the sample. 

2.2.5 Other techniques 
The microstructures of both the deformed and undeformed 

samples were studied by means of reflected light microscopy carried 
out on polished sections. Grain boundaries and dislocation substructu
res were made visible by etching the polished sections. Details of the 
section preparation techniques and etching procedures used are given 
in Spiers et al. (1986). In addition, some selected samples have been 
investigated using SEM and SEM-BSE techniques. 

Texture measurements were carried out using the neutron diffrac
tion goniometers at GKSS-Research Centre in Geesthacht, Germany 
and at lnstitut Laue-Langevin in Grenoble, France under supervision of 
Dr. H.G. Brokmeier. For a detailed description of the texture diffracto
meter at GKSS, the reader is referred to Brokmeier et al. (1988). 
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2.3 MECHANICAL DATA
 

2.3.1 Stress - strain behaviour 
The complete set of tests reported here is listed in Tables 2.1 to 2.4 

where tests are grouped according to testing method. 

Constant strain-rate experiments 
Typical stress-strain curves of constant strain-rate tests are shown 

in Figs. 2.4 and 2.5. (see also Table 2.1). The flow stress and the rate 
of work hardening decrease with increasing temperature and decre
asing strain rate. At high temperatures (~ 550 DC), occasionally some 
strain softening is observed (for example experiment C51 in Fig. 2.5). 
The reproducibility of the constant strain-rate tests is better than 10% 
of the measured stress. 

Strain rate 1.8*10-5 5-1 
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8 
350·C C52 co 

c.. 6 
~__--'400·C C33 

~ 
til
 
til
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2-1.....&:.--- SOO·C C32stl 

700·C C29stl 
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8 

350 ·CCS 
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~ ~_------- 400·C C2 
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'" ~::::::::::'----------500·C C4 

2 1,=======::::======:. 550·C C24~~ SOO·C C40 

o~-.-~.--,--.-~-.-....-.-~.,....,.....,~-.-....~~_/ 
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Figure 2.4: 
(a) Stress-strain curves for uniaxially compressed synthetic rocksalt 
at a constant strain-rate of 1.8* 10-5 S-1 between 350-780 °C 
(b) Stress-strain curves at a constant strain-rate of 3.6* 10-6 S·1 be
tween 300-600 °C . Each curve is labelled with test temperature and 
test number. 
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Table 2.1.	 Summary of mechanical data of constant strain
 
rate experiments
 

Test Temperature Strain rate Stress at 10% Final 
number (oG) (s-' ) strain (MPa) stress strain 

C15 250 1.8* 10-6 13.9 14.8 14.5% 
C6 300 3.6*10-6 8.3 9.4 24.0% 
C53 300 1.8*10-6 7.5 7.7 14.2% 
C52 350 1.8*10-5 6.8 7.4 39.0% 
C5 350 3.6*10-6 6.4 7.1 23.0% 
C10 350 1.8*10-6 8.7 9.0 13.0% 
C42 350 1.8*10-6 7.1 7.3 13.9% 
C46 350 1.8* 10-6 6.7 6.9 14.6% 
C45 350 1.8*10-7 5.0 8.9% 
C28 400 1.8*10-5 5.1 5.2 13.1% 
C33 400 1.8*10-5 5.5 5.8 13.4% 
C2 400 3.6*10-6 5.2 5.7 19.9% 
C8 400 1.8*10-6 4.2 4.2 14.0% 
C27 400 1.8* 10-6 3.7 3.8 14.3% 
C3 450 3.6*10-6 3.6 4.0 20.2% 
C7 450 1.8*10-6 3.6 3.8 15.0% 
C30 500 1.8*10-5 3.3 3.5 18.7% 
C31 500 1.8*10-5 3.3 3.5 18.3% 
C4 500 3.6*10-6 2.8 3.0 20.6% 
C9 500 1.8*10-6 2.7 2.7 14.5% 
C24 550 3.6*10-6 1.7 1.8 19.1% 
C19 550 1.8* 10-6 1.5 1.5 15.2% 
C51 550 1.8*10-7 0.56 0.54 13.6% 
C40 600 3.6*10-6 1.2 1.2 19.3% 

Strain-rate stepping experiments 
The data obtained from the strain-rate increment experiments are 

summarized in Table 2.2 and typical examples are shown in Fig. 2.6. 
The trends observed are similar to those seen in constant strain rate ex
periments: the rate of work hardening decreases with strain rate and 
the flow stress decreases with increasing temperature. During anyone 
experiment, steady state flow may be attained at lower strain rates, 
whereas this can be replaced by continuous work hardening at higher 
rates. Similar stress levels (within ±1 MPa) are obtained from strain
rate increment tests compared to constant strain-rate tests. 
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Figure 2.5:
 
(a) Stress - strain curves for constant strain-rate tests at 400 ce. and 
(b) at 550 ce. Each curve is labelled with the imposed strain rate and 
test number. 

Examples of strain-rate decrement tests are shown in Fig. 2.7 
(Table 2.3). Again, similar trends as mentioned above have been ob
served. Though, in the temperature range 250 - 450 ee, consistently 
higher stresses are attained in the decrement strain rate tests compared 
to the other test types, the differences in stress, at comparable strain
rates, being up to 4 MPa. At temperatures above 450 ee, however, the 
stresses obtained from decrement step-tests are within ±D.5 MPa of the 
stresses obtained from the other test types. 
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Table 2.2	 Summary of mechanical data of incremental 
strain-rate stepping tests 

Test Temperature Strain rate Stress Strain 
number (OC) (s·1 ) (MPa) (%) 

C35st1 250 2.88*10.7 9.8 6.6 
C35st2 250 3.6*10-7 10.5 9.4 
C35st3 250 1.8*10-6 11.9 12.0 
C35st4 250 3.6*10.6 13.0 15.0 
C43st1 300 3.6*10-7 7.6 8.6 
C43st2 300 1.8*10-6 8.6 11.1 
C43st3 300 3.6*10-6 9.5 14.3 
C43st4 300 1.0*10.5 10.5 17.3 
C43st5 300 1.8*10.5 11.7 20.4 
C38st1 350 2.88*10-7 5.4 9.3 
C38st2 350 3.6*10-7 5.5 12.3 
C38st3 350 1.8*10-6 6.5 15.6 
C38st4 350 3.6*10-6 7.1 19.5 
C38st5 350 1.8*10-5 9.1 21.5 
C44st1 450 3.6*10.7 2.3 9.0 
C44st2 450 1.8* 10-6 3.0 12.0 
C44st3 450 3.6* 10-6 3.4 14.8 
C44st4 450 1.0*10-5 3.9 18.3 
C44st5 450 1.8*10-5 4.4 21.4 
C44st6 450 1.0*10-4 5.5 24.4 
C54st1 500 1.8* 10-6 2.0 11.2 
C54st2 500 3.6*10.6 2.3 14.9 
C54st3 500 1.0* 10-5 2.8 18.3 
C54st4 500 1.8* 10-5 3.1 20.9 
C54st5 500 1.0*10-4 4.1 24.0 
C32st1 600 1.8* 10-5 1.4 6.6 
C32st2 600 1.0*10-5 1.2 10.5 
C32st3 600 1.0*10-4 2.0 14.7 
C32st4 600 1.0*10-3 3.5 47.5 
C41st1 600 3.6*10.7 0.6 11.6 
C41st2 600 1.8* 10.6 0.8 14.4 
C41st3 600 3.6* 10-6 1.0 17.9 
C41st4 600 1.8*10-5 1.5 22.0 
C41st5 600 1.8* 10-4 2.3 22.7 
C29st1 700 1.8* 10-5 0.7 5.7 
C29st2 700 1.0* 10-5 0.6 9.4 
C29st3 700 1.0*10.4 1.1 12.9 
C29st4 700 1.0*10.3 2.0 42.6 
C34st1 780 1.8*10-5 0.4 6.7 
C34st2 780 1.0* 10-5 0.4 10.5 
C34st3 780 1.0*10.4 0.7 14.3 
C34st4 780 1.0*10-3 1.3 47.0 
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Figure 2.6: 
Stress-strain curves for increment strain-rate stepping experiments at 
(a) 350°C and (b) 600 °C. The imposed strain rates are indicated be
low the curves. The stress data of these tests correspond favourably 
with constant strain rate experiments. 

Only two strain-rate cycling tests were carried out, namely at 400 
DC (Table 2.4) (Fig. 2.8). In experiment Cl3st (Fig. 2.8b), the highest 
strain-rate was imposed at the start (cf. decrement step test), whereas 
in case of test C26st, the lowest strain-rate was applied at the start (cf. 
increment step test). Experiment Cl3st is characterized by consistently 
higher flow stresses (up to c. 2.9 MPa), compared with the results ob
tained from the other test types. This is consistent with the results pre
sented above. In case of C26st (Fig. 2.8a), the measured flow stresses 
were similar to those obtained from constant strain rate experiments 
except the last two ('decrement') steps; these show a decrease in stress 
with strain and somewhat higher stress levels are attained compared to 
constant strain-rate tests. 
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Table 2.3	 Summary of mechanical data of decremental 
strain-rate stepping tests 

Test Temperatu re Strain rate Stress Strain 
number (OC) (S-1 ) (MPa) (%) 

C18st1 250 1.8*10-6 11.1 10.9 
C18st2 250 3.6*10-7 10.5 12.3 
C18st3 250 2.88* 10-7 10.5 14.3 
C18st4 250 1.8*10-7 10.3 17.3 

C16st1 300 1.8*10-5 11.8 7.3 
C16st2 300 3.6*10-6 11.9 10.2 
C16st3 300 3.6*10-7 10.3 12.4 
C16st4 300 1.8* 10-6 11.7 15.5 

C14st1 350 1.8* 10-5 9.6 7.0 
C14st2 350 3.6* 10-6 9.1 9.8 
C14st3 350 3.6* 10-7 7.8 12.0 
C14st4 350 1.8*10-6 8.7 14.1 
C14st5 350 1.8*10-7 7.0 15.4 

C12st1 450 1.8* 10-5 5.0 6.6 
C12st2 450 3.6*10-6 4.6 9.0 
C12st3 450 1.8*10-6 4.2 11.4 
C12st4 450 3.6*10-7 3.5 14.0 

C17st1 500 1.8*10-5 3.1 6.0 
C17st2 500 3.6*10-7 1.8 8.5 
C17st3 500 3.6*10-6 2.5 11.0 
C17st4 500 1.8* 10-6 2.3 13.5 
C17st5 500 1.8* 10-7 1.6 16.2 

C20st1 550 1.8*10-6 2.3 6.3 
C20st2 550 3.6*10-6 1.7 8.5 
C20st3 550 3.6*10-7 1.1 11.4 
C20st4 550 1.8*10-6 1.4 13.9 
C20st5 550 1.8*10-7 0.9 15.4 
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Figure 2.7: 
Stress-strain curve for decrement strain-rate stepping tests at (a) 350 
°e and (b) 550 o e. The imposed strain rates are indicated. See text for 
discussion. 

2.3.2 Dependence offlow stress on strain rate and temperature 
In Fig. 2.9, the flow data obtained in the increment, decrement, 

and constant strain rate tests, carried out in the temperature interval 
300-450 DC, are plotted in log stress vs. (- log strain rate)-space. As 
has been shown above, the stress levels obtained in the decrement step 
tests are higher compared to the other test type. In addition, the depen
dence of strain rate upon stress is different for the decrement stepping 
tests compared to the increment and constant strain-rate tests (Fig. 
2.9). The increment and constant strain-rate tests show that the strain 
rate depends on the stress to the power 5 to 6. In the decrement tests, 
this power exponent is significantly larger (7-10). These results show 
that a decremental strain-rate history has a significant effect upon the 
stress vs. strain and stress vs. strain-rate relations for temperatures be
low 450 DC (memory effect). 
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Table 2.4	 Summary of mechanical data of cycling strain-rate 
stepping tests 

Test Temperature Strain rate Stress Strain 
number (OC) (S·1 ) (MPa) (%) 

C13st1 400 1.8*10-5 7.0 7.5
 
C13st2 400 3.6*10-6 6.4 10.4
 
C13st3 400 1.8*10-6 6.0 12.5
 
C13st4 400 3.6*10-7 5.0 14.7
 
C13st5 400 1.8*10-6 5.7 16.2
 
C13st6 400 3.6*10-6 6.4 17.6
 
C13st7 400 1.8* 10-7 4.3 21.4
 

C26st1 400 1.8* 10-7 3.0 6.8
 
C26st2 400 3.6*10-7 3.3 10.0
 
C26st3 400 1.8* 10-6 4.0 12.1
 
C26st4 400 3.6*10-6 4.4 14.1
 
C26st5 400 1.8* 10-5 5.4 16.8
 
C26st6 400 3.6*10-6 4.7 18.3
 
C26st7 400 3.6*10-7 3.6 20.5
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Figure 2.8: 
Stress-strain curves for cycling strain-rate stepping tests (a) C26st 
and (b) C13st at 400°C. The imposed strain rates are indicated below 
the stress-strain curves. See text for discussion. 
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Figure 2.9: 
Experimental stress-strain rate data of decrement and increment step 
tests data in the temperature range 300-450 °C plotted as log(stress) 
VS. -log (strain rate). The step tests data are connected through lines 
and the arrow heads indicate the sequence of imposed strain rates. 
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Figure 2.10: 
Experimental stress-strain rate plotted in log(stress) VS. -log (strain 
rate) space. For a constant temperature the strain rate depends on 
the power 3 to 6 of the applied stress. These data are used to the de
termine the flow parameters. 
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Figure 2.11: 
Arrhenius-plots of the quantity log (crill) vs. temperature for seven 
different strain rates. The stress has been normalized against the 
temperature compensted shear modulus 11. In (d) the data cover four 
orders of magnitude in strain rate. 

The data obtained in the temperature range 250-450 °e, shown in 
Fig. 2.10, contain increment and constant strain-rate experiments and 
the data of the first step of the strain-rate decrement tests. In addition, 
all data obtained in the temperature range 500-780 °e are plotted. The 
data show that all test types represented in Fig. 2.10 yield similar re
sults at temperatures above 450 °e, and that the constant strain-rate and 
strain-rate increment tests also yield consistent results at temperatures 
below 450°C. Thus, it appears that strain-rate history effects are only 
significant for decreasing strain rates at temperatures from 250-450 0C. 
Accordingly, the data set plotted in Fig. 2.10 can be viewed as mecha
nical data which are not significantly influenced by strain-rate history, 
Le. true steady state data. These data indicate that, for a constant tem
perature, the strain rate depends on the stress to the power 3 to 6. 

The dependence of flow stress upon temperature is illustrated in 
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Arrhenius-plots for six different strain rates in Fig. 2.11, using the sa
me data as shown in Fig. 2.10. These plots show that the quantity 
logecr/l-l) decreases with reciprocal absolute temperature and the data 
can be approximated by two straight line segments, with the Arrhenius 
plot being curved in the intervening regions, 1.4 < 1000ff < 1.5. 

2.4 MICROSTRUCTURAL OBSERVATIONS 

The microstructures developed in the deformed samples were 
found to depend strongly upon temperature. Three temperature inter
vals could be distinguished on the basis of characteristic microstruc
tural development, namely: 250-350 °C, 400-500 °C and 550-780 0c. 
First, the microstructures developed during the constant strain-rate 
tests will be described, followed by a description of the microstructu
ral evolution of various stepping tests. Data on subgrain size vs. stress 
will be given next. This section is concluded with crystallographic 
preferred orientation data. 

2.4.1 Microstructural development during constant strain-rate 
experiments 

250 - 350°C (Fig. 2.12) 
The halite deformed at 250-350 °C comprises flattened polygonal 

grains containing subgrains arranged in a linear fashion (Fig. 2.12a) 
and irregular patterns of cellular subgrains (Fig. 2.12b). The latter so
metimes show incomplete boundaries (Figs. 2.12c). The linear sub
structures consist of straight-edged and rhomboidal subgrains and de
velop more commonly at higher strain rates. The irregular patterns of 
incomplete subgrain boundaries indicate incipient polygonization in
volving climb (Friedman et al. 1984). The subgrain shapes vary from 
polygonal to slightly irregular. Due to the optically isotropic nature of 
the halite, the orientation differences between subgrains could not be 
established. Epitaxial overgrowth experiments indicate that orientation 
differences of up to 10°_15° between subgrains developed. This may 
suggest that rotation recrystallization has occurred. The thin subparal
lel etch lines with irregular subgrains resemble wavy slip lines, e.g. 
grain A in Fig. 2.12a, and are indicative ofpolygonization by a combi
nation of cross slip and limited climb (Skrotzki 1987). 

In addition to the mentioned grain flattening, the samples defor
med at 250-350 °C show a marked change in grain-boundary morpho
logy. At low strains, most grain boundaries remain straight (Fig. 
2.12c). However, with increasing deformation the grain boundaries 
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Figure 2.12a: 
Optical micrographs of constant strain rate experiments deformed in 
the temperature range 250-350 °C. 

The development of linear arrangements of subgrains is typical for 
deformation below 350°C. In the two dark grains, just below the 
centre, two intersecting sets of linear substructures give rise to the 
formation of rhomboidal subgrains. In grain A (bottom right) thin 
etch lines resemble wavy slip lines. 
(Sample C15, 250°C, E=1.8*10-6 s-1, E = 14.5%, compression direc
tion is vertical). 



chapter 2 37 

Figure 2.12b: 
Optical micrographs of constant strain rate experiments deformed in 
the temperature range 250-350 0 C. 

Close inspection of clear grain B (in a) reveals a fine network of etch 
lines. The grain boundary traces are bulged and the spacing of the 
bulges depends on the subgrain size. 
(Sample C15, 25VOC, £=1.8*10.6 S·1, £ =14.5%, compression direc
tion is top right to bottom left). 
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(Figure 2.12c) Sometimes an irregular pattern of incomplete sub
grains developed, indicating incipient polygonization. (Sample C45, 
350"C, £=1.8*10-7 s-1, E =8.9%, compression direction is vertical). 

Figure 2.12d: Grain boundaries were mobile to some extent as is sug
gested by the cuspate grain boundaries, which were not observed in 
the starting material.(Sample C15, 2500C, t = 1.8* 10-6 s-1, 
E =14.5%, compression direction is vertical). 
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Figure 2.13a: 
Microstructures developed during constant strain-rate deformation at 
400-500°C. 

Dark and heavily etched grains (e.g. grain A in the centre of the

micrograph) with concave grain shapes are surrounded by a
 
network of clear grains. In both dark and light grains, well develo

ped cellular networks of sUbgrains are visible. The grain bounda

ries of the clear grains are inferred to migrate towards the dark
 
grains on basis of the cusp polarity.
 
(Sample C33, 400°C, € = 1.8*10-5 s·1, £ = 13.4%, compression direc

tion is vertical).
 

show small bulges and cusps (Figs. 2. 12b-d) with consistent polarities. 
These bulges develop at subgrain-boundary/grain-boundary intersec
tions and they have wavelengths similar to the subgrain size. The 
grain boundaries thus show evidence of some mobility, but migration 
distances are very small (smaller than the initial grain size) . 

400-500 DC (Fig. 2.13) 
Microstructural development in this temperature range is characte

rised by the absence of a strong grain shape fabric. Indeed, flattened 
grains are relatively rare, but grain boundary migration is widespread, 
presumably weakening the development of a grain-flattening fabric. 
Commonly, dark-etched and light-etched grains with concavo-convex 
grain contacts are observed. All contain networks of cellular subgrains. 
However, dark-etched grains contain higher densities of dislocation 
substructures. The grain boundaries develop bulges or cusps, and the 
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Figure 2.13b: 
Microstructures developed during constant strain-rate deformation at 
400-500°C. 

The grains A and B shown in this micrograph possess similar sub
structures and are darker etched than the surrounding grains. The 
concave shape of grain A indicates migration recrystallization and 
pinning of grain boundaries by subgrains. The grain boundary 
shape (between the arrows) is strongly influenced by the presen
ce of subgrains. 
(Sample C8, 400°C, £, =1.8*10-6 S-l, E =14%, compression direction 
is vertical). 

dark-etched grains are typically located at the convex side (Fig. 2.13b). 
The width of the cusps of the grain boundaries is determined by the 
subgrain-boundary spacing. The consistent polarity of the cusps sug
gests that grain boundaries migrate away from the centre of curvature 
and that subgrain boundaries exert pinning forces on such migrating 
grain boundaries. Nuclei for migration recrystallization are formed by 
subgrains bordering grain boundaries. These features suggest that grain 
boundaries of the light-etched grains migrate into neighbouring dark
etched grains and that grain boundary migration is driven by strain-in
duced energy (Nicolas and Poirier, 1976; Karato, 1988). At the same ti
me, the subgrain boundaries propagate in an edge-wise fashion during 
the grain boundary migration (Means and Ree, 1988). This style of 
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Figure 2.14a: 
Microstructures observed in temperature range 500-600 °c. 

At high temperatures large subgrains develop and extensive mi
gration of grain boundaries leads to the development of conca
vo/convex grain contact. Grain boundaries inclusions may exert 
dragging forces (arrow). The grain boundaries are straight to 
slightly curved and tend to intersect at 1200 triple junctions. 

grain-boundary migration is characteristic of the temperature range 
400-500 dc. The mobile grain boundaries have migrated distances in 
the order of the original grain size. The proportion of "relic", dark
etched grains still present (-20 - 50%), suggests that though dynamic, 
the observed grain boundary migration does not pervade the micro
structure. 

550 - 600°C (Fig. 2.14) 
Compared to lower temperatures, the microstructure developed in 

this temperature range is characterised by large grains with relatively 
few substructures (Fig. 2.14a). The microstructure is clearly dominated 
by grain-boundary migration. The grain boundaries tend to be straight 
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Figure 2.14b: 
Microstructures observed in temperature range 550-600 °G. 

Pinning of the migrating grain boundary by subgrain boundaries 
and by grain boundary inclusions (arrow). Behind this pinning 
point a subgrain is developed in the recrystallized grain. Note the 
increase in radius of curvature of the concave grain boundary in 
comparison with Figs. 2.12 or 2,13. 
(Sample G19, 550 °G, t = 1.8* 10-6 S-1, E = 15.2%, compression direc
tion is vertical). 

to slightly curved and intersect at 120° triple junctions. However, mi
grating grain boundaries may be pinned by grain boundary inclusions, 
subgrain boundaries or triple junctions. The recrystallized grains show 
widespread development of large subgrains, indicating the dynamic 
character of the migration recrystallization process. Only a very few 
dark-etched grains with convex outlines are observed (Fig. 2.14b). 
This observation combined with the presence of many relatively 'clear' 
grains, suggests that dynamic recrystallization is continuously and per
vasively active, even at the low strain rates (Drury and Urai 1990). 
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Figure 2.15a: 
Microstructures developed during strain rate increment stepping tests 
in the temperature range 250-350 °G. 

Microstructure reveals linear dislocation substructures and very 
small subgrains, comparable in size to the those developed in 
constant strain rate tests with high strain rates and low tempera
tures, (cf. Fig. 2. 12a). 
Sample G43st, 300 °G, £,=1.8*10-5 s-1, £,=3%, £t=20.4%, compres
sion direction is vertical. 

In summary, below 400 °e, the microstructural evolution is con
trolled by polygonization, possibly rotation recrystallization, and very 
limited grain boundary migration. With increasing temperature, grain
boundary migration becomes progressively more important. At tempe
ratures above 500 °e, the microstructural development is controlled by 
migration recrystallization. 

2.4.2	 Microstructural development during strain-rate stepping 
experiments 

Again, three temperature intervals could be distinguished, and the re
sults will be presented according to test type. 
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Figure 2.15b: 
Microstructures developed during strain rate increment tests in the 
temperature range 250-350 °C. 

Despite the difference in strain-rate history and total imposed 
strain, the microstructure of the increment step test (left) is very 
similar to the microstructure of the constant strain rate test 
fright). 
(left) Sample C38st, 350 oC, fr=1.8*10·5 S-l, £,=2%, £ r=21.5%. 
fright) Sample C52, 350 °C, Et=1.8*10·5 S-l.£ =39%. Compression 
direction is vertical. 

250 - 350 DC 
The microstructures developed in strain rate increment tests (Fig. 

2.15) are similar to those developed in equivalent constant strain rate 
experiments. For example, the microstructure of increment stepping 
test C38st (&=1.8*10-5 s-1) and of the equivalent constant-strain rate 
experiment C52 are virtual identical (Fig. 2.15b). Although migration 
recrystallization is considered to be rather unimportant at temperatures 
from 250 to 350 DC, one spectacular example illustrates the dramatic 
effect grain boundary migration can have on the microstructure even at 
low temperatures (Fig. 2.15c). 

The microstructures of strain rate decrement tests also comprise 
flattened polygonal grains containing dense networks of cellular or 
rhomboidal subgrains (Fig. 2.16ab). The microstructures of the decre
ment tests are not similar to equivalent constant strain rate in that the 
subgrains developed in decrement tests are significantly smaller than 
those observed in equivalent constant strain rate tests (e.g. Fig. 2.16c). 
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Figure 2.1 5c: 
Microstructures developed during strain rate increment tests in the 
temperature range 250-350 DC. 

Spectacular example of grain boundary migration resulting in 
concavo-convex grain contacts between dark- and light-etched 
grains. The boundary on the left-hand side of the light-etched 
grain is inferred to move to the left, consuming the heavily poly
gonized grain. The light-etched grains is being polygonized. 
Sample C35st, 250 DC, £=3.6*70-6 S-1, £(=3%, £ t=75. 
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Figure 2.16a-c: 
Microstructures developed during strain rate decrement stepping tests 
in the temperature range 250-350 °C. 
(a)	 A conjugate set of linear dislocation substructures is developed in 

this decrement stepping test. Note that the development of these 
dislocation substructures is characteristic of deformation at low 
temperatures and high strain rates. 
(Sample C18st, 250°C, £,=1.8*10-7 S-1, Er =3%, Et =17.3%, com
pression direction is vertical). 

(b)	 SEM image of mechanically parted grain boundaries. A single 
grain (starting grain size 100-400 ~m) evolved into a an aggregate 
of 10 to 30 ~m large grains by rotation recrystallization. 
(Sample C18st, 250°C, Er = 1.8*10-7 s-1, Er =3%, Et =17.3%). 

(c)	 At 300°C, the microstructure of the decrement step test C16st (left). 
comprises very small subgrains in linear arrangements indicative 
of high stress/high strain-rate deformation at low temperatures. 
The microstructure developed during an equivalent constant 
strain rate test (right) shows well developed cellular networks of 
subgrains. The subgrain size developed during the constant strain 
rate experiment is substantially larger compared to the decrement 
step test. 

left: Sample C16st, 300°C, Er = 1.8* 10-6 S·1, £r=3. 1%, £t = 15.5%, 
right: Sample C53, 300°C, £=1_8*10-6 s-1, £ =14%. 

Compression direction is horizontal. 
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Figure 2.16b: Microstructures developed during strain rate decre
ment stepping tests in the temperature range 250-350 °c. 

Figure 2.16c: Microstructures developed during strain rate decrement 
stepping tests in the temperature range 250-350 °c. 
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Figu re 2.17: 
The microstructure developed during strain-rate decrement test at 
temperatures in the range 400-500 °C. 

At 450-500 °C, the well-developed cellular networks of subgrains 
observed in the decrement tests (left) are comparable to those de
veloped in constant strain-rate tests. Some grain boundary migra
tion occurred. 
left: Sample C72st, 450°C, Er =7.8*70-7 S-1, c(=2.6%, ct=74%, 
right: Sample C77, 500°C, Er=7.8*70-7 S-1, c(=7.6%, ct=76.2%, 
Compression direction is vertical. 

Thus, microstructures in the decrement tests resemble those observed 
in constant strain rate experiments carried out at higher rates (compare 
Fig. 2.16a with 2.12a). SEM images of mechanically parted grain 
boundaries provide some evidence for rotation recrystallization (Fig. 
2.16b). Subgrain boundaries have developed into grain boundaries and 
this process gives rise to an aggregate constituting of 10 to 30 !lm large 
grains derived from initial grains 100 - 400 !lm in size. 

400 - 500 DC 
At these temperatures, the increment stepping tests show the same 

type of microstructural features and subgrain sizes as the equivalent 
constant strain rate experiments described above. Darker-etched grains 
with convex outlines are surrounded by light-etched, with both grain 
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Figure 2.18: 
The microstructure developed during the strain-rate cycling tests at 
400°C. 

The microstructure of the decrement test (left) compares rather 
well with the microstructure developed during the increment test 
(right). The slight difference in subgrain-size is in accordance with 
the difference in stress observed during the last 3.5 - 5% strain 
(Fig. 2.8). 
left: Sample C13st, 400°C, £,=1.8*10-7 S-1, £(=3.8%, £t=21.4%, 
right: Sample C26st, 400°C, £,= 1.3.6* 10-7 S·1, £(=2.2%, £t=20.5%, 

Compression direction is vertical. 

types containing well-developed subgrain networks. The strain rate de
crement tests also showed similar microstructural features as described 
for the equivalent constant strain-rate tests (Fig. 2.17). However, the 
subgrains are somewhat smaller compared to equivalent constant 
strain-rate experiments (Fig. 2.17) and increment step tests. The micro
structures of the strain rate cycling tests (C13st/C26st, see Fig. 2.18) 
are comparable with those observed in constant strain-rate experiment 
C33 (Fig. 2. 13a). However, the subgrain size of "decrement-starting" 
test C13st is smaller than the subgrains of "increment-starting" test 
C26st. Note that the strain rate imposed in test C33 (£=1.8*10-5 s-l) is 
equal to the highest strain rate imposed during the cycling tests, which 
is approximately two orders of magnitude higher than the strain rate of 
last step of the cycling test. 
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Figure 2.19: 
The microstructure developed during strain-rate step tests at 550°C. 
consists of completely recrystallized grains. The grains contain sub
grains (top right), and have straight boundaries 

(Sample C20st, 550°C, £,=1.8*10-7 S·l, £(=1.5%,£t =15.4%, com
pression direction is vertical). 

550 - 780°C 
Above 500 °C dynamic recrystallization by grain boundary migra

tion dominates the microstructural evolution of the increment and de
crement strain-rate step tests (Fig. 2.19), Le. the step tests yield micro
structures which are indistinguishable from the constant strain-rate ex
periments (compare Fig. 2.19 and Fig. 2.14). 

2.4.3 Subgrain size vs. stress data 
Subgrain-size data characteristic of constant strain-rate and strain

rate stepping tests are plotted against applied stress in Fig. 2.20. No 
systematic differences were observed between the constant strain-rate, 
the increment and decrement stepping tests. In addition, the present da
ta are reasonably consistent with existing relationships such as those of 
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Figure 2.20: 
Plot showing the subgrain-size vs. stress for constant strain-rate and 
strain-rate stepping tests. The lines represent the subgrain size - stress 
relations derived by Carter et al. (1982) and by Burke et al. (1981). 

Carter et al. (1982), dsg(llm) = 190 (}'-1 (MPa), and Burke et al. (1981), 
dsg(/lIll) = 75 (}'-0.9. Note that all previously reported subgrain size 
stress data for salt fall between the relations obtained by Carter et al. 
(1982) and Burke et al. (1981). 

2.4.4 Crystallographic preferred orientation data 
Pole figures have been measured for the (220} and (200} reflec

tions for samples C2, C3, C4, CIS and C24 (Table 2.1), deformed in 
the temperature range 250-550 0c. From the pole figures, the orienta
tion distribution function and inverse pole figures were calculated for 
each sample (Bunge, 1982; Dahms and Bunge, 1989; Dahms, 1992). 
The textures are illustrated in Fig. 2.21 as inverse pole figures (Wenk 
and Kocks, 1987) for the compression direction. 

Regardless of temperature, all samples developed a maximum 
around <110> with a shoulder towards <100>. The texture develop
ment is not strong, with the maximum intensities varying between only 
1.5 and 2.0 times uniform. At 250°C, a submaximum around <115> is 
also developed. With increasing temperature, this submaximum de
creases in intensity. At the same time, the shoulder towards <100> be
comes stronger, and the orientation distribution moves towards the 
<100>-<110> symmetrale. Note that the <100> shoulder disappears at 
550°C. 
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Inverse pole figures for five con
stant strain-rate experiments de
formed (a) 15% at 250 °C; and 
20% (b) at 400 °C; (c) at 450 °C; 
(d) at 500 °C; and (e) at 550 °C. 
Contour intervals are 0.2 times 
uniform. The area with intensi
ties greater than 1 are shaded. 
See text for discussion. 
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2.5	 THE OBSERVED FLOW BEHAVIOUR: 
DATA ANALYSIS AND DISCUSSION 

2.5.1.	 Analysis offlow data 

The above-reported microstructural and crystallographic preferred 
orientation development, in addition to the dependency of flow stress 
upon strain rate and upon reciprocal absolute temperature, indicate that 
deformation occurs by thermally activated dislocation creep processes. 
Previous studies (Heard 1970; Burke 1981; Arieli et al. 1982; Frost 
and Ashby, 1982; Carter & Hansen 1983) suggest that the relationship 
between stress, strain rate and temperature for salt deformed above 
O.5Tm should be described by a Dom-type power-law equation of the 
form: 

(2.1) 

where t is the strain rate (s-I), A is a pre-exponential constant (MPa
Os-I), ~H is the activation energy for creep (kl/mol), R is the gas con
stant (kJ/Kmol), T is the temperature (K), a the stress (MPa), 1.1 is the 
temperature-compensated shear modulus (MPa) and n is the power-law 
exponent. Neither the pressure dependency (because all experiments 
were carried out at atmospheric pressure) nor the grain size dependen
cy of creep can be determined (because all samples contained similar 
initial grain sizes) from the present data set. Thus the flow behaviour 
can be described empirically by a surface defined by 

f (lnE, Ina, 1fT) = 0	 (2.2) 

(Poirier, 1985). In order to derive values for the parameters A, ~H and 
n the experimental data, shown in Fig. 2.10, were fitted to Eq. 2.1, 
using a global inversion method of Tarantola and Valette (1982), as 
adapted by Sotin and Poirier (1984) for processing creep data (see 
Appendix A and Poirier et al., 1990). The strain-rate decrement tests 
carried out at temperatures below 500 °C were excluded from the ana
lysis, since these clearly showed history effects and cannot be regarded 
as reflecting true steady-state behaviour. Furthermore, the data set 
shown in Fig. 2.10 was divided into two sets. Separate solutions were 
sought for the creep parameters in the temperature range 250-450 °C 
and 500-780 0c. The reasons for this subdivision are 1) that the 
Arrhenius plots show a curvature in the temperature range 400-450 °e, 
indicating that two different rate-controlling processes exist (Poirier, 
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1985), 2) that this subdivision separates the field where migration re
crystallization is the predominant microstructural process from the 
field where other processes control the microstructural development 
and, 3) that this subdivision yields an optimal data fit (Appendix A). 

In the 250-450 DC temperature range, the inversion procedure yiel
ded, after only 5 iterations, the following flow law parameters: 

InA(in MPa-ns- 1) = 1.75±4.0 
n = 5.7±O.33 
L1H = 129±7.9 kJ/mol 

The data obtained in the 500-780 DC range yielded, after only 4 itera
tions, the following values: 

InA(in MPa-ns- 1) = 18.0±2.3 
n = 4.4±O.22 
L1H = 227±10 kJ/mol 

Other temperature intervals always yielded poorer fits of the data to 
Eq. 2.1 (Appendix A). 

At low temperatures and relatively high stress levels, the power 
law relation is generally expected to break down (see e.g. Frost and 
Ashby, 1982; Tsenn and Carter, 1987) with an exponential dependence 
of strain rate upon stress then describing the flow behaviour, i.e.: 

E= Bexp(L1H/RT)exp(/XJ") (2.3) 

where B and ~ are constants. Fitting the present low temperature data 
to this, again using the inversion method, yielded 

InS = -11.3±O.873 
~ = (6.86 x 10-2)±O.000315 
L1H = 87.8±13.8 kJ/mol 

with convergence after 8 iterations. 

According to Poirier et al. (1990), the best rheological description 
is the one which leads to the quickest inversion with the smallest resi
duals and standard deviations. From this, it is hence clear that the po
wer-law (Eq. 2.1) yields best-fit descriptions of the experimental data. 
The results for the optimal inversions are summarized in Table 2.5. 
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Table 2.5 Flow law parameters InA, nand jj.H for the present ex
perimental data, obtained using the global inversion 
method of Sotin & Poirier (1984). The mechanical da
ta have been fitted to a general power law creep 
equation (Frost & Ashby, 1982): 
£ = Aexp(-,1H/RT)(cr)n 

Temperature 
interval (OC) 250-450°C 500-780°C 

Initial values: 
InA= -20±100 -20±100 
n= 5±5 5±5 
i1H= 250±250 250±250 

Results: 
InA 1.75±4.0 18.0±2.3 
n 5.7±0.33 4.4±0.22 
i1H 129±7.9 227±10 
ni 45 40 
k 5 4 
Ires2/ni 1.85 0.9 

Meaning of symbols: £-: the shear strain rate (s"); 0': the applied 
shear stress (MPa); n: the power-law exponent; jj.H: apparent acti
vation energy for creep (kJ/mol); A is a constant (MPa-ns-'); R: the 
gas constant (kJ/Kmol); T: temperature (K), ~: the temperature
compensated shear modulus (MPa); ni: number of tests; k: num
ber of iterations before convergence tests were fu Ifilled; .r.res2: 
sum of the squared residuals (measure for goodness-of-fit); In: 
natural logarithm. 

2.5.2 Deformation mechanisms and rate-controlling processes 
The networks of cellular subgrains and the texture development in

dicate that climb-controlled dislocation creep processes are operative in 
the deformed polycrystalline halite under the stress-temperature condi
tions investigated. The presence of well-developed subgrains requires 
climb of edge segments of dislocations and cross-slip of the screw seg
ments (Poirier, 1985; Carter et aI., 1993). In the previous section, the 
parameters which best describe the flow laws for two different tempe
rature regimes have been determined (Table 2.5). We will now examine 
the behaviour in these two regimes in more detail. 

In the 500-780 DC temperature range, i.e. 0.7 - 0.98 Till, the best-fit 
flow law obtained is given by: 
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Table 2.6	 Comparison of creep activation energies and stress expo

nents of synthetic rocksalt deformed in uniaxial compres

sion and published data
 

Source/material Temperature n-value ~H 

interval (OC) (kJ/mol) 

this study: 
uniaxial compression 250 - 450 5.7 129 

Burke et al. (1981)	 365 - 475 5-6 105 

Heard (1972)	 200 - 400 5.6 98 

Arieli et al. (1982)1) 
low stress 200 - 400 5.3 102 
high stress 200 - 400 11.3 166 

Heard/Arieli et al. -re-evaluated2) 
low stress 200 - 400 5.8 115 
high stress 200 - 400 6.5 120 

Heard and Ryerson (1986)1) 200 - 400 5.8 96.1 

this study: 
uniaxial compression 500 -780 4.4 227 

Burke et al. (1981) and 
Robinson et al. (1974) 500 -740 4-5 210 

Carter et al. (1993): 
natu ral salt: high £ 50 - 200 5.3 68.1 
natural salt: low £ 50 - 200 3.4 51.6 

Notes: 
All data are derived from experiments on synthetic polycrystalline 
salt with the exception of Carter's (1993) data. 

1) Data from Arieli et al. (1982) and Heard and Ryerson (1986) are 
based on Heard's (1972) experimental data which have been cor
rected for jacket strength and some new data collected by the 
authors. 
2) Values for n and ~H presented here are based on Heard and 
Arieli et al.'s data and have been derived using the inversion me
thod of Sotin and Poirier (1984). The low stress data correspond 
to Arieli et al.'s (1982) power law creep field. The high stress data 
include tests with strain rates < 10-2 s-1. 
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f> 6.57 x 107 exp(-227/RT)cr4.4 (2.4) 

In most solids, creep in temperature range 0.7 - 0.98 Tm is control
led by lattice-diffusion controlled dislocation-climb (for example 
Sherby and Burke, 1967) and theoretical models for climb-control dis
location creep predict a power-law with a stress exponent between 3 
and 6 (Weertman 1968; Sherby & Weertman, 1979; Poirier, 1985). The 
value of the stress exponent obtained at 500 - 780 DC (n = 4.4 ± 0.22) 
thus agrees favourably with these models, and with previously deter
mined values (Table 2.6) for polycrystalline halite. 

In ionic polycrystals, the creep rate is often believed to be control
led by lattice diffusion of the slowest moving ion. In case of sodium 
chloride, the rate of diffusion of the cation exceeds that of the anion 
(Laurent & Benard, 1957, 1958). In NaCI, the activation energy for lat
tice diffusion of the anion, (QJ)C\-, ranges from 205 to 221 kJ/mol in 
the temperature range 450 to 795 DC (Laurent & Benard, 1957, 1958; 
Laurance, 1960; Barr et aI., 1965). The activation energy for creep de
termined here, f1H = 227 ± 10 kllmol, therefore falls in the range of 
diffusion activation energies for the anion, and is approximately equal 
to activation energies for high temperature creep determined by pre
vious authors, see Table 2.6. 

Combining these arguments, it is thus suggested that deformation 
of the present polycrystalline halite, in the temperature range 500-780 
DC, occurred by climb-controlled dislocation creep, with climb control
led by anion lattice diffusion. 

For the temperature range 250-450 DC, Le. 0.5- 0.7 Tm, the flow 
law obtained in the present study is given by: 

E= 5.75 exp(-129/RT)cr5.7 (2.5) 

At such homologues temperatures, short-circuit diffusion through 
dislocation cores (pipe diffusion) often becomes an important rate-con
trolling process in the creep of ionic and ceramic materials (Verrall et 
aI., 1977; Langdon, 1985; Cannon and Langdon, 1988). If pipe diffu
sion is the rate-controlling mechanism, the flow law is characterized 
by a decrease in activation energy and higher stress exponents compa
red to lattice-diffusion controlled dislocation climb (Cannon and 
Langdon, 1983; Langdon, 1985; Poirier, 1985). 

Now, below 530 DC dislocation cores in NaCI carry an excess char
ge of Cl- and are surrounded by a positive space-charge caused by an 
excess of divalent impurities (Verrall et aI., 1977). This imbalance 
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seems to enhance diffusion at or near the dislocation core (Frost and 
Ashby, 1982). Significantly, the activation energy for dislocation core 
diffusion Qc is typically 0.5 - 0.7 QI (Gjostein, 1972), where QI is the 
activation energy for lattice diffusion of the slowest moving species, 
Le. equal to (QI)cI-. In case of NaCl, Qc therefore ranges from 102.5 to 
155 kllmol (see also Barr et al., 1960). The activation energy for creep 
of polycrystalline NaCl in the temperature range 250-450 °C obtained 
here (~H = 129 ± 7.9 kllmol) is in good agreement with the range of 
activation energies expected for core diffusion. 

Turning to the question of n-values, pipe diffusion occurs through 
dislocation cores and consequently the rate of core diffusion depends 
also on the density of dislocations present. In addition, the dislocation 
density depends on the magnitude of the applied stress (Poirier 1985). 
Thus, the stress exponent for core-diffusion controlled creep is expec
ted to increase compared to the stress exponent for lattice-diffusion 
controlled creep (Cannon and Langdon, 1983; Langdon 1985; Poirier, 
1985), since in the latter process the dislocations do not exert signifi
cant control on the diffusion rate. Clearly, the amount by which the 
stress exponent is increased depends on the relevant dislocation density 
- stress relation. Beeman & Kohlstedt (1988) have determined the dis
location density - stress relation for synthetic NaCl deformed in the 
temperature range 20 - 600°C with differential stress varying from 2 
to 20 MPa, and obtained: 

Pdisl = C(}/~)1.3 (2.6) 

where Pdisl is the dislocation density (m-2) and C is a material constant. 
If the same dislocation density - stress relation holds for the samples 
tested in the present study, it is expected that the stress exponent for pi
pe-diffusion controlled creep should thus increase by 1.3 relative for 
the stress exponent of lattice diffusion creep (n = 4.4). The stress expo
nent obtained for pipe diffusion is n = 5.7 and hence agrees well with 
this model. 

In summary, the present data for the flow behaviour in the 250
450°C temperature range (Eq. 2.5) agree favourably with theoretical 
models for climb-controlled dislocation creep. The diffusion activation 
data and the values for the stress exponent, which agree with indepen
dently obtained experimental data, suggest that deformation occurs by 
climb-controlled dislocation creep with climb controlled by pipe diffu
sion through dislocation cores. 
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Figure 2.22:
 
The derived two-mechanism flow law (Eq. 2.7) plotted in log{stress)
 
vs. -log (strain rate) space together with the experimental data. The
 
correspondence between the modelled flow behaviour and the expe

riments is good for the temperature range 250 - 780"C over 4 orders
 
of magnitude in strain rate.
 

2.5.3 Two-mechanismflow law 

Lattice-diffusion and dislocation-core diffusion are independent 
processes which act simultaneously. They each contribute to the total 
strain rate which is given by the sum of the strain rates of the individu
al processes (Poirier, 1985). On the basis of the conclusions drawn in 
the preceding section, we therefore propose the following two-mecha
nism flow law for synthetic rocksalt, by adding the flow equations for 
the two temperature regimes. The two-mechanism equation is: 

Etot = 6.57x107 exp(-227/RT) 0'4.4+ 5.75 exp(-129/RTlO'5.7 

(2.7) 

This two-component flow law is compared with the original data in 
Figs. 2.22 and 2.23. The agreement is excellent for the temperature and 
strain-rate range investigated (Fig. 2.22). The surface described by Eq. 
2.7 (Fig. 2.23) is curviplanar with different stress exponents along the 
isotherms. The process with the highest activation energy (lattice diffu
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Figure 2.23: 
The strain-rate dependency on stress and temperature (Eq. 2.7) is 
described by a curvi-planar surface in 3D. 

sion creep) controls the total strain rate at high temperatures, and pipe 
diffusion controls the creep rate at lower temperatures. In the tempera
ture range where the activity of both processes is comparable (1.4 < 
lOOOff < 1.5), the Arrhenius plots is curved (Fig. 2.11). 

2.5.4 Comparison with previous studies 
Burke et al. (1981) carried out a set of creep experiments on syn

thetic polycrystalline halite in the temperature range 365-740 dc. 
These authors concluded that above 475-500 DC, lattice diffusion creep 
controlled the deformation rate, whereas below 450-475 °C pipe diffu
sion was the rate-controlling process. This interpretation and the values 
of the activation energies obtained by Burke et al. (1981) agree well 
with the present study (Table 2.6). 
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Heard (1972) and Arieli et al. (1982) analysed the mechanical be
haviour of synthetic polycrystalline halite deformed in the temperature 
range 23 to 400°C and strain rates between 10-8 and 10-1 s-l under 
200 MPa confining pressure. These authors recognised two flow regi
mes between 200 and 400°C: one at low stresses with a stress expo
nent around 5 and creep activation energy (~H) between 98 and 102 
kllmol, and a high stress flow regime characterized by n = 11.3 and 
~H = 166 kllmol (see Table 2.6). These findings do not seem to agree 
well with the present results. 

Heard (1972) and Arieli et al. (1982) argued that the activation 
energy obtained for the high stress regime indicated creep controlled 
by Cl- lattice diffusion. However, this interpretation does not agree 
with the activation energies for lattice diffusion of the anion, (QI)cI- , 
which ranges from 205 to 221 kJ/mol (Laurent & Benard; 1957, 1958, 
Laurance, 1960; Barr et al., 1965). In addition, the activation energy 
for the low stress regime was argued to agree with the activation ener
gy for Na+ self-diffusion. However, the available data on Na+ self-dif
fusion activation energies have a very wide range, from 74 to 155 
kJ/mol (Mapother et al., 1950; Laurent & Benard, 1957, 1958). Since 
the presence of grain boundaries in polycrystalline NaCI is known to 
enhance diffusion of Cl- but not of Na+ (Laurent & Benard 1958), 
Heard (1972) and Arieli et al. (1982) argued that for larger grain sizes 
diffusion and hence creep would be limited by cr diffusion, whereas 
at finer grain sizes Na+ diffusion would be rate limiting. Heard and co
workers proposed that Na+ diffusion would control the creep rate in 
the low stress regime, and hence it would control the creep at low 
stresses in natural rocksalt (Handin et al., 1986; Russel et al., 1990). 
However, careful inspection of the original experimental diffusion data 
(Laurent & Benard 1958; their Fig. 3) shows that even for the finest 
grain size (50 11m), at 750°C, the diffusivity of cr approaches but 
does not exceed the Na+ diffusivity. With decreasing temperature the 
Na+ diffusivity is always larger than the cr diffusivity. Thus, anion 
diffusion should always be slower than cation diffusion, also at low 
temperatures and for large grain sizes (see also Wawersik & Zeuch, 
1986). 

To make a proper quantitative comparison with the data reported in 
this Chapter, the mechanical data obtained by Heard (1972) and Arieli 
et al. (1982) have been re-evaluated using the Sotin & Poirier's (1984) 
inversion method (Table 2.6). Considering their low stress data only 
yields the following flow law parameters: InA = 2.11±3.45 MPa-ns·1 n 
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= 5.8±0.25 and ilH = 115± 8.4 kllmol. The present data, for temperatu
res below 450°C, are thus in good agreement with those of Heard 
(1972) and Arieli et al. (1982) when treated in the same manner. 
Fitting Heard's (1972) and Arieli et al.'s (1982) low and high stress da
ta to a power law yields InA = 2.25±2.5 MPa-ns-1, n = 6.46±O.17 and 
ilH = 120± 6.95 kllmol. Again, these flow law parameters are in rea
sonable agreement with the flow law parameters derived in the present 
study for the pipe diffusion field, and agree with theoretical values for 
climb controlled dislocation creep. This agreement between Arieli et 
al.'s (1982) data and the flow law given in Eq. 2.5, suggests that the 
flow law (Eq. 2.7) should describe the mechanical behaviour of syn
thetic rocksalt in the temperature range 200 - 780°C, regardless of fac
tors such as grain size. The deformation of the polycrystalline halite 
tested by Heard (1972) and Arieli et al. (1982) thus is interpreted to oc
cur by climb-controlled dislocation creep, where climb is controlled by 
Cl-limited pipe-diffusion rather then by bulk Na+ diffusion. 

Recently, Carter et al. (1993) reviewed the rheology of natural 
rocksalt, primarily focusing on experimental results from Avery Island, 
Lousiana, U.S.A. domal salt. Avery Island is the purest (99% NaCl) 
and most homogenous natural rocksalt yet discovered (Handin et al., 
1986). The grain size ranges from 2.5 - 15 mm, the content of any fo
reign ion is fewer than about 100 ppm, in-situ water content is 50 ppm 
and the porosity is less than 0.5%. The experiments on this rocksalt ha
ve been carried out in the temperature range 50-200°C with strain ra
tes varying between 10-5 and 10-9 s-l. 

The steady state flow field for Avery Island rocksalt has been sepa
rated by Carter and co-workers into a high stress/high strain-rate and a 
low stress/low strain-rate flow regime, each fitted by a power law, but 
with different n-values and activation energies (Carter et al., 1993; 
Horseman et aL 1992) (Table 2.6). The change in behaviour was attri
buted to a change in rate-controlling mechanism, from cross slip in the 
high strain rate regime to climb in the low strain rate regime. Now, 
principal differences between the low temperature flow laws for climb
controlled creep of synthetic salt and Avery Island rocksalt are the 
much lower activation energies, the smaller stress exponent and the 
smaller pre-exponential (about five order of magnitude smaller) seen in 
Avery Island rocksalt (see also Carter and Hansen, 1983; Handin et aL, 
1986; Russel et al., 1990). These differences clearly suggest different 
mechanisms in Avery Island rocksalt compared with the present expe
riments. At temperatures below 300°C and stresses below 10 MPa, the 
strain-rate predicted by Eq. 2.7 is lower than the strain rate predicted 
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by Carter et al.'s climb-controlled or cross-slip equations (approxima
tely one order of magnitude smaller for 10 MPa and 200 QC). At higher 
temperatures, Eq. 2.7 predicts faster strain rates. Thus, although a rea
sonable agreement between the steady state flow stresses of natural 
and synthetic rocksalt may be obtained at typical laboratory strain rates 
(10-4 and 10-7 s-l), the behaviour of a natural salt body over longer 
term may be very different from the predictions based on flow laws for 
synthetic rocksalt (see application by Heard and Ryerson, 1986). More 
work thus is still needed to ascertain the rate controlling mechanisms 
in natural rocksalt, since these are evidently different from those seen 
in synthetic rocksalt. A particular problem concerns are the very low 
values of the activation energy for creep seen in Avery Island rocksalt. 

2.6	 MICROSTRUCTURAL AND TEXTURE DEVELOP
MENT: DISCUSSION OF OPERATING PROCESSES 

2.6.1	 Mechanisms ofdynamic recrystallization 
Subgrain formation by polygonization, rotation recrystallization 

and recrystallization by grain boundary migration are microstructural 
processes observed in dry defonned polycrystalline NaCl (Carter and 
Hansen, 1983; Friedman et al., 1984; Guillope and Poirier, 1979; Urai 
et al., 1986a). Dynamic recrystallization processes in alkali halides ha
ve been studied in single crystals (Yan et al. 1975, Guillope & Poirier 
1979, 1980, Kopetskii et al. 1982) and bi- or tricrystals (Sun & Bauer 
1970). Relatively little attention has been paid to polycrystalline halite 
(Nadgornyi & Strunk 1987). 

Commonly, three types of recrystallization mechanisms are distin
guished for crystalline materials (Guillope & Poirier, 1979; Drury & 
Urai 1990). Rotation recrystallization involves the progressive mis
orientation of subgrain boundaries resulting in the formation on new 
high-angle grain boundaries and the old grains become subdivided into 
a number of new grains. Two regimes of migration recrystallization are 
distinguished, depending on whether or not impurity atoms exert a 
dragging force on the migrating boundary (Guillope & Poirier 1979). 
These regimes correspond to slow solute-loaded migration and fast so
lute-escape migration (Guillope & Poirier, 1979; Urai et al., 1986a; 
Drury & Urai 1990). Fast solute-escape migration occurs only after a 
critical amount of strain (in case of NaCl > 60% shortening) and above 
a critical curve in () - T space. The location of this curve has been de
termined by Guillope and Poirier (1979) for uniaxially compressed 
NaCl single crystals (Fig. 2.24). The position of the curve depends on 



64 

600 

~ 
s: 500 
OJ 

'lOa; 400 
a. 
E o eo 
Q) 

I 300 OD 0 • 

o a 0 o 

200 
Present study: 
polycrystalline halite 

o Polygonization-rotation 

100 • Mixed 

• Migration 

0 
2.50.0 5.0 7.5 10.0 12.5 15.0 

Uniaxial compression 

800 

700 

Applied stress (MPa) 

Figure 2.24: 
Microstructural summary plot showing the predominant processes as 
function of temperature and applied stress. Note that in the present 
study grain boundary migration has been observed under all experi
mental conditions. The critical curve above which migration recrystal
lization is possible in synthetic NaCI single crystals (Guillope and 
Poirier, 1979) is also shown. The stress - temperature conditions for 
which migration recrystallization in polycrystalline salt occurs plot 
well below this critical curve. 

the impurity content: the more impure the NaCI the higher stresses and 
temperatures are needed for fast solute-escape migration to occur. 

The driving force for rotation recrystallization is generally conside
red to be elastic distortional energy (Urai et al. 1986a). The driving 
force for grain-boundary migration in monomineralic materials are dif
ferences in stored (strain-induced) lattice defect energy (from disloca
tions and subgrains) and grain-boundary energy. In case of NaCI, the 
driving-force due to grain-boundary energy is commonly much lower 
than the driving force generated by lattice defects (Guillope & Poirier 
1979, Poirier & Guillope 1979, Urai et al. 1986a). However, at high 
temperatures, grain boundary migration driven by surface-energy may 
be important, because the increased rate of polygonization may reduce 
lattice defect energies. 
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In the temperature range 250-300 °C polygonization and rotation 
recrystallization were the dominant processes in the present experi
ments though minor grain boundary migration was observed. The 2-D 
geometry of the grain boundaries changed from initial planar to undu
lating with small valleys defined by subgrain - grain boundary inter
sections (Fig. 2.25a). The corresponding stress - temperature data plot 
well below the critical curve (Fig. 2.24), suggesting that the limited 
grain boundary migration observed is of the slow solute loaden type. 

In the temperature range 400-500 °C polygonization and migration 
recrystallization control microstructural evolution. The applied stress
temperature data plot below the critical curve (Fig. 2.24) and it is inf
erred that migration recrystallization is probably of the slow solute
loaden type. 

In the temperature range 500 - 780°C migration recrystallization is 
the dominant microstructural process with recrystallized grains contai
ning only a few large subgrains (50 - 150 /lm). The migrating bounda
ries may be pinned by inclusions, grain boundary triple junctions and 
subgrain boundaries. Grain boundary migration may be driven by latti
ce-defect energy (since migration directions tend to be away from the 
centre of curvature) and by grain boundary energy (as suggested by the 
straight or slightly curved grain boundaries, intersecting at 120° triple 
junction develop, Figs. 2.14a, 2.25b) (Vernon, 1976). The clear micro
structure, the low densities of defects and the complete obliteration of 
the old deformed grains suggest that grain-boundary migration is con
tinual (Drury & Urai 1990). In the 500-780 °C temperature regime, the 
experimental data plot well above the critical curve in (J - T space. 
This suggests that fast solute-escape migration may have occurred. 
However, the stress- recrystallized grain size relation for fast solute-es
cape migration is given by (Guillope and Poirier, 1979): 

am = 57/l(b/Olo.78 (2.8) 

where, am is the applied stress (in MPa), D is the recrystallized grain 
size (/lm) and in their analysis in the shear modulus /l is taken as 10 
GPa and the Burger's vector b equals 3.98 x 10-4 /lm. Assuming that 
this relation also applies to polycrystalline halite, then applied stresses 
between 0.5 and 1.5 MPa would yield recrystallized grain sizes be
tween 0.5 and 2.2 x 104 /lm. The observed recrystallized grain sizes 
are significantly smaller ( 0.5 - 1 x103 /lm). Thus it is not likely that 
the same fast migration recrystallization mechanism proposed by 
Guillope and Poirier (1979) is operating in the polycrystalline salt pre
sently studied. In addition, the total strains imposed are smaller than 
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Figure 2.25a: SEM images of mechanically parted grain boundaries 
in deformed synthetic rock salt. 

A parted grain boundary of a sample deformed at 400 °C. Grain 
boundary migration is faster that edge-wise propagation of subg
rain boundaries and this results in three dimensional cuspate 
grain boundaries. The planes with a lineations represent stepped 
cleavage planes. 

the critical strains (60%) needed for fast solute-escape migration to oc
cur as suggested by Guillope and Poirier (1979) and the gradual increa
se in migration recrystallization activity with temperature suggest that 
migration recrystallization is of the slow solute-Ioaden type over the 
whole temperature range investigated. Furthermore, the grain boundary 
structure of the recrystallized polycrystalline halite obtained in this stu
dy (Fig. 2.25a) does not resemble the high-angle grain boundaries de
veloped in the single crystals which exhibit fast migration recrystalliza
tion. Further work is needed to establish whether an entirely different 
process is operating in the present experiments. 

2.6.2	 The relationship between migration recrystallization and 
creep behaviour 

Derby (1990, 1991, 1992) has developed a model for dynamic re
crystallization by grain boundary migration that may explain the stress 
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Figure 2.25b: SEM images of mechanically parted grain boundaries in 
deformed synthetic rock salt. 

At 550°C, the mechanically parted mobile grain boundaries con
tain an intricate channel-and-island structure. The grains intersect 
at triple junctions. 

- steady state grain-size relations found in various metals and rock-for
ming minerals. This model assumes that recrystallization occurs by bo
wing out of grain boundary segments between subgrain boundaries. A 
nucleation criterion is developed which is based on the distribution of 
subgrain boundaries in the polygonized grains prior to recrystalliza
tion. For steady state to occur, the model assumes that a dynamic ba
lance exists between the nucleation rate of new grains and the migra
tion rate of already nucleated grains. Derby expresses this balance as 
follows: in the time taken for a moving grain boundary to sweep a vo
lume equivalent to the steady state grain size, the nucleation rate I 
should be sufficient to allow one nucleation event to occur in each 
equivalent volume averaged over the microstructure. If nucleation is 
confined to the pre-existing grain boundaries, this balance can be ex
pressed as: 



68 Uniaxial compression 

C031 
- =1 (2.9)

9 

where C is a geometrical constant equal to about 3 (Derby, 1992), D is 
the recrystallized grain size, I is the nucleation rate and g is the grain 
boundary migration rate. 

The migration recrystallization/nucleation process observed in the 
polycrystalline halite is similar to the processes described in Derby's 
recrystallization model. Now, the microstructural development of the 
polycrystalline halite will be considered against the background of 
Derby's recrystallization model. One interesting observation is that mi
gration recrystallization becomes the dominant microstructural process 
when the rate-controlling process for creep changes from pipe diffu
sion to lattice diffusion (i.e. for temperatures above 500°C). At tempe
ratures above 500 °C, migration recrystallization controls the micro
structural development and it is assumed that Eq. 2.9 applies, whereas 
below 500°C no steady state grain size develops, since old deformed 
grains are always present. At temperatures below 500 °C, the volume 
to be swept by a moving grain boundary during the unit time necessary 
for one nucleation event to occur is larger than the volume actually 
swept by the moving grain boundary. This can be expressed as: 

(2.10) 

If during a temperature increase, say for example from 450 to 550°C, 
migration recrystallization becomes the dominant microstructural pro
cess, Eq. 2.10 is then replaced by Eq. 2.9 over that particular tempera
ture interval. For a fixed strain rate, an increase in temperature from 
450 to 550°C would mean that the inequality of Eq. 2.10 is replaced 
by Eq. 2.9 such that: 

C031 (at 550°C) C031 (at 450°C)
1 = < (2.11 ) 

9 (at 550°C) 9 (at 450°C) 

This can be achieved by a decrease on the left-hand side of the product 
CD31 (in Eq. 2.10) or by an increase in grain boundary migration rate 
g, over the temperature range 450-550 0c. In what follows, the depen
dence of the individual parameters of Eq. 2.9 on temperature will be 
discussed qualitatively (in other words the strain rate is kept constant). 

The steady state grain size D is related to the applied stress: 
Doc cr-3/2 (Derby 1991, 1992). Thus, for a fixed strain rate, an increase 
in temperature will result in larger recrystallized grain sizes. 
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The nucleation rate I depends on the stored energy of the deformed 
grains and the majority of the stored dislocation energy will be in the 
subgrain boundaries (Derby, 1991). The nucleation rate thus depends 
on the number of subgrains per grain: 

I D/ dsgDC 

In halite, the subgrain size dsg depends on the inverse of the stress 
(see above), therefore: 

I DcrDC 

Thus, for a fixed strain rate the nucleation rate will increase with tem
perature since D DC (J-3Iz and consequently I DC (J-I/Z. Thus, the pro
duct on the left-hand side of Eq. 2.10 is proportional to cr-5 and will in
crease with temperature and changes in nucleation rate or steady state 
grain size cannot explain the microstructural observations. From the 
above, it is clear that g must increase with temperature. The increase in 
g from 450°C to 550 °C must exceed the increase of the product CD31 
such that: 

CD31 (at 550 °Cl 9 (at 550 °Cl 

CD3\ (at 450 °Cl < 9 (at 450 °Cl 

The migration rate g is related to the stored energy F by a mobility 
term such that g = ME The stored energy F of a dislocation network is 
given by (Derby, 1991): 

F = Ciys/dsg 

where Cz is a geometric factor equal to about 3 and 'Ys is the mean 
energy per unit area of the sub-boundaries (the majority of the stored 
energy is in subgrain boundaries). The energy of a subgrain boundary 
is relatively temperature independent. From this it follows that the dri
ving force F is proportional to the inverse of the subgrain size and fr
om the stress - subgrain size relations it can be deduced that the dri
ving force F DC cr. In other words, for a fixed strain rate, the driving 
force decreases with increasing temperature and this cannot explain 
the microstructural observations. In order to obtain a microstructure 
controlled by migration recrystallization, over the temperature interval 
450 - 550°C, the grain boundary mobility term must increase strongly. 
The grain boundary mobility is given by a diffusion relation: 
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(2.12) 

where 0 is the mean grain boundary width, Db is the grain boundary 
diffusion coefficient and Qb is the grain boundary diffusion activation 
energy. The pre-exponential in Eq. 2.12 is temperature independent 
and does not influence the relative increase in M. Commonly, the grain 
boundary activation energy in NaCl is taken to be equal to the pipe dif
fusion activation energy (Verall et aI., 1977; Frost and Ashby, 1982; 
Derby, 1992). The mobility term M increases with increasing tempera
ture and for migration recrystallization to be dominant this increase 
must at least compensate the decrease in driving force F and the in
crease of the term on the left-hand side of Eq. 2.10. Thus, the condition 
for migration recrystallization to be the dominant microstructural pro
cess, with a temperature increase from 450 to 550 ec, is given by: 

CD3, (at 550 ec) x F(at 450 ec) M(at 550 ec) 
(2.13)<

CD31(at 450 ec) x F(at 550°C) M(at 450 eCl 

The term CD3I is proportional to 0--5 (see above) which in tum is pro
portional to the tn/5 . The driving force F is proportional to the stress, 
Le. proportional to the t lin. For a constant strain rate, the relative de
crease in driving force by increasing temperature Tl to T2 is given by: 

O(T1) exp(-~H/nRT2) (2.14) 
exp(-~H/nRT 1) 

The value for ~H in Eq. 2.14 is taken to be the lattice diffusion activa
tion energy ~H at 550 ec (227 kJ/mol) and the pipe diffusion activa
tion energy at 450 ec (129 kJ/mol). The stress exponents are taken as 
4.4 and 5.7 respectively. Combining Eqs. 2.13 and 2.14 gives, for the 
temperature rise from 450 to 550 ec: 

1.5x 10-1°< 13.6 

which is true and a condition for migration recrystallization is fulfilled. 
In the pipe diffusion field, however, this condition is not fulfilled: in 
other words the mobility term increases less than the left-hand term of 
Eq. 2.13 for a temperature increase of 350 to 450 ec and Eq. 2.9 does 
not apply. 

The increase in grain boundary mobility coincides with a change in 
grain boundary morphology (Fig. 2.25). Mobile grain boundaries con
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tain inclusion-like channel structures (Fig. 2.25b), typical of recrystal
lized grains (Drury and Urai, 1990) and are similar to those observed 
in recrystallizing wet salt aggregates (Spiers et aI., 1990) and in hot 
pressed healed calcite (Olgaard and Fitz Gerald, 1993). At lower tem
peratures, the less mobile grain boundaries are characterized by subg
rain boundary intersection and the channel structures are not developed 
(Fig. 2.25a). 

In summary, the microstructural evolution in polycrystalline halite 
can at least be qualitatively explained by Derby's (1990, 1991, 1992) 
dynamic recrystallization model. Below 500 DC, the boundary migra
tion rate is too low to sweep a volume equivalent to the recrystallized 
grain size in the time that one nucleation event occurs or the nucleation 
rate is so low that by the time an equivalent volume is swept by the mi
grating boundary less then one nucleation event has occurred. It should 
be noted, however, that some grain boundary migration occurs at low 
temperatures, although it is not dominating the microstructural deve
lopment and presumably steady state recrystallized grain sizes do not 
develop. 

2.6.3 Subgrain-size evolution and strain rate history effects 
The concept whether the creep rate of a polycrystal depends on the 

subgrain size has been a point of controversy (Robinson et aI., 1974; 
Pontikis and Poirier, 1975; Miller et aI., 1977; Poirier, 1985). It is com
monly accepted that if steady state microstructures develop, the me
chanical behaviour is not dependent on the subgrain size. The crucial 
point in the discussion is if and for how long the subgrain size remains 
unchanged and stable after an abrupt change in strain-rate (Poirier, 
1985). Especially subgrain refinement before a stress/strain-rate drop 
may have an effect on the transient behaviour of the material (Sherby 
et aI., 1977). 

In various materials the subgrain size has been seen to decrease 
with increasing stress. In case of synthetic or natural rock salt (Carter 
et al. 1982, Carter & Hansen 1983), AgCl (Pontikis and Poirier 1975) 
and olivine (Ross et ai. 1980), the subgrain size does not appear to in
crease with decreasing stress or after annealing. This means that in 
such materials only the highest stress levels will be recorded. Stress 
drop experiments in metals show that the strain required to reach the 
new steady-state subgrain-size increases with the ratio of the steady
state subgrain-size to the subgrain size immediately before the stress 
drop (Miller et al., 1977). Thus, the imposed strains may not have been 
large enough in the experimental work described here. 

Carter et al. (1984) claim that subgrains in NaCl enlarge upon 10
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wering in stress. In their strain-rate decrement experiments on Avery 
Island rock salt (T== 200 DC), the strain rate was changed abruptly after 
4% strain (from 10-4 to 10-6 s-l). The subgrains have been reported to 
grow to nearly equilibrium size, after 5 - 9% steady-state strain, by 
subgrain-boundary dissolution and migration. 

With respect to the present study, first the influence of strain-rate 
history on the microstructural development of the polycrystalline halite 
will be discussed, followed by a discussion of the effects of strain-rate 
history on the mechanical behaviour. 

The microstructures show that over the temperature range investi
gated the subgrains decrease in size with an increase in strain rate inde
pendent of test type (compare Figs. 2.12 and Fig. 2.16). The micro
structural response to a decrease in strain rate appears to be temperatu
re dependent. 

Below 400-450 DC, the subgrains in a strain rate decrement test re
main small compared to equivalent constant strain-rate or increment 
step tests. Thus, the microstructural evolution during a decrement testis 
influenced by the strain rate history. This microstructural imprint, de
veloped during the high strain-rate increments, is inherited during the 
subsequent steps, even if total strains in excess of 10% are subsequent
ly imposed. Application of Miller et al. 's criterion to the present data 
would imply that the new steady state subgrain size would be at least 
twice the initially generated subgrain size. Or expressed in terms of 
stress, the expected stress during the lower strain-rate step would be 
half the stress attained during the highest strain-rate increment. The 
steady state stresses are higher than the values predicted by Miller et 
at. (1977). Apparently, in this temperature range processes like sub
grain-boundary dissolution and migration are insufficiently effective to 
increase the subgrain sizes to the expected steady state size during the 
imposed subsequent strain increments. 

Above 450-500 DC, the subgrain sizes observed in the decrement 
step tests increase with decreasing strain rate after 3 - 5% strain. Grain 
boundary migration controls the microstructural development and the 
dislocation substructures in old deformed grains are renewed after a re
crystallizing grain boundary sweeps through the grain interior after
which new steady state subgrains can develop. 

The subgrain size-stress relations of the constant strain-rate and the 
various strain-rate step tests agree with existing relationships (Fig. 
2.20). 

The mechanical response of step tests is also temperature depen
dent (Fig. 2.9). Between 250 and 450°C, the stress levels attained in 
steps, after the highest strain rate increment has been imposed, are con
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sistently higher than in equivalent constant strain-rate and increment 
step tests (Fig. 2.8). Above 500 DC, the mechanical results of all tests 
agree with each other (Fig. 2.10). 

Only in case of decrement step tests has the strain-rate history an 
effect on the transient mechanical response in the 250-450 DC tempera
ture range. This particular strain-rate history results in subgrain refine
ment, which is essentially a non-equilibrium microstructure. The small 
subgrains developed during this subgrain refinement process act as 
barriers to creep (Robinson et aI., 1974). The effect of subgrain size dsg 
on the creep rate is given by (Robinson et aI., 1974; Sherby et aI., 
1977): 

£= B (dsg)P(cr/l.ONexp(-(L\H/RT) (2.15) 

where p is about 3 to 4 for NaCl. 
When dealing with steady state subgrains the strain rate is propor

tional to (cr//-l)N-Pexp(-(.1H/RT) where n = N-p (Robinson et aI., 1974, 
Poirier, 1985). In other words, the creep rate is independent of subgrain 
size. If no steady state is attained, the strain rate is proportional to 
(cr/ll)N. 

The decrement tests (in the 250-450 DC temperature range) can be 
considered as strain-rate step experiments with approximately constant 
structure (Miller et aI., 1977; Sherby et aI., 1977). In that case, since 
n=5.7 and p=3 - 4 the value of the stress exponent N ranges between 
8.7 and 9.7. The stress exponents N of the decrement step tests, which 
have been shown to contain a constant subgrain size dsg, range be
tween 7 and 10 (Fig. 2.9). The steady-state stress exponents n of con
stant strain-rate and increment step tests, where steady state subgrains 
develop, are approximately 5 to 6 (Fig. 2.10). In other words, the sub
grain refinement imposed during the first high strain rate steps gives ri
se to a relative hardening effect of the samples in the subsequent steps 
according to Eq. 2.15. In the temperature range 250 to 450 DC, the na
ture and amplitude of a change in strain rate and the microstructural 
characteristics of the material before that change both determine the 
mechanical response (memory effect). Above 450 DC, however, reco
very and recrystallization processes are sufficiently efficient and the 
microstructure re-adjusts with the new imposed conditions relatively 
rapidly (within 1% strain). In other words, the material no longer has a 
memory and the rheology is no longer history dependent. 
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Figure 2.26: 
(a)	 Critical resolved shear stress of the different slip systems in NaCI 

as function of temperature at different strain rates .(from Carter 
and Heard, 1970) 

(b)	 Strain hardening illustrated by stress - strain curves for single slip 
on (110)[ 1101 as function of temperature at strain rate of 10-4 S-1 

(from Carter and Heard, 1970). 

2.6.4 Crystallographic pre/erred orientations development 
In the temperature range 250 - 550 DC the textures of the uniaxially 

compressed samples show a strong tendency for the {II O} planes of 
the relatively weak {1lO}<1l0> slip system to rotate perpendicular to 
the compression direction (Fig. 2.21). At 250 DC, a weak <115> textu
re component is observed, which decreases with temperature. Dynamic 
recrystallization by grain boundary migration, the dominant micro
structural process at 550 DC, appears to have no significant influence 
on texture development (Fig. 2.21e). 

Texture development in synthetic polycrystalline halite with com
parable deformation geometries has been studied by Kern & Braun 
(1973), Kern (1977), Kern & Richter (1985). Kern and co-workers de
formed dry synthetic rock salt (grain size 0.05-0.4 mm) under uniaxial 
and true triaxial stress conditions, in the temperature range 20-200 DC, 
and with strain rates of the order of 10-6 s-l. The uniaxial experiments 
showed axially symmetric pole figures, with {llO}-planes perpendicu
lar to the compression direction (maximum intensity 2 times uniform). 
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These textures compare reasonably well with the present results. 
At low temperatures the slip systems in halite are strongly anisotro

pic and their rate and temperature dependency are known (Carter & 
Heard, 1970; Fig. 2.26). The easiest slip system in halite is {11O} 
<lio> and at room temperature the {111 }<liO> and {100}<liO> slip 
systems are about 6-7 times stronger. Extrapolation of the data shown 
in Fig. 2.26a suggests that at temperatures above 400°C they all have 
comparable critical resolved shear stresses (crss). 

Texture development in halite has been simulated by Wenk et aI. 
(l989a), using a viscoplastic Taylor model and a viscoplastic self-con
sistent approach. The viscoplastic Taylor model assumes homogeneous 
strain and requires that all grains deform in the same way as the poly
crystalline sample. In contrast to the "classic" Taylor theory, the visco
plastic Taylor model allows for rate dependency of the active slip sys
tems instead of a rigid plastic behaviour. In addition to this, the visco
plastic self-consistent approach allows unfavourably oriented grains to 
deform less than favourably oriented grains. In other words, the visco
plastic self-consistent theory does not require strain compatibility and 
is suitable for modelling strongly anisotropic materials (Molinari et aI., 
1987). 

Inverse pole figures predicted by the texture modelling simulating 
room temperature deformation at a strain rate of 10-4 s-l, are shown in 
Fig. 2.27 (Wenk et aI. 1989a). The Taylor model predicts a weak orien
tation around <110> and <100> whereas the self-consistent texture is 
characterised by a rotation towards <100>, I.e. a soft orientation (Fig. 
2.27ab). In the Taylor model, most strain is accommodated by the har
der {100} system only if the slip systems do not harden, whereas in the 
SC approach the strain is almost exclusively accommodated by the 
{11O} system. If hardening is included, the {100} and later the {Ill} 
slip systems become significant as well in the SC approach. In the 
Taylor simulation a broad concentration near <110> develops, whereas 
in the self-consistent model two maxima at <110> and <100> develop 
(Fig. 2.27cd). 

The experimentally obtained textures resemble the Taylor models 
more than the self-consistent simulations. The maximum around 
<110> with a weak shoulder towards <100> (Fig. 2.21) is predicted by 
the Taylor model with hardening (Fig. 2.27c) (and by self-consistent 
models with crss data of 400°C quoted in Wenk et aI. 1989a, p. 2027). 
With increasing temperature, the shoulder towards <100> appears to
become stronger and the texture more resembles the Taylor model wit
hout hardening (Fig. 2.27a). This change is consistent with the decrea
se in hardening rate at elevated temperature (see Fig. 2.26b). The ab
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Figure 2.27: 
Inverse pole figures for the compression direction, representing textu
re development in halite using Taylor and self-consistent theories (fr
om Wenk et al., 1989a). The size of the symbols in band d indicate re
lative average change in grain shape. 

(a) Taylor model with no hardening 
(b) Self-consistent model with no hardening 
(c) Taylor model with hardening 
(d) Self-consistent model with hardening 
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sence of a <100> component in the texture developed at 550°C and 
the presence of a weak (insignificant?) <115> component observed at 
250 °C cannot be explained at present. In conclusion, the textures of 
the uniaxial deformed salt do not resolve the question which texture 
model may best be used. 

2.7 CONCLUSIONS 

Synthetic polycrystalline halite has been deformed in uniaxial com
pression in the temperature range 250-780 °C (0.5< TITm< 0.98) at 
strain rates between 10-3< E< 10-7 s-l. Constant strain-rate, increment, 
decrement and cycling strain-rate step tests have been carried out. The 
main results can be summarized as follows: 

1)	 Deformation occurred by climb-controlled dislocation creep. Be
tween 450 and 780°C, the creep rate is controlled by anion lattice
diffusion. 
In the temperature range 250 and 450°C flow law is controlled by 
pipe diffusion. A quantitative comparison has shown that the pre
sent interpretation of the creep mechanism is consistent with pu
blished data on the deformation of synthetic rocksalt (Heard, 1972; 
Burke et al., 1981; Arieli et al., 1982). 

2)	 In the temperature range 250 and 400°C, the microstructural deve
lopment is controlled by polygonization, rotation recrystallization 
and limited grain-boundary migration. The development of conca
vo-convex grain boundaries is consistent with strain-induced mi
gration recrystallization. With increasing temperature, migration 
recrystallization becomes more important. At temperatures above 
500°C, migration recrystallization is the dominant microstructural 
process. 

3)	 The transition to a migration recrystallization dominated micro
structure coincides with the change from pipe-diffusion to lattice 
diffusion controlled dislocation creep. This is explained in relation 
to Derby's (1990, 1991, 1992) recrystallization model as due to re
lative changes between the driving force, the nucleation rate and 
grain boundary velocity, so that a balance can be established be
tween the nucleation rate of new grains and the migration rate of 
nucleated grains. 

4)	 Below 450°C, the mechanical behaviour and the microstructural 
evolution of polycrystalline halite are strain-rate history dependent. 
Subgrains do not grow in size upon a lowering in strain-rate. This 



78 Uniaxial compression 

process of subgrain refinement results in relative hardening effect 
and in an increase of the stress exponent from c. 6 to a 7 - 10. 

Above 450°C, recovery processes and especially migration re
crystallization are sufficiently efficient to establish new steady sta
te subgrain sizes. The mechanical behaviour and the microstruc
tural evolution are no longer strain-rate history dependent (no me
moryeffects). 

In order to obtain useful mechanical data from strain rate step
ping tests, it is necessary to ensure microstructural steady state in 
each step. In other words, the earlier loading history should not 
cause microstructural changes which may influence the mechanical 
behaviour of the subsequent steps (cf. stress relaxation technique; 
Rutter et aI., 1978, Carter and Kirby 1978). 

5)	 During uniaxial compression the {11O} poles rotate parallel to the 
compression direction. The observed crystallographic preferred 
orientations agree favourably with viscoplastic Taylor and self-con
sistent texture simulations (Wenk et aI. 1989). However, the experi
mental results do not constrain the model which most effectively 
applies to the deformation of polycrystalline halite. 

6) Migration recrystallization does not appear to have a significant in
fluence on texture development. 

It is generally accepted that steady-state flow is essentially in
dependent of the previous loading history and that the transient 
flow is very susceptible to the previous history (Aubertin et aI., 
1991). Studies modelling the mechanical response of geotechnical 
structures should account for the strain-rate history-dependent 
transient response. For analysis of salt tectonics the steady-state 
flow properties are crucial and the strain-rate history effect may not 
playa significant role. 

In analogy with halite, rocks deforming by dislocation creep 
may also exhibit deformation-history dependent behaviour in the 
dislocation creep field at low temperatures (0.5<T{Tm<0.7). 
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SIMPLE SHEAR DEFORMATION 
experiments on synthetic polycrystalline halite* 

ABSTRACT 
Synthetic polycrystalline halite (rocksalt) has been deformed in simple 
shear in both constant stress and constant strain-rate tests in the tem
perature range 250-600 °C (0.5 - 0.8Tm). The shear strain rates va
ried between 10-5 and 10-7 s-l and the applied shear stress from 0.6 to 
2.75 MPa. Steady state flow can be described by two flow regimes. At 
temperatures from 250-450 °C the flow law is given by: 

y=	 0.72 exp{-93/RTJ 't5.2 

which is inferred to describe climb-controlled dislocation creep where 
climb is controlled by pipe diffusion through dislocation cores. At tem
peratures between 250-365°C polygonization and rotation recrystalli
zation are the main processes influencing microstructural develop
ment. With increasing temperature, strain-induced grain boundary mi
gration becomes more important, resulting in concavo-convex grain 
and cuspate grain boundaries. At temperatures from 500-600 °C the 
flow law is given by: 

Y= 2.65 x 108 exp{-209/RTJ 't4.3 

which is inferred to describe climb-controlled dislocation creep where 
climb is controlled by lattice diffusion. In this temperature range, mi
gration recrystallization, driven by strain-induced lattice-defect ener
gy and by grain boundary energy, dominates microstructural develop
ment. The crystallographic preferred orientation developed at all tem
peratures is characterized by <110> poles perpendicular to the shear 
plane and the <111> direction parallel to the shear direction. The 
crystallographic preferred orientation pattern is independent of tem
perature, but its intensities are temperature dependent. 

*	 This chapter has been submitted to Mechanics of Materials as: 
Franssen, R. C.M. W. The rheology of synthetic rocksalt in shear 
deformation. 
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Figure 3.1: 
Schematic diagram of the
 
shear apparatus.
 
Key:
 

1:	 Cylindrical sample with 

reduced sections; 

2:	 mobile middle bar; 
3:	 fixed outer bars; 

4:	 bottom platen fixating 
other bars; 

5:	 idem, top platen; 
6:	 roller bearings redu

cing friction of the mid
dle bar and constraining 
its movement to vertical; 

7:	 furnace windings in ce

ramic material; 

8:	 insulating mica sheets; 
9:	 ceramic fibre insulation; 

10: sample thermocouple; 
11: controller thermocouple; 
12: spherical seat; 

13: water-cooling access; 
14: spacers; 

15: furnace support; 
16: Instron loading ram. 
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3.1 INTRODUCTION 

Ductile deformation within the earth's crust is often inhomogene
ous and localized in narrow zones where a non-coaxial deformation 
history dominates (Ramsay & Graham 1970; Ramsay, 1980). It is 
commonly assumed that such ductile shear zones evidence strong loca
lization of deformation and may form major displacement zones. Such 
zones are therefore expected to control the bulk strength of the rock 
bodies in which they occur. There is ample evidence that localization 
of flow into shear zones plays an important role in the mechanical be
haviour of the lower crust (Kirby, 1985; Ord and Hobbs, 1989; Rutter 
and Brodie, 1992) and upper mantle (Wernicke, 1985; Drury et aI., 
1991; Vissers et aI., 1991). 

Material strain softening is commonly taken as a requirement for 
the localization of deformation in natural ductile shear zones. Defor
mation processes proposed to explain shear localization by strain sof
tening include recrystallization, lattice rotation and grain-size reduc
tion (Poirier, 1980; White et aI., 1980; Evans and Wong, 1985, Kirby, 
1985). However, shear localization does not always have to be asso
ciated with macroscopic softening as has been observed in compres
sion experiments in which localization of deformation occurred (for 
example Burrows et aI., 1979). Localization may occur under strain
hardening conditions if the flow behaviour is characterized by the de
velopment of mechanical anisotropy during deformation (Leroy and 
Ortiz, 1990). Ductile shear zones can develop if the material in the 
shear zone flows at lower stresses than in the adjacent rock body. The 
onset of shear localization may result from the boundary conditions of 
the system, causing inhomogeneous deformation coupled with relative 
and not necessarily absolute strain softening (Hobbs et al. 1990; Jessel 
and Lister, 1991). The difference in flow strength between the locali
zed shear zone and the adjacent rock body will subsequently maintain 
localization of deformation into the ductile shear zone. Insight into the 
conditions which favour localization and whether localization is ac
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companied by strain softening, is of importance for understanding the 
development of ductile shear zones and the rheology of the lower crust 
and upper mantle. 

In natural deformation by intracrystalline plasticity, microstructur
al changes occur with large strains. These include grain shape fabric 
and crystallographic preferred orientation. The strain mode is an im
portant control on the development of these microstructural changes 
and may lead to an anisotropic mechanical behaviour (Wenk et al., 
1986; Takeshita, 1989). In addition, Tome et al. (1984) have shown 
that the hardening rate of a deforming polycrystal may also depend on 
the deformation geometry (coaxial vs. non-coaxial). 

Despite the geological relevance, non-coaxial deformation experi
ments are relatively rare in comparison to coaxial deformation experi
ments. Examples of non-coaxial deformation tests include 1) hollow 
cylinders subjected to torsional strains (Bouchez & Duval, 1982; Jessel 
& Lister, 1991), 2) thin rock wafers or gouge deformed in oblique cuts 
through cylindrical specimens subjected to triaxial loading conditions 
(Shimamoto & Logan, 1986; Knapp et al.,1987; Schmid et al., 1987; 
Borradaile & Alford, 1988; Dell'Angelo and Tullis, 1989), 3) ex
trusion type configurations (Kunze & Ave Lallement 1981),4) inden
tation-type experiments (Kern & Wenk, 1983; Masuda, 1989; RaIser, 
1989) and, 5) direct-shear box experiments (Price & Torok, 1989; 
Williams & Price, 1990; Cogne and Canot-Laurent, 1992). The reason 
for the lack of non-coaxial deformation experiments is the difficulty in 
obtaining a well-constrained non-coaxial deformation path while still 
being able to control and measure experimental variables such as the 
state of stress in the sample. 

Ideally, one would like to perform simple shear experiments on si
licate minerals making up the major constituents of the crust. How
ever, with the current experimental techniques, small specimens have 
to be used to produce plastic deformation in silicate minerals under 
high temperature and pressure conditions, and there are severe limita
tions for obtaining relatively large strains and simultaneously obtai
ning good quality data. 

In this study, simple shear experiments were carried out on a mi
neral analogue. Halite was used as the analogue because it deforms 
plastically without confining pressure at temperatures above 250°C. 
This allows simple shear deformation, under atmospheric pressure, of 
relatively large samples in a relatively simple deformation apparatus. 
In addition, the mechanical properties of halite have been well descri
bed (e.g. Carter and Hansen, 1983) and the elementary intracrystalline 
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deformation mechanisms are similar to those seen to operate in silicate 
minerals. 

The experiments were carried out on synthetic polycrystalline 
NaCl deformed in "simple shear" at intermediate to high temperatures 
(0.5 < Tffm < 0.8). The aims of the study were to gain insight into the 
mechanical behaviour, microstructural evolution and development of 
crystallographic preferred orientation (textures) of synthetic rocksalt in 
simple shear deformation and to identify the microphysical processes 
operating during flow. Later, the role of deformation geometry on the 
flow behaviour and on the rate-controlling processes will be investiga
ted by comparing the results with those obtained from uniaxial com
pression tests. 

3.2 EXPERIMENTAL METHODS 

In this study, dry synthetic polycrystalline NaCl samples were 
used. Analytical grade NaCl powder was hydrostatically cold-pressed 
at 100 MPa into a dense synthetic rocksalt. From these rocksalt billets, 
right cylindrical samples were machined with slots giving rise to redu
ced sections. These samples were 75 mm long and two sample diame
ters were used, namely 15 and 25 mm. The smaller diameter samples 
are denoted with an's' in Table 3.1. After machining, the samples we
re annealed in an argon atmosphere at 720-725 °C for 12 - 14 hours. 
The starting material obtained possessed a recrystallized polygonal fo
am texture with a grain size between 100 and 400 fJ,m (Fig. 2.1). Grain 
boundaries contained gas inclusions (tubular and sphericaly shaped) of 
10 to 20 fJ,m diameter. Etched thin sections revealed that the grains 
contained no optically visible internal microstructure. No significant 
crystallographic preferred orientation developed in the samples (Fig. 
2.2). The porosity of the starting material ranged from 2% to 2.5%. 

The shear experiments were carried out in a deformation apparatus 
shown in Fig. 3.1, mounted in an Instron 1362 loading frame. The geo
metry of the sample and of the shear rig are in broad lines similar to 
the set-ups used by Williams (1962) and Cogne and Canot-Laurant 
(1992). The shear rig basically consists of three parallel loading bars, 
of which the two outer bars are fixed to end-platens and are immobile. 
The middle bar is free to move parallel to the fixed outer bars only. 
Cylindrical samples with reduced sections were fitted lengthwise 
through aligned holes in the three loading bars. Advancing the middle 
bar downwards imposes a shear deformation on the reduced sections of 
the sample. A 10 kN load cell with an absolute accuracy better than 
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Table 3.1 Experimental data of the constant shear strain 
experiments. 

Test Temperature Shear strain Shea r stress Final 
number (OC) rate (s-1) at 'Y=0,5 Shear Shear 

(MPa) stress strain 

119s 250 5.76 *10-7 3.56 0.17 
120s 250 5.76 *10-7 3.97 3.97 0.66 
1185 300 3.6*10-6 2.85 2.89 1.22 
123 300 3.6 *10-6 3.40 3.46 0.56 
125 300 9 * 10-7 3.13 0.161) 
124 365 7.2 *10-6 2.29 2.23 0.99 
121 365 3.6 *10-6 2.54 0.34 
105 365 5.76 *10'7 1.84 1.94 0.61 
117s 400 7.2 *10-6 2.17 2.22 1.19 
122 400 3.6*10-6 2.16 2.27 0.96 
114s 400 3.6 *10-6 2.58 2.67 1.58 
112s 450 7.2 *10.6 1.87 2.20 1.80 
104 450 3.6*10-6 1.50 1.50 0.592) 
113s 450 3.6 *10.6 1.80 1.74 0.59 
127 450 3.6*10-6 1.46 1.46 0.50 
101 500 7.2 *10-6 1.41 1.41 0.55 
110s 500 7.2 *10-6 1.43 1.43 0.66 
111s 500 7.2 *10-6 1.37 1.5 1.95 
106 495 2.5*10-6 1.00 1.02 0.63 
115s 550 9 *10-6 1.09 1.31 1.62 
109 550 7.2 *10-6 1.09 1.12 1.38 
116s 550 7.2 * 10-6 1.27 1.30 1.18 
108 550 3.6 *10-6 0.76 0.75 0.96 
126st1 600 3.6*10-6 0.52 0.32 
126st2 600 7.2 *10-6 0.58 0.58 0.70 
126st3 600 3.6*10-5 0.8 

1) Sample failed during the experiment. 
2) Due to an erroneous termination of this test, the sample was subjected to a higher 

but unknown final strain than given in the Table. 

0.5% and a resolution better than 0.01 % of the full load was used to 
measure the applied load and hence the total shear stress supported by 
the sample. Normal stresses acting parallel to the length of the sample 
could not be measured. Displacement (hence shear strain y) was mea
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Table 3.2 Experimental data of the creep tests in shear 

Test Temperature Shear stress Strain rate Shear strain at 
number (OC) (MPa) (s-1) end attest 

203 365 2.75 1.29* 10-5 0.63 
206st1 400 1.23 6.61* 10-8 0.019 
206st2 400 .59 5.37*10-7 0.105 
201 450 1.4 1.86* 10-6 0.63 
204st1 445 1.0 4.79*10-7 0.10 
204st2 445 1.24 1.41 * 10-6 0.184 
202 495 0.94 1.86* 10-6 0.72 
207 550 0.97 1.10*10-5 0.59 

sured using the linear variable differential transformer (LVDT) located 
in the drive unit of the Instron 1362. 

Shear experiments were carried out in the temperature range 250
600°C, under unconfined (i.e. atmospheric pressure) conditions. 
Typically, the temperature was kept constant to within 5°C. Constant 
shear strain rates varied between 10-5-10-7 s-l (Table 3.1). In addition, 
a limited number of creep tests were carried out with constant applied 
shear stress between 0.59 and 2.75 MPa (Table 3.2). 

Stress-strain curves and strain-time curves were calculated from 
strip-chart records of force and displacement vs. time. The stresses we
re corrected for the weight of the middle bar. Strain and strain rates 
were calculated with respect to the starting dimensions of the sample. 
The microstructures of both the deformed and undeformed samples 
were studied by means of reflected light microscopy carried out on po
lished sections and by SEM. Grain boundaries and dislocation sub
structures were made visible by etching the polished sections (Spiers 
et aI., 1986). 

Crystallographic preferred orientations of selected samples were 
measured using neutron diffraction to determine pole figures for 
{220}, {200} and {U1} reflections. From the pole figures, the orien
tation distribution function was calculated for each sample. From this, 
the inverse pole figures for the shear direction and the normal to the 
shear plane were determined (Bunge 1982; Dahms and Bunge, 1989; 
Dahms, 1992). 



86 Simple shear deformation 

Shear strain rate 3.6 • 10-6 5-1 
4 

A 

3 

Ii> 
a.. 
::2: 
VI
 
VI
 4OO'C -122 

2 
~ 
'iii ...
 
'"
 Ql 
.c 
VI 

550'C -108 

450'C - "35 

.--"""----600·C - 126sIl 

O+-~~_._~~,.-...,.~~~,........~~-,-~~--l
 

0.0 0.2 0.4 0.6 0.8 1.0 

Shear strain rate 7.2 • 10-6 5-1 

3.------------------, 
B 

365'C -124-::;::::::::>-__ 400'C - 117s 
a..
 
~ 2 ___----450'C -112s
 
'" 
VI
 
VI
 

500'C-l"s~ 
'iii ... 

.~~~:::::::::::::::::==:55~02·C- 116s Q) '"	 II: 550'C-l09.c 
VI 

O+-~~--,-~~-_._~~~_._~~~--l 

0.0 0.5 1.0 1.5 2.0 

shear strain 

Figure 3.2: 
Applied shear stress versus shear strain plots for polycrystalline hali
te samples deformed in shear. Each curve is labelled with test tempe
rature and test number (italics). 
(a)	 For temperatures between 300 and 600°C and an applied shear 

strain-rate of 3.6* 70-6 S-1. 

(b)	 For temperatures between 365 and 550°C and an applied shear 
strain-rate of 7.2* 70-6 S-1. 

Note the different horizontals scales in (a) and (b). 
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Figure 3.3: 
Experimental shear stress and shear strain-rate data plotted in log-log 
space for temperatures between 300 and 600°C. The shear strain-rate 
depends on the power 3 to 5 of the shear stress. These data are used 
to determine the flow law parameters. 

3.3 EXPERIMENTAL RESULTS 

3.3.1. Mechanical behaviour 
The experimental results are summarized in Tables 3.1 and 3.2. 

Typical shear stress ('t') vs. shear strain (y) plots for two different con
stant shear strain-rates are shown in Fig. 3.2. Below 450 °e, all curves 
show considerable work-hardening at shear strain up to 0.2 - 0.4. With 
increasing deformation steady state is approached and the flow stresses 
range from 2 to 4 MPa. With increasing temperature, the amount of 
work-hardening decreases. At 600 °e, for example, steady state is at
tained within a shear strain of 0.1 and the flow stress thereafter is only 
0.5 MPa. 

The flow stress may fluctuate within 4% of the steady state value; 
these small stress variations can be attributed to laboratory temperature 
variations. Samples with different diameter (15 or 25 mm) yield simi
lar steady state stress values (within 10% of each other), for example 
tests 116s and 109, see Fig. 3.2b. 

The dependency of stress upon strain rate is shown in Fig. 3.3. The 
data listed in Tables 3.1 and 3.2 were used to construct -log shear 
strain-rate (-logy> versus log applied shear-stress (log't') plot. Assuming 
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Figure 3.4: 
Arrhenius-type plot of the quantity log ('til!) vs. WOOff for constant 
shear strain-rates. 
(a)	 Shear strain-rate of 3.6*10-6 S-l. In addition two data points with 

shear strain-rate of 5. 76* 10-7 S-l are shown. 
(b)	 Shear strain-rate of 7.2* 10-6 S-l. 

a power-law relation, the shear strain-rate depends on the shear stress 
to the power of 3 to 5. The dependency of flow stress upon temperatu
re is illustrated in Arrhenius plots (Fig. 3.4). In these plots the quantity 
log(t/~), which is the shear stress normalized against the temperature
compensated shear modulus (Jl) ( Robinson et aI., 1974; Burke et aI., 
1981) is plotted against the quantity (1000n'), which represents the re
ciprocal absolute temperature. The data can be approximated by two 
straight line segments, and the Arrhenius plot is curved in the interval 
1.4 < 1000n' <1.5 where the two lines inter-vene. 

3.3.2 Microstructural observations 
The microstructural development of deformed polycrystalline hali

te was found to depend on temperature. As with the microstructural de
velopment observed in uniaxially compressed halite (Chapter 2), three 
temperature intervals could be distinguished each with their own char
acteristic microstructural evolution. The microstructure of the undefor
med starting material is shown in Fig. 2.1. 

250-365 DC (Fig. 3.5) 
At shear strains below 0.2, the deformed salt shows slightly defor

med grains (Fig. 3.5a). Subgrains with incomplete boundaries indicate 
incipient polygonization involving climb (Friedman et aI., 1984). 
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Figure 3.5a: Microstructures developed in sheared polycrystalline 
synthetic rocksalt at 250-365 0c. Some micrographs may contain cir
cular dark spots in grain interiors, these are artefacts resulting from 
etching. 

At low shear strains a deformed network of polygonal grains con
taining subgrains developed. The grain boundaries remain 
straight (for example CC') 
(Sample 121, 36SOC, r = 0.34, sinistral sense of shear). 
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Figure 3.5c: Microstructures developed in sheared polycrystalline 
synthetic rocksalt at 250-365 0c. Some micrographs may contain cir
cular dark spots grain interiors, these are artefacts resulting from et
ching. 

Some grain boundary migration, controlled by subgrain-boundary 
intersections, is seen to occur at temperatures as low as 300°C. 
(Sample 123, 3000C, Y = 0.56, left lateral shear zone). 
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Figure 3.5d: Microstructures developed in sheared polycrystalline 
synthetic rocksalt at 250-365 °C. Some micrographs may contain cir
cular dark spots grain interiors, these are artefacts resulting from et
ching. 

SEM micrograph of grain boundary containing small bulges with 
wavelengths controlled by subgrain - grain boundary intersec
tions. Detail of grain A shown in Fig. 3.5c. 

With increasing shear strain (y = 1.22), subgrain development and 
grain flattening are more pronounced, resulting in a strong grain-shape 
fabric. The transition zone from undefonned "wall rock" into the shear 
zone is narrow and is approximately equal to the initial grain size (Fig. 
4.6). The lack of deformation features in the "wall rock" outside the 
transition zone indicates that the defonnation is confined to the impo
sed shear zone. The orientation of the foliation defined by the flattened 
grains is in close agreement with the orientation of the plane of finite 
flattening of the strain ellipse calculated for the imposed shear strain 
(Fig. 3.5b). This indicates that deformation was close to homogeneous 
simple shear. Subgrain shapes have a blocky shape with one wall ap
proximately parallel to the shear zone boundary. Since halite is optical
ly isotropic, optical microscopy does not reveal the orientation diffe
rences between subgrains. 

With increasing shear strain, a well-defined grain shape fabric de
velops, and the grain-boundary morphology changes significantly. 
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Figure 3.6a: Microstructures developed in sheared polycrystalline 
halite at 400-500 0 C. 

At low shear strains a network of deformed polygonal grains, 
containing blocky subgrains developed. 
(Sample 204, 45C?C, Y= 0.18, right lateral sense of shear). 

Whereas at low shear strains most grain boundaries are relatively
 
straight (Fig. 3.5a), at high shear strains the grain boundaries contain
 
bulges and become cuspate (Fig. 3.5c, d). The small bulges and cusps
 
develop where subgrain-boundaries intersect with grain-boundaries.
 
The grain boundary cusps have a consistent polarity. Irregular lobate
 
grains may develop, changing the geometry of the deformed polygoni

zed network considerably (Fig. 3.5c).
 

400-500 °C (Fig. 3.6)
 
At low strains (y = 0.18), a network of deformed polygonal grains can
 
be discerned (Fig. 3.6a). The grains contain a well-developed cellular
 
network of blocky subgrains indicating efficient polygonization.
 

With increasing strain (y = 1), two counteracting processes occur 
(Fig. 3.6b, c). Grain flattening tends to define a foliation whereas 
grain-boundary migration tends to weaken this fabric. Examination of 
numerous thin sections suggests that between dark-etched and light
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Figure 3.6b: Microstructures developed in sheared polycrystalline 
halite at 400-500 °C. 

(b)	 SEM micrograph of concavo-convex grain contacts. The grains 
contain cellular networks of subgrains as is indicated by etching 
and the small epitaxial overgrowths. The grain boundaries of 
grains in the lower left and top right of the micrograph are infer
red to migrate into outlined grain A. 
(Sample 10 1, 500"C, Y= 0.55, left lateral shear zone). 

(c)	 Migrating grain boundaries become cuspate with the bulges 
defining a consistent polarity. The bulges are controlled by subg
rain-boundary - grain boundary intersections. The polarity of the 
cusps indicate the migration direction. Amplitude and wave
lengths of the cusps increase with temperature. 
(Sample 122, 400"C, Y = 0.96, left lateral shear zone). 

(d)	 Irregular grain boundaries are visualised by the different orienta
tions of epitaxial overgrowth structures. The lobes and bulges 
may have small radii of curvature and indicate a high grain boun
dary mobility. 
(Sample 101, 500"C, Y= 0.55, left lateral shear zone). 



chapter 3 95 

Figure 3.6e: Microstructures developed in sheared polycrystalline 
halite at 400-500 °G. 

Figure 3.6d: Microstructures developed in sheared polycrystalline 
halite at 400-500 °G. 
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etched grains, concavo-convex cuspate contacts develop. Dark-etched 
grains contain higher densities of substructures (subgrains, etch-pits, 
slip lines) than light-etched grains. Predominantly, the dark-etched 
grains are at the convex side and the light-etched grains are at the con
cave side of these cusps. These features suggest that the boundaries of 
the light-etched grains migrate into the darker grains. This is interpre-

Figure 3.7a: Microstructures 'developed in sheared polycrystalline 
salt at 550-600 0 C. 
(a)	 An almost completely recrystallized fabric defines a weak grain 

shape preferred orientation. The grain shape fabric makes a lar
ger angle with the shear plane compared to the plane of finite 
flattening. The grain boundaries are straight or slightly curved. 
The grains contain few large subgrains. 
(Sample 709, 5500C, Y = 1.38, left lateral shear zone). 
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ted to indicate grain-boundary migration with migration away from the 
centre of curvature. The wavelength of the cusps of the migrating grain 
boundaries is determined by the subgrain-size spacing (Fig. 3.6c). This 
suggests that the subgrains at the concave side of the grain boundary 
exert some control on the migration process. However, locally inclu
sions at the grain boundaries control the presence of grain boundary 
cusps. With increasing temperature, the amplitude and wavelength of 
the cusps increases, indicating enhanced grain boundary mobility 
(compare Fig. 3.6c with Fig. 3.5c). Locally, sometimes very irregular 
grain lobes are observed (Fig. 3.6d). The grain boundaries resemble 
the grain-boundary geometries in dynamically recrystallized bischofi
te (Urai, 1983). 

In the temperature interval 400-500 °C, polygonization (plus possi
ble rotation recrystallization) and grain boundary migration are the do
minant microstructural processes. 

550-600 °C (Fig. 3.7) 
Compared to lower temperatures, relatively large grains with fewer 

substructures are observed. A weak grain shape foliation is sometimes 
observed, but the orientation of this foliation does not coincide with 
the plane of finite flattening corresponding to the imposed shear strain 
(Fig. 3.7a). The foliation appears to lag behind in terms of shear strain 
and consequently the foliation makes a larger angle with the shear pla
ne than plane of finite flattening. The foliation defined by the passive
ly rotated grain boundary inclusions conesponds closely to the plane 
of finite flattening. 

The subgrains developed at 550-600 °C are large and may be of 
the order of the grain size. The subgrains are no longer blocky in shape 
and intersect at equilibrium 120° triple junctions. The grain boundaries 
tend to be straight or slightly curved (weak concavo-convex grain con
tacts), and intersect at 120° triple junctions. Grain boundary inclu
sions, present at the grain boundaries in the starting material, may be 
incorporated in the recrystallized grains (Fig. 3.7a). Occasionally, pin
ning of migrating grain boundaries by inclusions is observed, causing 
small radii of curvature at the grain boundaries (Fig. 3.7b). Relatively 
few dark-etched grain are present. The relatively "clear" microstruc
ture, the grain boundary morphology, and the weak development of a 
grain shape foliation, which does not keep pace with the total imposed 
deformation, suggest that recrystallization is continually operating du
ring the tests (Drury & Urai, 1990). 

It is inferred that the microstructural evolution above 500°C is do
minated by grain boundary migration. 
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Figure 3.7b: Microstructures developed in sheared polycrystalline 
salt at 550-600 DC. 

A migrating grain boundary is pinned by grain boundary inclusions 
(arrows) and a grain boundary bulge with a small radius of curvatu
re develops. 
(Sample 108, 5500C, Y = 0.96, left lateral shear zone). 

Table 3.3	 Calculated intensities (times uniform) for texture
 
components of the inverse pole figures.
 

Sample	 T (DC) Shear strain <111> <100> <110> 

123 300 0.56 1.68 1.15 1.46
 
122 400 0.96 2.36 1.4 1.89
 
104 450 0.59' 2.49 1.34 2.01
 
106 500 0.63 1.84 1.34 1.48
 
103 550 0.7 2.05 1.45 1.79
 
108 550 0.96 2.46 1.6 2.64
 
109 550 1.38 2.91 1.6 3.17
 

,) Due to an erroneous termination of this test. the sample was subjected to a 
higher but unknown final strain than given in the Table. 
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a NACL 122 (220) b NACL 122 (200) 

1.862 2.474 

NIVEAU 1 -1.000 NIVEAU 1 -1.000 
NIVEAU 2 -1.250 NIVEAU 2 -'.250 
NIVEAU 3 -, .500 NIVEAU 3 -'.500 
NIVEAU 4 -1.750 NIVEAU 4 -1.750 

NIVEAU 5 -2.000 
NIVEAU 6 -2.250 

c NACL 122 (111) 
Figure 3.8: 
Pole figures for the (a) {220}; 
(b) the {200} and (c) the {T11} 
reflections of sample 122, de
formed at 400 °C to a shear 
strain of 0.96. Contour inter
vals are 0.25 times uniform, 
areas with intensities greater 
than 7.5 times uniform are 
shaded. The shear plane is 
oriented E-vv, the shear direc
tion is horizontal, and the sen

NIVEAU 1 -, .000 
NIVEAU 2 -'_250 

se of shear is sinistral. 
NIVEAU 3 -1.500 
NIVEAU 4 -1.750 
NIVEAU 5 -2.000 
NIVEAU 6 -2.250 

3.3.3 Textures 
Pole figures of the (220}, (111} and (200} reflections were meas

ured of seven samples (Table 3.3). The final shear strains range from 
0.6 to 1.4 and the samples were deformed in the temperature range 300 
to 550°C. This data set describes the development of crystallographic 
preferred orientation with varying temperature and strain. 

Pole figures of samples 122 (1= 0.96, T= 400°C) and 109 (1= 1.4, 
T= 550°C) are shown in Figs. 3.8 and 3.9 respectively. The micro
structural development of sample 122 is characterized by polygoniza
tion and grain boundary migration processes (Fig. 3.6c) whereas the 
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0.341 
3.299 

b NACL 109 (200) 

I 

NIVEAU , -'.000 NIVEAU , ·1.000 
NIVEAU 2 -,.s00 NIVEAU 2 -, .250 
NIVEAU 3 -2.000 NIVEAU 3 -'.500 
NIVEAU • -.2500 NIVEAU • -1.750 
NIVEAU 5 ·3.000 NIVEAU 5 -2.000 
NIVEAU 6 -3.500 

Figure 3.9: 
Pole figures for the (a) (220) and (b) the {200} crystallographic direc
tions for sample 109, deformed at 550°C to a shear strain of 1.38. 
Contour interval for (a) is 0.5 and for (b) 0.25 times uniform. Areas 
with intensities greater than 1.5 times uniform are shaded. The shear 
plane is oriented E-W and the shear direction is horizontal, the sense 
of shear is sinistral. 

microstructural development of sample 109 is dominated by continual 
recrystalization by grain boundary migration (Fig. 3.7a). The textures 
presented here are representative for all samples studied. 

All pole figures possess an almost orthorhombic symmetry with re
spect to the shear plane and, taking all samples into account, no consis
tent relation is found between the sense of shear and the occasional 
slight asymmetry of the pole figures (for example in Fig. 3.9). The pole 
figure geometries appear not to change with increasing deformation 
and only the intensity of the maxima increase with deformation. The 
geometry of the pole figures is also independent of temperature. 

The {220} pole figures contain a maximum perpendicular to the 
shear plane (Figs. 3.8a and 3.9a). The {200} and {Ill} pole figures 
comprise crossed-girdle distributions, symmetrically oriented with re
spect to the shear plane. The maximum intensities of the {200} pole fi
gures are smaller than the maximum intensities of the {220} and {Ill} 
reflections. 
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0.6 0.96 0.6 0.7 0.96 1.4 

final shear strain 

Figure 3.11: 
Maximum intensities observed in the inverse pole figures (Fig. 3.70) 
plotted against final shear strain and temperature. 

The inverse pole figures (Wenk and Kocks, 1987) for the shear di
rection and shear plane normal have been calculated from the orienta
tion distribution function (Bunge, 1982; Dahms and Bunge, 1989; 
Dahns, 1992) (Fig. 3.10). The inverse pole figures for the shear direc
tion exhibit a maximum around <111> and a submaximum around 
<100>. The inverse pole figures for the shear plane normal show a 
maximum around <110>, spreading towards the <100> and <111>. 
The maximum intensities of the texture components of the inverse pole 
figures are given in Table 3.3 and shown in Fig. 3.11 (excluding expe
riment 104, because the final shear strain imposed on this sample is 
unknown, see Table 3.3). The following observations can be made: the 
<100> texture component has an intensity around 1 time uniform 
which is hardly affected by strain and/or temperature. The intensities 
of the <111> and the <110> components increase with shear strain. In 
addition, the intensity of the <110> component also appears to increase 
with temperature above 500 DC (compare intensities of the <110> 
components of samples 122 and 108). Consequently, the <111> com
ponent is stronger at temperatures below 500 DC, whereas the <110> 
component is stronger at the higher temperatures (Fig. 3.11). 
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Figure 3.10 a-f: 
Inverse pole figures for the shear direction (left side: taL tc), tel, (g), ti) 
and (k)) and the shear plane normal (right side: (b), (d), (f), (h), (i) and 
(I)). 
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No. 109, T=550 ·C, shear strain 1.4. 

Figu re 3.10 g-I: 
Sample number, maximum intensities, minimum intensities and con
tour intervals are given in times uniform. Areas with intensities gre
ater than 1 time uniform are shaded. 
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3.4 ANALYSIS OF FLOW BEHAVIOUR 

A number of observations indicate that deformation in the present 
samples occurs by a thermally-activated dislocation creep process. 
These observations are the operating microstructural processes (sub
grain development and recrystallization), the development of crystallo
graphic and shape preferred orientations and the observed dependen
cies of stress upon strain rate and temperature. For shear deformation, 
thermally-activated dislocation creep is commonly described by a po
wer-law equation (see for example Frost & Ashby, 1982): 

(3.1) 

where y. is the shear strain rate (s-l), A is a pre-exponential constant 
(MPa-n s-1), ~H is the activation energy for creep (kJ/mol), R is the gas 
constant (kJ/Kmol), T is the temperature (K), 't the applied stress 
(MPa), /-1 is the temperature-compensated shear modulus (MPa) and n 
is the power-law exponent. We will analyse the mechanical data using 
such a power law relation. 

The mechanical data are fitted to Eq. 3.1 to determine the parame
ters A, ~H and n. The global inversion method of Tarantola & Valette 
(1982) was used to obtain the flow law parameters. This method has 
recently been used by Sotin & Poirier (1984), specifically for this type 
of purpose. For a more extensive discussion of this method the reader 
is referred to Poirier et al. (1990), where :> ~omparison with other more 
traditional techniques is given. The iterative method aims at finding the 
best solution for the equation 

f(lny, In't, l{fl = 0 (3.2) 

The method implicitly assumes normal distributions for the stress and 
temperature and a log-normal distribution for strain rate data 
(Appendix B). The best rheological law is the one that leads to the 
quickest inversion with the smallest residuals and smallest standard de
viations (Poirier et aI., 1990). 

Separate solutions were sought for the flow law in the temperature 
range 250-450 °C and 500-600 0c. Three reasons may be offered to 
support this subdivision. First, this subdivision gives flow law parame
ters with the smallest standard deviations obtained within the smallest 
number of iterations (Appendix B). Second, the Arrhenius plots (Fig. 
3.4) show a curvature in the temperature range 400 to 500°C indica
ting that two different rate-controlling processes exist above and below 
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these temperatures (Poirier, 1985). Third, this subdivision also defines 
two different microstructural domains with migration recrystallization 
as the dominant process in the temperature range 500-600 0c. 

Furthermore, in order to optimize the goodness-of-fit, two data in
versions were carried out with different initial values for InA, n and 
LlH. This optimization was inspired by the quality of fit obtained from 
the well-constrained data set of the uniaxial compression experiments 
(Chapter 2). In the first attempt, the initial values for the iterative data 
fitting procedure were InA = -20 ± 100 MPa-ns-1, n = 5±5 and LlH = 
250 ± 250 kl/mol. The results of the inversion are shown in Table 3.4, 
upper half. In order to see whether a still better fit could be obtained, 
flow law parameters obtained from the uniaxial compression tests were 
used as initial values for the iteration process, see Table 3.4 . 

The second attempt, using the flow law parameters of the uniaxial 
compression tests as initial estimates, yielded, for both temperature in
tervals, best-fit flow laws. The 250-450 °C data-set yielded, after only 
5 iterations: 

InA (in MPa-ns- 1) = -0.33±3.0 
n = 5.17±0.2 
LlH = 92.7±7.0 kJ/moJ. 

and the flow law in the 500-600 °C temperature range is described by: 

InA (in MPa-ns-1) = 19.5±2.7 
n = 4.3±0.28 
LlH = 209±18.3 kJ/mol 

A remark relating to the global inversion scheme used should be 
made here. The stress exponents obtained during the first attempts 
(using a broad range of initial values for InA, N and LlH, see above) 
were around 3.5 for both temperature ranges. In the second run, using 
more constrained initial values (T"ble 3.4), stress exponents of 4.4±O.3 
and 5.2±O.2 were obtained for the two temperature intervals respecti
vely. Inspection of Fig. 3.3 shows that stress exponents of 4.4 and 5.2 
yield better fits then stress exponents of 3.5. In addition, the number of 
iterations and the standard deviations were minimized during the se
cond run which yielded values for nand m which are more consistent 
with microphysical creep models than the first run (see next section). 

If the experimental data set is too small and/or too clustered, the 
global inversion method may not immediately yield an optimal data fit 
and a careful analysis of the results is needed. In case of the uniaxial 
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Table 3.4 

Flow law parameters InA, nand I1H for the present mechanical 
data, obtained using the global inversion method of Sotin & 
Poirier (1984). The mechanical data have been fitted to a general 
power law creep equation (Frost & Ashby, 1982): 
Y= Aexp(-L\H/RT)(t)n. 

Temperatu re 
interval (OC) 

Initial values: 
InA= 
n= 
I1H= 

Results: 
InA 
n 
I1H 

-20±100
 
5±5
 

250±250
 

-2.1±7.2
 
3.42±O.58
 

72±9.4
 
15
 
6 

1.64 

Uniaxial results used as initial values: 
InA= 
n= 
AH= 

Results: 
InA 
n 
AH 

ni 
k 
~res2/ni 

1.75±10 
5.7±1 

130±50 

-O.33±3.0 
5. 17±O.2 
92.7±7.0 

15 
5 

2.17 

-20±100 
5±5 

250±250 

14.5±5.0 
3.49±O.53 
179±28.3 

11 
6 

1.15 

18±10 
4.4±1 

230±50 

19.5±2.7 
4.3±O.28 
209±18.3 

11 
5 

1.48 

Meaning of symbols: y. the shear strain rate (s-'); 1: the applied 
shear stress (MPa); n: the power-law exponent; AH: apparent acti 
vation energy for creep (kJ/mol); A is a constant (MPa-ns-'); R: the 
gas constant (kJ/Kmol); T: temperature (K); nj: number of tests; k: 
number of iterations before convergence tests were fulfilled; 
~res2: sum of the squared residuals (measure for goodness-of
fit); In: natural logarithm. 
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experiments (Chapter 2), the data set was well-defined and the ranges 
of experimental data were large enough to allow derivation of flow law 
parameters independent of the initial values of these parameters. 

3.5 DISCUSSION 

3.5.1 Deformation mechanisms and rate-controlling processes 

In the previous section we have determined the parameters which 
best describe the flow behaviour of salt in simple shear. The values of 
the stress exponents and of the activation energies for the two tempera
ture fields are consistent with dislocation climb models (Weertman 
1968, Poirier, 1985). The flow laws are now considered in relation to 
the rate-controlling processes that may govern the creep behaviour of 
salt in shear. 

In the 500-600 °C temperature range (0.7 - 0.8 Tm), the flow law is 
given by: 

3y= 2.65 x 108 exp(-209/RT) 't4. (3.3) 

where 't in MPa. The creep behaviour of ionic polycrystals at high 
temperatures is generally controlled by lattice diffusion of the slowest 
moving species (Frost and Ashby, 1982; Poirier, 1985). Independent, 
direct measurements by Laurent & Benard (1957) have shown that the 
slowest moving species in NaCl is the anion Cl-. The lattice-diffusion 
activation energy of the anion, (QI)cJ-, ranges from 205 - 221 kllmol in 
the temperature range 450 - 795°C (Laurent & Benard, 1957, 1958; 
Laurance, 1960; Barr et al. 1965; Beniere et aI., 1968) and the activa
tion energy for creep found here is in good agreement with these diffu
sion activation energies. Published values of creep activation energies 
derived from coaxial experiments conducted at high temperatures also 
agree well with the present data (Table 3.5). 

Theoretical models for climb-controlled dislocation creep predict a 
stress exponent between 3 and 6 (Weertman 1968; Poirier, 1985). The 
value of the stress exponent, n = 4.3± 0.28, agrees favourably with the
se models and with other experimentally derived values (Table 3.5). 

The agreement between the present data, theoretical dislocation 
creep models and experimental diffusion data strongly suggest that 
shear deformation of polycrystalline salt in the temperature range 500
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Table 3.5 
Comparison of creep activation energies and stress 
exponents of synthetic rocksalt deformed in simple 
shear and published data derived from coaxial defor
mation experiments. 

Source Temperature n-value AH (kJ/mol) 
interval (OC) 

this study: 
shear deformation 250 - 450 5.2 92.7 

500 - 600 4.3 209 
this study: 
uniaxial compression 250 - 450 5.7 129 

500·780 4.4 227 
Burke et al. (1981) 365 - 475 5-6 105 
Burke et al. (1981) and 
Robinson et al. (1974) 500 - 740 4-5 210 
Schuh et al. (1970)1) 460 - 600 180 - 240 
Arieli et al. (1982)2) 200 - 400 5.3 102 
Heard (1972)3) 200 - 400 5.8 115 

Notes:
 
1) Based on single crystal creep data with 12 and 66 ppm Ca2+.
 

2) Data from Arieli et al. (1982) are based on Heard's (1972) expe

rimental data which have been corrected for jacket strength and
 
new data collected by the authors.
 
3) Values for nand AH presented here are based on Heard's data
 
and have been derived using the inversion method of Sotin and
 
Poirier (1984) used in the present study. Only tests carried within
 
the dislocation climb-regime (Le. strain rates < 10-3 s·1 and stres

ses below 10 MPa) have been used (see Heard, 1972).
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600 'C occurs by climb-controlled dislocation creep, where climb is 
controlled by lattice diffusion. 

In the temperature range 250450 °C (0.5 - 0.7 Tm), the flow law 
for sheared salt is given by: 

2Y= 0.72 exp(-93/RTl't5. (3.4) 

Differences with the creep behaviour in the temperature range 500
600°C are the increase of stress exponent and the strong decrease of 
the activation energy. 

In the temperature range of 0.5 - 0.7 Tm, pipe diffusion along dislo
cation cores often becomes an important rate-controlling process in the 
creep behaviour of ceramic and ionic materials (Langdon, 1985; 
Cannon & Langdon, 1988, Verall et al. 1977). If pipe diffusion is the 
rate-controlling process, the creep behaviour is characterized by a de
crease in activation energy and higher values of the stress exponent 
compared to lattice-diffusion controlled dislocation climb (Cannon & 
Langdon, 1983). 

The activation energy for diffusion through dislocation cores, Qc, 
is typically 0.5 - 0.7 QI (Gjostein, 1972). In case of NaCl, Ql is equal 
to the activation energy of the slowest moving species (QI)cI-, which 
ranges from 205 - 221 kJ/mol. Thus, the activation energy for pipe dif
fusion is expected to range from 102.5 to 155 kJ/mol (see also Barr et 
al., 1960). Hence, in the temperature range 0.5 - 0.7Tm, the creep acti
vation energy ~H of polycrystalline NaCl deformed in shear falls close 
to the range of values expected for pipe diffusion control. 

Various creep models involving diffusion-controlled dislocation
climb as the rate-controlling process allow the generalized creep 
equation to be written as (Frost and Ashby, 1982): 

(3.5) 

where A2 is roughly constant and Deff is the effective diffusivity. The 
effective diffusivity is determined by the relative contributions of latti
ce diffusion and pipe diffusion (i.e. Deff = flDI + fcDc ). When the con
tribution of pipe diffusion is negligible, Deff equals the self-diffusion 
coefficient for the slowest moving species. However, if lattice diffu
sion is negligible and pipe diffusion dominates, the bulk rate of diffu
sion depends also on the dislocation density, which in turn depends on 
the applied stress (Pdisl = C«(j/J.l)P) (Sherby and Weertman, 1979; 
Burke et al., 1981). Consequently, the stress exponent n in Eq. 3.5 is 
expected to increase by p compared to the stress exponent for lattice
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diffusion controlled creep (Cannon and Langdon, 1983; Langdon, 
1985). The effective diffusivity in the pipe-diffusion field is given by: 

(3.6) 

where C2 is a constant. The stress - dislocation density relation for 
synthetic NaCl, deformed coaxially in the temperature range 20 - 600 
DC with differential stresses ranging from 2 to 20 MPa, has been deter
mined by Beeman & Kohlstedt (1988) and is given by: 

(3.7) 

where Pdisl is the dislocation density (m-2), C3 is a material constant 
and (J' is the applied stress. Combining Eqs. 3.4, 3.5 and 3.6, and assu
ming that Eq. 3.7 holds for shear deformation, it is expected that the 
stress exponent in the pipe-diffusion field is raised by a factor 1.3, 
compared to the stress exponent for lattice diffussion-controlled dislo
cation creep. The stress exponent is n = 5.2±O.2, and agrees with a 
stress exponent of 5.6±0.3 which is expected for pipe diffusion con
trolled dislocation creep. 

The data obtained for shear deformation match broadly with theo
retical dislocation creep models and the limited experimental data for 
lattice and pipe diffusion. 

The flow law of rocksalt in compression is characterized by a sig
nificantly higher activation energy (by -35 kllmol) than the flow law 
for shear deformation in the temperature range 250-450 DC for exactly 
the same starting material and deformed under comparable strain rates 
(Table 3.5). This difference in activation energy can tentatively be ex
plained by different dislocation substructures developing in the rock
salt deformed in the two deformation geometries. At higher temperatu
res, the activation energies for shear and uniaxial deformation are not 
significantly different (within one S.D.). In Chapter 5 the flow laws 
obtained in compression and shear deformation are compared and dis
cussed in more detail. 

Lattice-diffusion and dislocation-core diffusion are parallel-con
current processes. They each act simultaneous and each contribute to 
the total strain rate. The total strain rate can therefore best be written 
as the sum of the creep rates of the two processes (Poirier, 1985). On 
basis of the conclusions drawn above, we therefore propose the follo
wing two-mechanism flow law, by adding the creep equations for the 
two temperature regimes: 
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Figure 3.12: 
Comparison between the two-mechanism flow law (Eq. 3.8) and the 
experimental data. The modelled flow behaviour corresponds with 
the experimental data for the applied ranges of shear strain-rate and 
temperature. 

"ftot'= 0.72 exp(-93/RT) 't5.2 +2.65 x 108 exp(-209/RT) 't4.3 

(3.8) 

The process with the highest activation energy gives the dominant 
contribution at high temperatures and the other process is dominant at 
low temperatures. In the temperature range where the activity of both 
processes is comparable, the Arrhenius plot is curved (1.4 < WOOff < 
1.5, see Fig. 3.4). The two-component flow law (Eq. 3.8) is compared 
with the experimental data in Fig. 3.12. The agreement between the 
flow law and the experimental data is fairly good, considering the va
riability of the experimental data set. Thus, a single two-component 
flow law describes the mechanical behaviour of sheared salt over al
most 3 orders of magnitude in strain-rate allowing for two different ra
te-controlling mechanisms. The flow law described by Eq. 3.8 defines 
a curvi-planar surface in 3D (Fig. 3.13) with different stress exponents 
along the isotherms. 
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Figure 3.13: 
The shear strain-rate dependency on shear stress and temperature 
(Eq. 3.8) is described by a curvi-planar surface in 3D. 

3.5.2 Microstructural development 
Subgrain formation by polygonization, rotation recrystallization 

and grain-boundary migration are microstructural processes, which 
previously have been observed in dry deformed single and polycrystal
line halite (Carter and Hansen, 1983; Friedman et aI., 1984; Guillope 
and Poirier, 1979; Urai et aI., 1986a; Nadgomyi and Strunk, 1987). 
Two regimes of migration recrystallization have been distinguished by 
Guillope and Poirier (1979). These regimes correspond to slow solute
loaded migration and fast solute escape migration (Guillope and 
Poirier, 1979; Urai et aI., 1986a; Drury and Urai, 1990). The transition 
between fast and slow migration recrystallization is defined by a criti
cal curve in cr - T space. This curve has been determined by Guillope 
and Poirier (1979) for uniaxially compressed NaCl single crystals (Fig. 
3.14). The location of the curve depends on the impurity content of the 
crystal: in more impure material higher temperatures and stresses are 
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Figure 3.14: 
Summary plot showing which microstructural processes are predomi
nant in temperature vs. applied stress space. Note that in the present 
study grain boundary migration has been observed under all condi
tions. However, migration recrystallization is not necessarily the pro
cess dominating the microstructural evolution as is indicated. 
Observations of Guillope and Poirier (1979) on NaCI single crystals 
imply a critical curve above which migration recrystallization occurs. 
The temperature-stress conditions for which migration recrystalliza
tion is observed in the present study are well below this critical curve. 
Differential stress values in coaxial creep are compared with shear 
stress values through the second invariant of deviatoric stress (see 
Franssen & Spiers, 1990; Chapter 4). 

needed for fast-solute escape migration to occur (Guillope and Poirier, 
1979). 

The driving forces for migration recrystallization in mono-minera
lic, dry materials are strain-induced differences in lattice-defect energy 
and grain-boundary energy (Nicolas and Piorier, 1976, Urai et aI., 
1986). In the case of NaCl, the driving force of lattice defects is gene
rally much higher than driving forces exerted by grain boundaries 
(Guillope and Poirier, 1979; Urai et aI., 1986a). However, at high tem
peratures, the differences in stored lattice defect energies may be relati
vely low, due to an increased rate of polygonization processes, and mi
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gration recrystallization driven by grain boundary energy may domina
te the microstructural development. Similarly, surface-energy driven 
grain-boundary migration may playa role when boundaries with small 
radii of curvature develop due to the pinning of migrating grain boun
daries by subgrain boundaries or inclusions. 

In the present experiments, the microstructural development of the 
sheared polycrystalline salt, in the temperature range 250-350 ee, was 
found to be dominated by polygonization (Fig. 3.5). The subgrains are 
small (10 - 20 J.tm). By analogy with uniaxially compressed polycry
stalline salt (Chapter 2), it is inferred that rotation recrystallization also 
may have occurred, but firm evidence is lacking. In the temperature 
range 400-500 ee, polygonization is controlling the microstructural 
evolution at low strains (Fig. 3.6a). Grain boundary migration occurs 
with increasing deformation and this leads to the formation of grain 
boundary bulges with consistent polarities (Fig. 3.6bc). The bulges or 
cusps are located at subgrain-grain boundary intersections and this 
suggests that the subgrains act as nuclei for migration recrystallization 
(Derby, 1990, 1992). The edge-wise propagation of subgrain bounda
ries (Means and Ree, 1988) commonly appears to be slower than the 
grain boundary migration velocity. As a result cuspate grain bounda
ries with consistent polarities develop. Grain boundary inclusions also 
exert a dragging force on the mobile grain boundary. The consistent 
polarity (Fig. 3.6c) suggests that migration direction is away from the 
centre of curvature and that migration recrystallization is driven by 
differences in lattice-defect energy (Nicolas and Poirier, 1976; Urai et 
al., 1986, Karato, 1988; Drury and Urai, 1990). The lobate and conca
vo-convex grain contacts (Figs. 3.6b and d), commonly observed in 
samples deformed in the 400-500 ec temperature range, indicate that 
the grain boundary mobility is increased compared to lower temperatu
res. The applied stress - temperature data (Fig. 3.14) plot well below 
the critical curve and it is inferred that migration recrystallization is of 
the slow solute-Ioaden type. In Guillope and Poirier's (1979) experi
ments, slow grain boundary migration was also an important micro
structural process in the rotation recrystallization field. 

Above 500 ee, continual grain boundary migration is the process 
dominating the microstructural development. Recrystallized grains 
contain large subgrains. Inclusions located at the grain boundaries in 
the starting material (Fig. 2.1), are either dragged along by the migra
ting grain boundaries or they broke away, leaving grain interiors with 
small voids (Fig. 3.7a). Possibly grain boundary migration is driven by 
a combination of grain-boundary energy and strain-induced energy. 
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Straight or slightly curved grain boundaries are seen to develop which 
intersect at 1200 triple junctions. This grain boundary configuration in
dicates the development of low surface energy configurations (similar 
to annealed microstructures, Fig. 2.1) driven by grain-boundary energy 
(Vernon, 1976). The microstructure shown in Fig. 3.7b, where a pin
ned grain boundary appears to migrate away from the centre of curva
ture, despite the development of very small radii of curvature (±40 
J.lm), indicates that strain-induced energy still provides a significant 
driving force for the recrystallization process. 

The experimental data in fhe 500-600 °C temperature range plot 
well above the critical curve in a - T space (Fig. 3.14). This may sug
gest that fast solute-escape migration recrystallization has occurred. 
The stress - grain size relation for fast solute-escape migration recry
stallization is given by Guillope and Poirier (1979): 

am = 57J.l(b/DjO.78 (3.9) 

where am is the applied stress (in MPa), D is the grain size (J.lm) and 
in their analysis the shear modulus m is taken as 10 GPa and the 
Burger's vector b equals 3.98 x 10-4 J.lm. Assuming that this relation 
would hold for shear deformation, an applied shear stress between 0.5 
and 1 MPa would yield recrystallized grain sizes of 1 - 2 x 104 J.lm. 
However, the observed recrystallized grain sizes are significantly smal
ler (1 - 2 x 103 J.lm). 

It is not likely that fast solute-escape migration recrystallization 
mechanism is operating in the polycrystalline salt presently studied, 
since the recrystallized grain sizes are much smaller than those predic
ted for the fast migration recrystallization model (Eq. 3.9). In addition, 
thin section observations suggest that the mobile grain boundaries in 
sheared polycrystalline halite may also contain inclusion-like channels 
similar to those observed in recrystallized rocksalt deformed in 
uniaxial compression (Fig. 2.24b). These grain boundary channels are 
similar to the structures observed in the grain boundaries of recrystalli
zed wet salt aggregates (Spiers et aI., 1990) and in healed calcite grain 
boundaries (Olgaard and Fitz Gerald, 1993). These are significantly 
different from the high angle grain boundary structures of the NaCl 
single crystals where fast solute-escape grain occurred (Guillope and 
Poirier, 1979). 

Derby (1990, 1991, 1992) proposed a dynamic recrystallization 
model that explains the stress - steady-state grain size relation com
monly observed in rock-forming materials and metals. The recrystalli
zation process involves a bowing out of grain boundary segments be
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tween subgrains. For steady-state to occur the model assumes a dyna
mic balance between the nucleation rate of new grains and the migra
tion rate of nucleated grains, in other words: in the time taken for a 
moving grain boundary to sweep a volume equivalent to the steady
state grain-size one nucleation event occurs in each equivalent volume 
averaged over the microstructure. A nucleation criterion is formulated 
and is based on the distribution of subgrain boundaries in the polygoni
zed grain prior to recrystallization. The dynamic balance between the 
nucleation rate I and grain boundary migration-rate g is expressed as 
(Derby, 1992): 

CD3, 
= 1 (3.10)

9 

where D is the recrystallized grain size and C is a geometrical constant 
equal to about 3. The migration recrystallization process observed in 
sheared polycrystalline halite involves bowing out of grain boundary 
segments between subgrain boundaries (Fig. 3.6c) similar to Derby's 
recrystallization model and similar to uniaxially deformed halite 
(Chapter 2). Derby's recrystallization model has been evaluated using 
the microstructural processes observed in uniaxially compressed halite 
(Chapter 2). It was proposed that migration recrystallization was to be 
the dominant microstructural process for a temperature increase from 
T1 to T2, if the following condition is met (Chapter 2): 

(3.11) 

where F is the driving force for recrystallization (proportional to the 
applied stress) and M is the grain boundary mobility (depending 
through an Arrhenius-type equation on the pipe diffusion activation 
energy). In halite, this condition is met when the rate controlling me
chanism changes from pipe-diffusion to lattice diffusion controlled dis
location creep, i.e. for a temperature increase from 450-550 °C. For 
this particular temperature increase, the increase in grain boundary mo
bility is strong enough to compensate for any decrease in driving force 
or for an increase in equilibrium recrystallized grain size. In other 
words, the grain boundary mobility terms are differently affected by 
the temperature increase than the terms on the left-hand side of Eq. 
3.11, and that allows a dynamic balance to be established between the 
grain boundary migration rate and the nucleation rate. 
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3.5.3 Crystallographic preferred orientations 
In the temperature range investigated, the textures of the sheared 

samples show a strong tendency for the {110} planes of the relatively 
weak {11O}<1 10> slip system to align parallel to the shear plane (Figs. 
3.8 - 3.10). The <111> direction and not the slip direction of the 
"easiest" slip system tends to align in the shear direction (Fig. 3.10). 
The geometry of the developed textures does not change with incre
asing temperature or increasing deformation. This suggests that migra
tion recrystallization has limited influence on the development of the 
crystallographic preferred orientation. 

We are not aware of any previous experimental studies on texture 
development in sheared rocksalt. Wenk and co-workers (Wenk et al., 
1989a) have applied Taylor and self-consistent (SC) texture simulation 
models (Molinari et al., 1987) to the development of crystallographic 
preferred orientations in halite. At low temperatures «250°C), the slip 
systems in halite are strongly anisotropic (Fig. 2.26a). Slip on 
{I1O}<IIO> is about 6 - 7 times easier as slip on the {Ill }<1 10> and 
{100}<001> systems. Extrapolation of the critical resolved shear stress 
(crss) data to higher temperatures suggests that all slip systems have 
comparable crss at temperatures above 400 °C (Carter & Heard, 1970). 
The only available texture simulations are for sheared halite deformed 
at room temperature (i.e. highly anisotropic) to a shear strain of 1 (Fig. 
3.15). Without strain hardening of the slip systems, the Taylor and the 
SC approach predict weak textures, as is shown by the {1l0} pole fi
gures (Fig. 3.15a, b). The texture development is enhanced if harde
ning of the slip systems is included (Fig. 3.15c, d). The simulated 
Taylor and SC {IlO} pole figures resemble the experimentally obtai
ned {11O} pole figures (Figs. 3.8 and 3.9), although the latter are obtai
ned at much higher temperatures. 

Textures with near orthorhombic geometries have been predicted 
for f.c.c. metals deformed in torsion exhibiting isotropic hardening 
(Molinari et al., 1987). Textures obtained from experimentally sheared 
copper and iron also show near orthorhombic symmetry (Williams, 
1962). The slip systems of f.c.c., and b.c.c. metals are {Ill }<IIO> 
and {I1O}<III> respectively and these are different from those in 
NaCl. A detailed comparison between the textures found in NaCl and 
by Williams, (1962) is therefore not allowed. The orthorhombic sym
metry of textures developed in (monoclinic) simple shear of cubic ma
terials is at least remarkable. 

It has been shown that above 500°C migration recrystallization is 
the dominant microstructural process and that compared to lower tem
peratures the <110> texture component increases more strongly with 
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a 

c 

. .: . 

Figure 3.15: 
{110} pole figures representing texture simulation of halite deformed 
in simple shear to a shear strain "{=1. 200 grains are modelled using 
room temperature critical resolved shear stress data. 
(a) Taylor models without hardening 
(b) Self-consistent model without hardening 
(c) Taylor model with hardening 
(d) Self-consistent model with hardening 
Note that the shear plane is E-W and the sense of shear is sinistral. 
From Wenk et al. (1989a). 

increasing shear strain than the <111> component (Fig. 3.11). Since 
the crss of all slip systems in NaCl are expected to be equal above 400 
DC (Carter & Heard, 1970), it seems unlikely that the increase of the 
<110> component with temperature is related to preferred slip on the 
{11O}<110> system over the other slip systems. 

An alternative explanation for the increase of the <110> texture 
component may be lattice re-orientation by migration recrystallization. 
Grain-boundary migration can change the orientation of crystals sub
stantially (e.g. Jessel and Lister, 1990). Ice polycrystals, for example, 
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develop strong c-axis preferred orientations (an orientation for easy 
slip) by dynamic recrystallization (Wilson, 1986). In case of olivine, 
grain boundary migration only produces preferred orientations when 
lattice-defect energy is the driving force and not when grain-boundary 
energy is the driving force (Karato, 1988). 

In polycrystalline halite deformed above 500 cC, the driving forces 
for grain boundary migration are lattice-defect and grain boundary 
energies. In analogy with observations in other materials (Wilson, 
1986; Karato, 1988; Jessel and Lister, 1990), we infer that strain-indu
ced grain boundary migration in halite may give rise to lattice re-orien
tation. Although complete recrystallization may have occurred in the 
sheared halite, the crystallographic preferred orientations observed are 
relatively weak (2 - 3 times uniform). This may imply that not all the 
grain volumes, which have been swept by migrating grain boundaries, 
are re-oriented substantially. Strain-induced grain boundary migration 
merely enhances texture development rather than changes it. 

Further discussion of the relations between texture simulations, dy
namic recrystallization and the experimentally-obtained crystallograp
hic preferred orientations is not justified and the exact significance of 
the texture development remains speculative (see also for a discussion 
on this topic Wenk and Christie, 1991). In order to reach firm conclu
sions it is necessary to perform texture simulations using mechanical 
data (crss, hardening rates of the slip systems) relevant to the experi
mental conditions of the present study and to carry out simple shear 
experiments under conditions relevant to the simulations which model 
the strongly anisotropic behaviour of halite at low temperature. 

3.5.4	 Comparison with other shear experiments on rocksalt 
material 

Various triaxial deformation experiments have been carried out on 
cylindrical specimens of sandstone with halite gouge sheared along 
3SO-precut surfaces (Shimamoto, 1986; Shimamoto and Logan, 1986; 
Hiraga and Shimamoto, 1987; Knapp et al., 1987; Shimamoto, 1989ab; 
Chester, 1989; Chester and Logan, 1990). In these experiments, thin 
layers (0.2 - 1.0 mm) of granular halite were sheared to high shear 
strains (y amounts to 70) at room temperature under confining pres
sures up to 250 MPa with relatively high shear rates (between -10-1 

and -10-6 s-I). A transition from homogeneous plastic deformation to 
potentially unstable heterogeneous deformation has been observed to 
occur at much higher shear strains (y > 10) than those achieved in the 
present study (Shimamoto and Logan, 1986; Hiraga and Shimamoto, 
1987). Triaxial shear experiments carried out in the ductile field were 
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characterized by very high shear stresses (between 50 and 130 MPa) 
and a high stress exponent (n= 17.3) (Shimamoto, 1986) compared to 
the present data. Furthermore, under conditions favouring intracrystal
line deformation sheared synthetic and crushed natural salt produced 
flattened grain fabrics, that were possibly modified by metadynamic 
and/or static recrystallization (Shimamoto and Logan, 1986; Hiraga 
and Shimamoto, 1987; Chester, 1989). 

The differences in experimental conditions and the operation of 
different processes between the published studies and the present expe
riments do not justify a comparison of the results. 

3.6 CONCLUSIONS 

Polycrystalline salt has been deformed in simple shear, in the tem
perature range 250-600 DC with strain rates between 10-5 and 10-7 s-l. 
The deformation within the shear zone is homogeneous and maximum 
finite shear strains of 1.4 are archieved. No remarkable strain softening 
has been observed. The main findings and conclusions can be summa
rized as follows: 

1)	 The activation energies and the stress exponents for creep are con
sistent with the interpretation that deformation occurred by climb
controlled dislocation creep. In the temperature range 500-600 DC, 
the creep rate is controlled by lattice-diffusion. In the temperature 
range 250-450 DC, creep is controlled by diffusion through disloca
tion cores. 

2)	 Application of the global inversion method proposed by Sotin and 
Poirier (1984) to obtain a rheological law from laboratory deforma
tion experiments may yield misleading results, if the experimental 
data are poorly constrained and/or highly clustered. 

3)	 In the temperature range 250 - 400 DC, the microstructure is con
trolled by polygonization, rotation recrystallization and limited mi
gration of the boundaries. The development of cuspate grain boun
daries with consistent polarities in this temperature range indicates 
that grain boundary migration is driven by stored lattice defect 
energies. With increasing temperature, migration recrystallization 
becomes more important till at 500-600 DC the microstructural de
velopment is dominated by this process. In this temperature range 
migration recrystallization is inferred to be driven by differences in 
stored lattice defect energy and by grain boundary energy. 
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4)	 The microstructural observations can at least be qualitatively ex
plained by the dynamic recrystallization model proposed by Derby 
(1990, 1991, 1992). The transition from pipe-diffusion to lattice
diffusion controlled dislocation creep affects the driving force for 
recrystallization and the grain boundary mobility in such a way that 
the grain boundary migration rate and nucleation rate are in balan
ce and consequently migration recrystallization becomes the domi
nant microstructural process. 

5)	 During simple shear deformation the {11 O} planes of the relatively 
weak {110}<1l0> slip system tend to align parallel to the shear 
plane. Notably, the <1 fo> slip direction does not orient itself paral
lel to the shear direction, instead the <111> crystallographic direc
tion tends to align parallel to the shear direction. The texture does 
not change with increasing deformation, only the intensity of the 
maxima increases with deformation. 

6)	 Dynamic recrystallization does not appear to have an influence on 
the geometry of the developed texture. However, the onset of mi
gration recrystallization as dominant microstructural process coin
cides with an increase in the intensity of the <110> texture compo
nent. It is inferred that this strenghtening of this texture component 
could result from dynamic recrystallization. 
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DEFORMATION OF POLYCRYSTALLINE 
SALT IN COMPRESSION AND IN SHEAR 
AT 250 - 350 °C* 

ABSTRACT 

Dry synthetic polycrystalline salt (NaCI) has been deformed in 
uniaxial compression and in shear in order to gain insight into the in 
fluence of deformation mode on the development of crystallographic 
preferred orientation, microstructural evolution and mechanical beha
viour (flow strength). The experiments were carried out between 250 
and 350°C, at strain rates between 10-5 and 10-7 s-l. Under these 
conditions halite deforms by diffusion climb-controlled dislocation 
creep. In our samples, the presence ofdeformed grains containing cel
lular networks of subgrains, and the development of texture are con
sistent with such mechanisms. The weaker (1l0j<110> slip plane ap
pears to align parallel to the shear plane and perpendicular to the 
uniaxial compression direction. In the sheared samples, a <111 > 
maximum is observed parallel to the shear direction. The textures ob
tained agree favourably with texture simulations. When the mechani
cal behaviour seen in uniaxial compression and shear is compared in 
terms of equivalent stress and strain, as defined in von Mises theory of 
isotropic plasticity, the uniaxially deformed samples appear to be 
stronger. From a detailed consideration of the data, it is inferred that 
the difference inflow strength is largely due to anisotropy resulting fr
om texture development. The results suggest that the assumptions un
derlying the von Mises theory of isotropic plasticity are not applicable 
in the present case, and that the associated flow rule does not offer an 
accurate method of generalizing creep laws for salt under the condi
tions investigated. 

*	 This chapter has been published as: Franssen, R.C.M. W. and Spiers, 
C.J.1990. Deformation of polycrystalline salt in compression and 
shear at 250 - 350°C. In: Deformation mechanisms, rheology and tec
tonics. Knipe, R.J. and Rutter, E.H. reds.) Geol. Soc. Spec. Publ., 54: 
201-212. 
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4.1 INTRODUCTION 

It is widely accepted that most natural rock deformation pheno
mena of interest in structural geology and geophysics are non-coaxial 
(e.g. flow within shear zones, diapiric flow and mantle convection). 
Despite this, most rock deformation experiments have focused on co
axial configurations, and relatively few non-coaxial deformation expe
riments have been reported (examples include Bouchez and Duval, 
1982; Kern and Wenk, 1983; Shimamoto and Logan, 1986; Schmid et 
aI., 1987; Borradaile and Alford, 1988; Price and Torok, 1989; 
Williams and Price, 1990). This discrepancy is mainly due to experi
mental difficulties in achieving a well-constrained non-coaxial defor
mation path while still being able to measure and/or control experi
mental variables such as the state of stress in the sample. For these 
reasons, almost all quantitative rheological data for rocks have been 
obtained from axi-symmetric compression experiments. 

To predict the behaviour of a body of rock under a given stress 
state or given boundary conditions, it is necessary to generalize the 
axi-symmetrically derived flow law, in which stress and strain rate are 
treated as scalars, to three dimensions, in which stress and strain rate 
are treated as tensors (see for example Stocker and Ashby, 1973). This 
is usually done using the theory of perfect isotropic plasticity to relate 
stress and strain-rate components (Nye, 1953a; Paterson, 1976). The 
assumptions underlying this method of generalization (often referred 
to as the associated flow rule) are that the material is isotropic and 
stays isotropic during deformation, the material has no other "memo
ry" for incremental strain history, and that deformation is isovolume
tric. However, there is no a priori justification that flow laws derived 
from coaxial experiments can be generalized in this way (Ferguson, 
1979). Indeed, axi-symmetric experiments on most materials with 
"memory" are insufficient to fully characterize the material behaviour 
(see Hobbs, 1972). Thus, the generalization of coaxial flow laws is not 
straight-forward, and the validity of the associated flow rule approach 
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(assuming perfect isotropic plasticity) is not known for most geological 
materials. 

An understanding of the effect of deformation mode on flow beha
viour and an adequate 3-D flow law are of crucial importance in consi
dering (or modelling) deformation localization phenomena. Mechanical 
weakening, thought to greatly enhance the development of localized 
shear zones, can be caused by the development of crystallographic pre
ferred orientations within a deforming material (as suggested by texture 
simulations - see Tome et aI., 1984; Wenk et aI., 1986, 1987) or by 
microstructural changes such as dynamic recrystallization or grain 
boundary alignment (White et aI., 1980). Rotational and irrotational de
formation paths have different effects on the development of textures 
and on microstructural evolution (White et aI., 1980; Tome et aI., 1984; 
Wenk et aI., 1986). Hence, deformation path (or geometry) can be ex
pected to have a significant influence on the mechanical anisotropy and 
response of deforming materials. 

In this paper we report deformation experiments on polycrystalline 
NaCI deformed in uniaxial compression and in "simple shear" at inter
mediate temperatures (T/Tm between 0.5 and 0.6). The aim of the study 
was to gain insight into the influence of deformation mode on the deve
lopment of crystallographic preferred orientation (or texture), on mi
crostructural evolution and on the mechanical behaviour (flow 
strength) of the material. Polycrystalline NaCl was chosen as a suitable 
material to investigate for the following reasons. Firstly, polycrystal
line salt is ductile and relatively weak at temperatures as low as 200 
0c. This allows simple shear to be carried out without confining pres
sure, using relatively simple deformation apparatus. Secondly, NaCl 
exhibits well understood dislocation creep behaviour at intermediate 
temperatures and is a useful mineral analogue in a general sense (see 
Guillope & Poirier, 1979; Banerdt and Sammis, 1985; Shimamoto and 
Logan, 1986). Lastly, NaCl is extremely suitable for microstructural 
and textural studies since dislocation substructures are readily made vi
sible and texture measurements can be carried out relatively easily. 

4.2 EXPERIMENTAL METHODS 

In this study, synthetic polycrystalline NaCI samples were used. 
These were prepared as follows. First, analytical grade NaCI powder, 
jacketed in rubber tubes, was hydrostatically cold-pressed into irregular 
billets. From these billets, right cylindrical samples were machined. For 
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Figure 4.1a: 
Perspective view of cylindrical sample with reduced sections used for 
shear experiments. This sketch illustrates the final sample geometry. 

the compression experiments, the samples produced measured 20 mm 
in length by 10 mm in diameter. For the shear experiments, cylindrical 
samples with reduced sections were prepared. These samples were 75 
mm long and two diameters were used, namely 25 and 15 mm. The re
duced sections were cut using a file plus slotted template. Fig. 4.1a il
lustrates the final geometry. After machining, all samples were anne
aled for 12 - 14 hrs in an argon atmosphere at 720 - 725°C (Le. c. 0.9 
Tm)' The material obtained possessed a recrystallized polygonal "fo
am" microstructure with a grainsize 100 to 400 ~m. Grain boundaries 
contained gas-filled tubular and spherical inclusions of about 10 ~m in 
diameter. The grains contained no optically visible substructure. The 
porosity of the starting material ranged from 2% to 2.5%. Neutron dif
fraction analysis showed that no significant texture was developed. 

The uniaxial compression experiments were carried out in an 
Instron 1193 constant displacement rate apparatus equipped with a 
high temperature furnace and superalloy loading pistons (see De 
Bresser and Spiers, 1990). The axial force applied to the sample was 
measured using a 5kN load cell, with an absolute accuracy better than 
0.5%. The maximum strains attained were c. 20%. 

The shear experiments were carried out in the deformation appara
tus shown in Fig. 4.1 b, mounted in an Instron 1362 loading frame. 
Basically, the shear rig consists of three parallel loading bars. The two 
outer bars are fixed to end-platens and are immobile. The middle bar is 
free to move in the vertical direction only, Le. parallel to the fixed ou
ter bars. The sample (Fig. 4.1a) is fitted lengthwise through aligned ho
les in the three loading bars. Advancing the middle bar downwards im
poses a shear deformation on the reduced sections of the sample. The 
shear load and hence the total shear stress supported by the sample we
re measured using a 10 kN load cell with an absolute accuracy better 
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Table 4.1. Summary of experimental conditions. 

Uniaxial compression experiments. 

Test Temperature Strain Final 
number (OC) rate stress strain 

(s") (MPa) (%) 

C35 250 2.9*10-7 9.8 6.6
 
C6 300 3.6*10.6 9.4 24.0
 
C53 300 1.8*10.6 7.7 14.2
 
C42 350 1.8*10.6 7.3 13.9
 
C46 350 1.8*10.6 6.9 14.6
 
C45 350 1.8*10.7 5.0 8.9
 

Shear experiments 

120s 250 5.8*10.7 4.0 0.66 
118s 300 3.6*10.6 2.9 1.22 
123 300 3.6*10.6 3.5 0.56 
124 365 7.2* 10-6 2.2 0.99 
121 365 3.6*10.6 2.5 0.34 

than 0.5% and a resolution better than 0.01%. Nonnal stresses acting 
parallel to the length of the sample could not be measured. 
Displacement (hence shear strain y) was measured using the linear va
riable differential transfonner (LVDT) located in the drive unit of the 
Instron 1362. 

Both the uniaxial and shear experiments were carried out at con
stant displacement rate in the temperature range 250 to 350 DC under 
unconfined (i.e. atmospheric pressure) conditions. Axial and shear 
strain rates varied from test to test between 10-5 s-1 and 10-7 s-l. The 
shear strain rates were chosen to be comparable with the compression 
strain rates according to the equivalent strain rate concept introduced 
later. 

Stress-strain curves were calculated from strip-chart records of for
ce and displacement vs. time (shear tests) or of force vs. time alone 
(uniaxial tests). The stresses were corrected for dimensional changes of 
the sample and, in case of shear, for the weight of the middle bar. 
Displacement measurements were corrected for apparatus stiffness and 
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for thermal expansion of the sample. Strain and strain rates were cal
culated with respect to the starting dimensions of the sample. 

The microstructures of both the deformed and undeformed samples 
were studied by means of reflected light microscopy carried out on po
lished sections. Grain boundaries and dislocation substructures were 
made visible by etching the polished sections. Details of section prepa
ration techniques and etching procedures are given in Spiers et al. 
(1986). All micrographs presented here were obtained from polished 
and etched sections. 

4.3 EXPERIMENTAL RESULTS 

4.3.1 Mechanical data 
Table 4.1 shows details of the experiments reported in the present 

study. The corresponding applied stress vs. axial strain curves for the 
uniaxial experiments are shown in Fig. 4.2. All of these curves show 
considerable work hardening during the first 10% shortening, reaching 
stress levels between c. 5 and 10 MPa at 10 - 20% strain. With in 
creasing temperature and decreasing strain rate, the flow stresses de
crease. Above 300°C, steady state behaviour is closely approached, 
particularly at low strain rates. 

The applied shear stress vs. shear strain curves obtained from the 
shear tests are shown in Fig. 4.3 (refer Table 4.1 for details). These 
curves show some work hardening during the first 0.2 shear strain, 

Uniaxial compression 
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Figure 4.2: 
Plots of applied uniaxial stress (Oapplied) versus axial strain for the 
present uniaxial compression tests on polycrystalline salt. 
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Figure 4.3: 
Applied shear stress ('tapplied) versus shear strain plots for the polycry
stalline halite samples deformed in shear. The shear stress is determi
ned by the vertical load transmitted through the sample (see text). 

then attaining more or less steady state flow at shear stresses in the 
range 2 - 4 MPa. As in the compression tests, the flow stresses in shear 
decrease substantially towards higher temperatures. 

4.3.2 Optical microstructures 
The microstructures developed during the uniaxial compression 

tests are illustrated in Figs. 4.4 and 4.5. The samples showed a well
defined grain flattening fabric, with clear dislocation substructures. At 
low strains (£<10%), an irregular pattern of subgrains develops with 
incomplete boundaries, indicating incipient polygonization involving 
climb (Friedman et al., 1981). With increasing strain, a well-defined 
cellular network of subgrains forms, and the flattening fabric becomes 
more intense. Additionally, in the samples deformed at strain rates abo
ve 10-6 s-l, characteristic linear arrangements of rhomboidal subgrains 
are developed (Fig. 4.4). These linear substructures are oriented at 30 
60° to the compression direction. A marked change in grain boundary 
morphology is linked with the development of subgrains. The straight 
grain boundaries observed in the undeformed material become bulged 
where intersected by subgrains (Fig. 4.5). However, extensive migra
tion of these bulged grain boundaries was not observed. 

The microstructures typical of shear deformation are presented in 
Figs. 4.6 and 4.7. The transition from undeformed "wall rock" into the 
shear zone is illustrated in Fig. 4.6. The lower part of the micrograph 
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Figure 4.4:
 
Optical micrograph illustrating the development of linear arrange

ments of subgrains typical for uniaxial deformation at 25U'C. In the
 
two dark grains, just below the centre of the micrograph, two inter

secting sets of linear substructures give rise to the formation of
 
rhomboidal subgrains. Thin etch lines present in grain A resemble
 
wavy slip lines. Incipient recovery leads to the development of incom

plete subgrains. Close inspection of grain 8, which is relatively unaf

fected by the etching procedure, reveals the presence of a very faint
 
network of subgrains (Sample C15, 25U'C)
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Figure 4.5:
 
Optical micrograph of a sample shortened 39% in uniaxial compres

sion revealing the development of a cellular network of subgrains in
 
all grains. The grains are strongly flattened. The subgrains also show
 
a dimensional fabric. Note the scalloped grain boundaries visible
 
even at this low magnification. (Sample C52, 350"C, E =39%, compres

sion direction vertical).
 

reveals the undeformed part of the sample. The upper half of the mi
crograph shows the dextral shear zone, containing strongly deformed 
grains. The transition zone between the "wall rock" and the shear zone 
is less than 400 I-lm (less than one grain diameter). Within typical shear 
zones, flattened and elongated grains define a clear foliation (Fig. 4.7). 
The orientation of the foliation was found to be constant across the 
width of the shear zone in all samples examined, and corresponded 
closely to the orientation of the plane of finite flattening of the strain 
ellipse calculated for simple shear (Le. a simple shear deformation cor
responding to the imposed displacement). Good agreement was also 
obtained between the strain ellipse calculated from grain boundary 
configurations and that expected for simple shear. These observations 
indicate that the deformation was close to simple shear. Turning now 
to the dislocation substructure, the sheared grains within the shear zo
nes show cellular networks of subgrains (Figs. 4.6 and 4.7). The sub
grain walls are preferentially oriented parallel and subnormal to the 
shear plane. Once again, grain boundaries tend to be irregular due to 
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Figure 4.6: 
Photomicrograph revealing the transition from the undeformed wall 
rock to the shear zone in the reduced section of a sheared sample. 
The lower half shows the wall rock containing undeformed substruc
ture-free grains. The upper half of the micrograph is well within the 
shear zone and. contains sheared grains with a cellular network of 
subgrains. The shear zone boundary is less then 400 11m wide (i.e. the 
average grain size of the staring materia/). (Sample 778s, 30rFC, 
y= 7.2, right lateral shear zone). 
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Figure 4.7: 
Sheared sample containing a clear grain shape fabric defining the fo
liation apparent in this micrograph. The orientation of the foliation, as 
calculated from the grain boundary markers, corresponds closely to 
the orientation of the long axis of the strain ellipse. Note the scallo
ping of grain boundaries developed from small bulges at subgrains. 
(Sample 123, 30(J'C, y=O.6, left lateral shear zone). 

small bulges developing where subgrains intersect grain boundaries. 
Grain flattening and polygonization dominate the microstructure. 
However, evidence for grain boundary migration on the grain scale 
was observed locally. 

In Fig. 4.8, subgrain size data obtained from both the compression 
and shear tests are plotted against applied stress (aapplied, "['applied). In 
most materials, subgrain size is empirically found to be an inverse 
function of stress (Servi and Grant, 1951), and for salt various rela
tionships have been obtained. The subgrain size vs. stress relationship 
for natural polycrystalline salt is given by d(Jlm) = 190 a-I (MPa) 
(Carter et aI., 1982). For synthetic polycrystalline salt, Burke et al. 
(1981) obtained d(Jlm) = 75 a-O.9 (MPa). Both relationships are 
shown in Fig. 4.8. All previously reported data for salt fall between 
these two lines (see Carter et aI., 1982). Thus the present subgrain size 
vs. applied stress data seem reasonably consistent with previous fin
dings although the significance of plotting "[applied is not yet clear. 
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Figure 4.8: 
Subgrain size versus applied ((Japplied, 'tapplied) stress for synthetic 
rocksalt experimentally deformed in compression (squares) and shear 
(triangles). The solid lines represent the empirical relationships obtai
ned by Carter et al. (1982) and by Burke et al. (1981). 

Figure 4.9: 111 

Inverse pole figure for com

pression direction obtained fr

om a uni-axially deformed
 
sample (C15) shortened 18%
 
at 25(J'G. Contour intervals are
 
0.2 times uniform. The area
 
with an intensity greater than
 
1 is shaded. Maximum intensi

ty observed is 1.4 times uni

form at < 110>.
 

4.3.3 Textures 
Pole figures have been determined for samples deformed in both 

deformation modes. The pole figures were measured using neutron 
diffraction goniometry at the GKSS Research Centre, Geesthacht, 
F.R.G. From the (220} and the (200} pole figures obtained for each 
sample, the orientation distribution function was calculated. From this, 
inverse pole figures were determined (Bunge, 1969; Dahms, 1987). 
The results presented here have been found to be representative of the 
two test types, for all temperatures in the range 250-550 °e. 

110 
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Figure 4.10: 
Pole figures for the (a) {220} and the (b) (200) crystallographic direc
tions for sample 123, deformed in shear at 300°C to a shear strain of 
0.6. Contour interval for (a) is 0.25 and for (b) 0.125 times uniform. 
Areas with intensities greater than 1.5 times uniform are shaded. The 
orientation of the shear plane is E - Wand the sense of shear is sini
stral. 

a b 
100 111 

100~ -------'110 --'""100 L-

Figure 4.11: 
Inverse pole figures for (a) the shear direction and (b) the shear plane 
normal, derived from the pole figures shown in Fig. 4.10. Contours in
tervals are 0.2 times uniform. Areas with intensities greater than 1 ti
me uniform are shaded. Sample 123. 

110 
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Fig. 4.9 shows an inverse pole figure for the compression direction 
of a uniaxially shortened sample deformed at 250°C to 18% strain 
(CIS). This texture consists of a maximum around the <110> direction 
spreading towards the <100> and <115> directions. The maximum 
around <110> is about 1.5 times uniform. 

Fig. 4.10 shows the (220} and the (200} pole figures for sample 
123 deformed in shear (at 300°C) to a shear strain of 0.6. The (220} 
pole figure (Fig. 4.1Oa) exhibits a maximum perpendicular to the shear 
plane. In contrast, the (200} pole figure (Fig. 4.1Ob) shows a crossed 
girdle distribution with less intense maxima. Taking into account ob
servations from other samples (Chapter 3), no consistent relationship 
between the sense of shear and the symmetry of the pole figures could 
be determined. With regard to the inverse pole figures for sample 123, 
that for the shear direction (Fig. 4.11a) shows a maximum around the 
<111> direction and a submaximum around <100>. The inverse pole 
figure for the shear plane normal (Fig. 4.11 b) shows a maximum 
around the <110> direction (cf. Fig. 4. lOa). 

4.4 DISCUSSION 

4.4.1 Deformation mechanisms and microstructure 
The observed subgrain microstructures plus the presence of crys

tallographic and shape preferred orientation in compression and in she
ar are consistent with a climb-controlled dislocation creep mechanism. 
Furthermore, additional experimental data (Chapters 2 and 3) demon
strate power law creep behaviour in both deformation modes under the 
present conditions, with the power law exponent (n) ranging between 4 
and 6 and the activation energy for creep (~H) ranging from 90 to 129 
kJ/moI. These creep parameters are fully consistent with previous data 
on diffusion and on dislocation creep in dry salt (Heard, 1972; Arieli et 
aI., 1982; Heard and Ryerson, 1986). It is concluded that deformation 
occurred by climb-controlled dislocation creep in both deformation ge
ometries. The observation that grain boundary migration is more ex
tensive in shear than in compression is thought to reflect the fact that 
higher strains are achieved in the shear experiments (Table 4.1). 

4.4.2 Textures 
The present texture data for uniaxial compression closely resemble 

the results obtained by Kern & Braun (1973) for salt deformed in axi
symmetric compression under comparable conditions. We are not awa
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re of any previous experimental data on textures development in salt 
during simple shear under the present conditions. Recently, however, 
the Taylor theory and the self-consistent viscoplastic theory were ap
plied to texture development in polycrystalline halite by Wenk et aI. 
(1989a). Modelling was carried out for uniaxial compression and for 
simple shear assuming easy {1l0}<1 10> slip in accordance with the 
low/intermediate temperature single crystal yield data of Carter & 
Heard (1970). The Taylor simulation for uniaxial compression yields 
inverse pole figures which correspond closely with the present inverse 
pole figures for compression. The self-consistent simulation gives in
verse pole figures with a maximum around <100>. Both the Taylor and 
the self-consistent texture simulations for shear deformation yield pole 
figures for {220} which are very similar to our results (Fig. 4.10), allo
wing for typical experimental errors. This broad agreement between 
our tests and the simulations supports the idea that texture develop
ment was dominated by the weaker {11O} <110> systems in the present 
experiments. Since our data show a tendency for the {11O} planes to 
align parallel to the shear plane in the shear tests, and normal to the 
compression direction in the uniaxial tests, at least some difference in 
mechanical behaviour can be expected in the two modes. Note, howe
ver, that our inverse pole figure for shear direction (Fig. 4.11a) shows a 
maximum parallel to <111>. Thus in shear, the slip direction of the 
weakest slip system is not aligned with the macroscopic shear direc
tion. 

4.4.3 Mechanical behaviour 
An attempt is now made to compare the mechanical behaviour 
(strength) obtained in compression and shear in the framework of the 
von Mises theory of isotropic plasticity or the associated flow rule dis
cussed in the introduction. In order to do this, we must first define a 
number of quantities required for such a comparison (see also Schmid 
et aI., 1987). 

Definitions 
We start by introducing a quantity known as the equivalent stress, 

O"eq (see McClintock & Argon, 1966). This is defined as 

O"eq = -V ~ O"ij* O"ij* = -13J2* (4.1) 

(where O"ij * is the deviatoric stress tensor and 12* is its second inva
riant) and represents a shear stress component equal to the octahedral 
shear stress of Nadai (1963) multiplied by a factorA (see Schmid at 
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ai., 1987). Now, the von Mises yield criterion states that flow in an 
isotropic, perfectly plastic solid occurs when O"eq attains a value equal 
to the yield (Le. flow) strength in uniaxial compression (see McClin
tock & Argon, 1966). This holds for all stress states (O"ij*) causing 
flow in such materials. For the case of an isotropic, perfectly plastic 
material undergoing flow, O"eq can thus be regarded as a measure of 
flow strength, or flow stress, taking the same value independently of 
deformation geometry. Hence O"eq forms a useful quantity for compa
ring the flow strength of real materials in different deformation modes. 
Note that for uniaxial stress (0"11 = O"applied) equation (4.1) yields O"eq = 
0"11, whereas for a pure shear stress of magnitude 't, O"eq = ~ 

In order to compare strain rates in different deformation modes, we 
follow Schmid et al. (1987) in using a quantity generally referred to as 
the equivalent strain rate (see also Stocker & Ashby, 1973). For con
stant volume deformation, this is defined as 

Seq = ~ ~ SijSij = ~ ~ 12 (4.2) 

where Sij is the strain rate tensor and 12 is the second invariant of Sij. It 
can be viewed as an octahedral shear strain rate in which the numerical 
factor is chosen such that the product O"eqSeq equals the mechanical 
work rate O"ijSij- In uniaxial shortening, Seq is equal to the shortening 
strain rate (Sll)' In simple shear at a shearing rate Y, Seq=Y /-[3. 

To compare finite strains in different deformation geometries, we 
use the equivalent logarithmic strain. This is equal to the Nadai meas
ure of octahedral straPl.-magnitude (used by Schmid et aI., 1987) mul
tiplied by the factor " ~ . For deformation at constant volume it is defi
ned as 

Eeq =~ ~ EijEij (4.3) 

where Eij is the logarithmic strain tens~r (Hill, 1950). This gives Eeq = 
Ell in uniaxial compression and Ceq = 4/3 In [~(y+~ y2+4)] in simple 
shear. Note, however, that the physical significance of eeq is not clear. 

4.4.4 Comparison 

We begin our comparison of the mechanical behaviour observed in 
the uniaxial and shear tests by obtaining expressions for the state of de
viatoric stress (O"ij*) in the samples assuming isotropic, perfectly plas
tic behaviour. We make the additional assumptions (a) that the applied 
stresses are uniformally transmitted throughout the samples, and (b) 



140 Comparison 250-350·C 

Comparison compression and shear 
assuming no lateral stress 

10 -.----------------=---------, 

C53/300 ·C 

_~::::::==~C42(350·C 
C46/350 ·C 

_---~----------------,23/300·C 

Lv 
-....,~...-_....--_.... _ ...- ...----------------..---..- ..-0·· 

~ 4. ~--;;:==~-:'-'::----121/365.C 1180(300 C 

0 
0.0 0.1 0.2 0.3 0.4 

Comparison compression and shear 
assuming lateral stresses 

10 

C53/300 ·C C42/350 "C8
 
a..
 
a; 

~ 
'" 6'" ~ 
t;
 
C
 4.E:l 
'" 

-::::::;:;:;;:;:.:~:-~~::~~:------------ 123(300·C 

V"~.::::----------------------------------ila;;~;:c 

.e: 
::> 
l:T
 
Ql
 2 

0 
0.0 0.1 0.2 0.3 0.4 

equivalent strain 

Figure 4.12: 
Comparison of mechanical data from the compression tests (solid li
nes) and the shear tests (dashed lines) in terms of (Jeq and teq- In (a), 
(Jeq is calculated directly from the applied stress ((Japplied 'tapplied)' In 
(b) lateral stresses of 3.5 MPa for 30crC and 2.15 MPa for 365"C are 
superposed for the calculation of the equivalent stress in shear. See 
text for discussion. 



chapter 4	 141 

that the samples can be considered to be in static equilibrium with no 
couple stresses. For the uniaxial case, the results obtained for the non
zero components of CJij* are CJll * = (~)CJapplied and CJ22* = CJ33* = 
(~)CJapplied , whereas in shear we have CJ12* = CJ21 * = 'tapplied' Using 
these results and assuming true uniaxial compression and simple shear 
deformations (at constant volume), equations (4.1) and (4.3) can be ap
plied to derive CJeq vs. Ceq curves for the samples tested. This has been 
done for all experiments performed at comparable strain rates, Le. at 
similar equivalent strain rates (Seq:=::: 2x10-6 s-l, refer to Table 4.1 and 
equation 4.2). The curves obtained are shown in Fig. 4.l2a. From the
se, it appears that at constant temperature the uniaxially deformed 
samples support substantially higher equivalent stresses (CJeq) than the 
sheared samples, for all values of Eeq. Because of ambiguity in the 
physical meaning of Ceq, however, the most significant observation is 
that the (near) steady state values of CJeq are 1.5 times larger in com
pression than in shear (under comparable conditions). This behaviour 
is clearly not consistent with that expected for an isotropic, perfectly 
plastic material under the assumptions made above. The implication is: 
(a) that the samples (though initially free of crystallographic or di

mensional preferred orientation) become mechanically anisotropic 
during deformation, exhibiting truly lower strength in shear than in 
compression; or 

(b)	 if the samples remain more or less mechanically isotropic, that the 
calculated values of CJij* and CJeq are in serious error because of 
imperfectly imposed boundary conditions or effects such as volu
me changes occurring within the samples. 

Now, taking into account the lack of texture in the starting material 
and the symmetry of deformation, the state of deviatoric stress (and 
hence CJeq) in the compression tests can be considered reasonably well 
determined CJll * = j CJapplied, CJ22* = CJ33* =-~Il). In shear deforma
tion, however, the full state of deviatoric stress in the samples is not 
known, since only vertical stresses are measured. Thus, errors may ari
se in calculating CJeq in shear. Nonetheless,for the case that the samp
les remain roughly isotropic during deformation (see (b) above), the 
range in magnitude of CJeq can be constrained. Two extreme constraints 
can be envisaged: 

(1) If the sample in the shear zone dilates during deformation, com
pressive stresses will be generated in the "wall rock" of the sample. 
Density measurements on the deformed samples show dilation du
ring shear was less than 0.2%. If this volume change is translated 
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into "virtual displacements" occurring perpendicular to the shear 
plane at a constant rate throughout deformation, then the maximum 
compressive stress generated normal to the shear zone can be esti
mated (in a time-averaged sense) from the creep law derived from 
uniaxial tests. From these calculations, it has been found that the 
maximum normal stresses induced by dilatancy during the shear 
experiments take average values between 2.15 and 3.5 MPa, depen
ding on temperature. The O'eq - Eeq curves for shear have been re
calculated using these values of normal stress superposed on the 
measured stresses. The result is shown in Fig. 4.12b. Still the salt 
appears weaker in shear than in the compression experiments. 

2)	 In the present shear apparatus tensile stresses may develop in the 
sample due to imperfectly imposed boundary conditions as the 
middle bar is displaced downwards. However, no evidence of tensi
le or extensional failure was observed in the sheared samples. It 
follows that the tensile stresses acting in the shear samples were al
most certainly less than the room temperature tensile strength of 1
3 MPa (Gessler, 1983). Introducing tensile stresses of 3 MPa; per
pendicular or parallel to the shear zone, into the equivalent stress 
calculation yields closely similar curves to those shown in Fig. 
4.12b. 

On the basis of the above, it seems that the "weak" behaviour ob
served in shear cannot be accounted for by isotropic behaviour of the 
samples coupled with errors in determining stress. We therefore infer 
that the samples became mechanically anisotropic during deformation, 
leading to truly weaker behaviour in shear than in compression when 
viewed in the framework of the von Mises theory. Thus the assump
tions underlying the theory of perfect isotropic plasticity and the asso
ciated flow rule (for generalizing creep laws to 3-D) do not seem to be 
applicable to the present experiments. Since the volume changes are 
smaller than 0.2% in both shear and compression, and since the same 
deformation mechanisms (dislocation creep) and microstructural pro
cesses are operative, we infer that the observed differences in mechani
cal behaviour between shear and compression are largely due to the 
textures developed in the two modes. In future, this explanation should 
be tested by means of Taylor or self-consistent simulations including 
the single cystal yield parameters and creep properties appropriate to 
the present experimental conditions (see Wenk et al., 1989). Finally, 
we note that the 'texture weakening' effect inferred here is quite diffe
rent from the weakening reported by Burrows et al. (1979) and Drury 
et al. (1985). Their weakening was associated with grain-scale shear 10
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calization, recrystallization and internal strain softening. The present 
effect involves no grain-scale localization process. 

4.5 CONCLUSIONS 

Dry polycrystalline salt has been deformed in compression and in 
near simple shear, at temperatures in the range 250 - 350°C. The mi
crostructure developed in compression and in shear is characterized by 
strongly deformed grains containing cellular networks of subgrains 
produced by polygonization. The deformation mechanism is of a 
climb-controlled dislocation creep type. The textures developed in 
compression are characterized by a tendency for the (11O} planes of 
the relatively weak (11O}<1 10> slip systems to rotate perpendicular to 
the compression direction. In shear the (11O} planes tend to align with 
the flow plane, but the <110> direction does not align with the flow di
rection. Instead the <111> direction tends to lie parallel to the shear di
rection. A difference in mechanical behaviour has been observed be
tween shear and compression. In terms of equivalent stress (calculated 
assuming isotropic behaviour), significantly lower flow stresses were 
obtained in shear than in compression. It is inferred that this difference 
in flow strength is largely due to anisotropy, Le. to the development of 
the observed textures. Our results suggest that the associated flow rule 
does not offer an accurate method of generalizing creep laws for salt to 
3-D (under the deformation conditions investigated here). 
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INFLUENCE OF DEFORMATION GEOMETRY 
on the flow behaviour of polycrystalline halite at 
temperatures in the range 250-600 °C* 

ABSTRACT 
In almost all geological modelling studies of large scale deforma

tion, experimentally obtained axisymmetric flow laws, have been ge
neralized using the associated flow rule known from the theory ofper
fect isotropic plasticity. The present study aims at a verification of the 
validity of this approach using an extensive experimental data set for 
synthetic polycrystalline halite, deformed in uniaxial compression and 
simple shear in the temperature field 250-600 0c. Climb-controlled 
dislocation creep models describe the flow behaviour, and at tempera
tures below 450°C climb is controlled by pipe diffusion, whereas at 
higher temperatures climb is controlled by lattice diffusion. 

The mechanical behaviour seen in uniaxial compression and shear 
is compared in terms of equivalent stress and strain and strain rate, as 
defined in the theory ofperfect isotropic plasticity. Below 400°C, the 
equivalent stresses supported in shear are smaller than those in com
pression (at similar equivalent strain rate and temperatures) for all 
strains, from the initial work-hardening stage of deformation through 
into the steady state. However, at temperatures above 400-45°C, the 
work hardening and steady-state behaviour obtained from both test 
geometries is similar. It is argued that the hardening behaviour of salt 
depends on the number and combination of activated slip systems 
(with differing critical resolved shear stresses), which in turn depends 
on the deformation geometry. The flow laws obtained in compression 
and shear have been compared using the associated flow rule. In the 
temperature range 250-450 °C, the flow law for compression is char
acterized by a significantly higher activation energy (by 35 kllmol) 
than the flow law for shear. The difference in activation energy in the 

This chapter has been submitted to Journal of Geophysical Research 
as: Franssen, R.C.M. vv. and Spiers, C.J. Influence of deformation geo
metry on the flow behaviour of polycrystalline rocksalt at temperatu
res in the range 250 - 600 °C. 

* 



146 Deformation geometry and flow behaviour 

pipe diffusion field may be caused by variations in dislocation sub
structure developed in shear and compression as a result of differences 
in activated slip systems. 

The associated flow rule does not offer an adequate method of ge
neralizing the flow law for salt in the pipe-diffusion field. However, 
dislocation creep laws reflecting lattice diffusion control can be gener
alized by the associated flow rule. Under geologically relevant condi
tions (T < 250°C), the generalization of the flow law for rocksalt, 
using the associated flow rule, may lead to errors in strain rate up to 2 
orders of magnitude. Similar effects may occur in other rock forming 
minerals in the low temperature dislocation creep field when slip sys
tems have very different strengths and when recovery and migration 
recrystallization are limited, or when pipe diffusion controls the dislo
cation creep rate. 
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5.1 INTRODUCTION 

To numerically model the mechanical behaviour of a rock body 
under given boundary conditions, it is necessary to generalize experi
mentally obtained flow laws, in which stress and strain rate are gene
rally treated as scalars, to a general three dimensional description whe
rein these quantities are treated as tensors (McClintock and Argon, 
1966; Stocker and Ashby, 1973; Ranalli, 1987; Twiss and Moores, 
1992). For example, almost all flow laws available for olivine rocks 
have been obtained from axially symmetric experiments and relate 
axial strain-rate to axial differential stress; in order to modellarge-sca
Ie mantle flow processes in 2-D or 3-D, these have to be generalized 
into relations linking the strain rate tensor Ejj to the stress state O'ij 

(Stocker and Ashby, 1973; Ranalli, 1987; Van Keken, 1993). The sa
me type of generalization procedure must also be applied to axi-sym
metric data on rocksalt in order to model tectonic processes as well as 
the (thermo)mechanical response of salt formations to the construction 
of waste repositories and/or storage caverns (Prij, 1983; Janssen et a1. 
1984; Van Sambeek, 1987; Spiers et aI., 1986; Van Keken et aI., 
1993). This type of generalization is usually done using the theory of 
perfect isotropic plasticity known from metallurgy (applied to incom
pressible media in a form often referred to as the associated flow rule). 
This theory implies that the principal axes of stress coincide with the 
principal axes of strain rate (Nye, 1953a; Paterson, 1976; Hobbs et aI., 
1990). In other words, the plastic strain rate vector is always normal to 
the yield surface ('normality rule' of Drucker, 1951, 1956). 

The assumptions underlying this method of generalization are that 
i) the material is isotropic, remains isotropic during deformation and 
has no memory for incremental strain history (i.e. the behaviour is 
path independent), ii) deformation is isovolumetric and iii) the mate
rial response is independent of the third invariant of the deviatoric 
stress tensor (Nye, 1953ab; Ranalli, 1987; Schmid et aI., 1987). 
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While the above method of generalization is widely applied in al
most all modelling studies of large scale deformation phenomena, it is 
well-known that most plastically deforming materials have some mi
crostructural memory for incremental strain history (for example 
Schmid et ai., 1987), and it may be expected and occasionally has been 
observed that the incremental deformation history influences the me
chanical behaviour to some extent (for example: Ghosh and Backofen, 
1973; Tome et ai., 1984). Furthermore, it has been clearly demonstra
ted from theory that axi-symmetric deformation experiments on mate
rials with 'memory' are insufficient to fully characterize the material 
behaviour (Hobbs, 1972; Ferguson, 1979). Since most flow laws for 
rocks are obtained from axi-symmetric compression experiments, there 
is no a priori justification for generalizing these flow laws using the 
associated flow rule, and experimentally based information on the va
lidity of the associated flow rule for individual materials is clearly nee
ded. 

Limited experimental data for calcite rocks suggest that flow laws 
derived from axi-symmetric experiments may be generalized using the 
associated flow rule approach (Schmid et aI, 1987). Schmid et al. 
(1987) compared mechanical data from simple shear experiments with 
flow law predictions based on conventional axially symmetric experi
ments. In the case of Carrara marble deformed in the dislocation creep 
regime, a good agreement was observed between the shear data and 
flow laws obtained from axi-symmetric experiments, though, the me
chanical data from Solnhofen limestone deformed in shear and com
pression show a less favourable agreement. On the other hand, in a 
simple comparison of the flow stresses obtained in polycrystalline hali
te in compression and shear at 250-350 °C at fixed strain rate, Franssen 
and Spiers (1990) (Chapter 4) found that the associated flow rule can 
introduce very significant errors. For example, assuming isotropic plas
ticity, it has been shown that the near steady state flow stresses are c. 
1.5 times larger in compression than in shear (under comparable condi
tions). In the present paper we extend this earlier work by conducting a 
comparison of the extensive bodies of cr-E-T data reported in Chapters 
2 and 3 for salt deformed in compression and shear. The comparison is 
carried out in the framework of perfect plasticity theory with the aims 
of i) testing the validity of the associated flow rule for deformation of 
salt in the dislocation creep field, and ii) of interpreting any differences 
in flow behaviour between the two deformation geometries in terms of 
the underlying microphysical processes operating in the material. The 
motivation for the present study was to gain insight into the influence 
of deformation geometry on flow behaviour, not only for salt in its own 
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right, but also from the viewpoint of shedding light on effects that 
might occur in silicate minerals. The results show that the defonnation 
geometry has a clear effect in salt at conditions favouring pipe-diffu
sion controlled dislocation creep. A similar effect can also be expected 
in other minerals, for example quartz and olivine, under conditions of 
favouring dislocation glide or creep. 

5.2	 EXPERIMENTAL DATA FOR POLYCRYSTALLINE 
HALITE DEFORMED IN COMPRESSION AND SHEAR 

As mentioned above, a large body of experimental data on the de
fonnation behaviour of synthetic polycrystalline salt in uniaxial com
pression and in shear has been reported in Chapters 2 and 3. 

The uniaxial compression experiments were carried out in an In
stron 1193 constant displacement apparatus equipped with a high tem
perature furnace and superalloy loading pistons. The shear experiments 
were carried out in a shear rig consisting of three parallel bars 
(Franssen and Spiers, 1990). The two outer bars were fixed to end-pla
tens and are immobile whereas the middle bar is free to move in the 
vertical direction only, i.e. parallel to the fixed outer bars. A sample 
with reduced sections was fitted length-wise through aligned holes in 
the three loading bars. Advancing the middle bar downwards imposed 
a deformation close to simple shear on the reduced sections of the 
sample. The experiments were carried out in the temperature range 250 
- 600°C with strain rates between 10-3 - 10-7 s-l. The shear strain-rates 
were chosen to be comparable with the compression strain-rates accor
ding to the equivalent strain-rate concept (Franssen and Spiers, 1990). 
Constant strain-rate, strain-rate stepping tests and creep tests were car
ried out, the data set consists of cr - E and cr-E-T data. 

Mechanical data 
Table 5.1 summarizes the details of the experiments reported in the 

present study. Typical applied stress vs. axial strain curves for uniaxial 
compression experiments are shown in Fig. 5.1. Below 400-450 DC, 
these curves show considerable work-hardening during the 5 - 10% 
shortening. At higher temperatures, steady state is attained within c.2% 
strain. The steady state flow stress decreases from c. 5 - 10 MPa at low 
temperatures to c. 0.5 - 1 MPa at 600°C. Typical applied shear stress 
vs. shear strain data obtained from shear experiments are shown in Fig. 
5.2 (see Table 5.1 for details). All curves show work hardening during 
the first 0.1 - 0.2 shear strain, then steady state flow is attained. 
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Table 5.1 Summary of mechanical data of uniaxial compression 
and shear experiments used in this study. 

Test T Strain rate 
number (Oel (S·1) 

Uniaxial compression experiments 

C53 300 
C6 300 
C42 350 
C46 350 
C5 350 
C8 400 
C27 400 
C2 400 
C3 450 
C44st1 450 
C44st2 450 
C44st3 450 
C4 500 
C54st1 500 
C54st2 500 
C19 550 
C24 550 
C40 600 
C41st1 600 
C415t2 600 
C415t3 600 
C415t4 600 

Shear experiments 

123 300 
1185 300 
121 365 
124 365 
122 400 
1145 400 
1175 400 
1125 450 
101 500 
1105 500 
1115 500 
108 550 
1165 550 
109 550 
1265t1 600 
1265t2 600 
1265t3 600 

1.8* 10-6 

3.6*10-6 

1.8* 10-6 

1.8* 10-6 

3.6*10.6 

1.8*10.6 

1.8*10-6 

3.6*10-6 

3.6*10-6 

3.6*10-7 

1.8*10-6 

3.6*10-6 

3.6*10-6 

1.8*10-6 

3.6*10.6 

1.8*10-6 

3.6*10-6 

3.6*10.6 

3.6*10-7 

1.8* 10-6 

3.6*10-6 

1.8*10-5 
.................
 

3.6*10.6 

3.6 *10-6 

3.6*10-6 

7.2 *10.6 

3.6 *10.6 

3.6 *10-6 

7.2 *10.6 

7.2 *10-6 

7.2 *10.6 

7.2 *10.6 

7.2 *10-6 

3.6 *10.6 

7.2 *10-6 

7.2 *10.6 

3.6 *10.6 

7.2 *10.6 

3.6 *10-5 

Stress (MPa)
 
at 10%
 

strain or
 

7.5 
8.3 
7.1 
6.7 
6.4 
4.2 
3.7 
5.2 
3.6 
2.3 at 
3.0at 
3.4 at 
2.8 
3.4 
3.9 
1.5 
1.7 
1.2 
0.6 at 
0.8 at 
1.0 at 
1.5 at 

Final Equivalent 
strain stress at end 

of test or step 

14.2% 7.7 
24.0% 9.4 
13.9% 7.3 
14.6% 6.9 
23.0% 7.1 
14.0% 4.2 
14.3% 3.8 
19.9% 5.7 
20.2% 4.0 

9.0% 2.3 
12.0% 3.0 
14.8% 3.4 
20.6% 3.0 
11.2% 3.4 
14.9% 3.9 
15.2% 1.5 
19.1% 1.8 
19.3% 1.2 
11.6% 0.6 
14.4% 0.8 
17.9% 1.0 
22.0% 1.5 

...................... .....................................
 
Final shear Final shear 

stress (MPa) 

3.46 
2.85 
2.54 
2.23 
2.27 
2.67 
2.22 
2.20 
1.41 
1.43 
1.5 
0.75 
1.3 
1.12 
0.52 
0.58 
0.8 

strain 

0.56 6.0 
1.22 5.0 
0.34 4.4 
0.99 3.9 
0.96 3.9 
1.58 4.6 
1.19 3.8 
1.80 3.8 
0.55 2.4 
0.66 2.5 
1.95 2.6 
0.96 1.3 
1.18 2.2 
1.38 1.9 
0.32 0.9 
0.58 1.0 
1.0 1.4 
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Figure 5.1: 
Typical stress-strain curves for uniaxially compressed polycrystalline 
halite deformed at a constant strain rate of 3.6*10-6 S-1 between 300 
and 600"C. Each curve is labelled with test temperature and test 
number (italics). 

Shear strain rate 7.2 * 10.6 s·1
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Figure 5.2: 
Applied shear stress trapp/jed) versus shear strain plots for polycry
stalline halite deformed in shear for temperatures between 365 and 
550"C and an applied shear strain rate of 7.2*10-6 S-1. Each curve is 
labelled with test temperature and test number (italics). 
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Table 5.2 
Flow law parameters derived from uniaxial compression and simp
le shear experiments (see Chapters 2 and 3). The mechanical data 
have been fitted to a general power law creep equation (Frost & 
AshbY, 1982): 

£, = Aexp(-~H/RT)((}applied)n for uniaxial compression and 

y = Aexp(-~H/RT)('tapplied)n for shear deformation 

Temperature Deformation mode n-value ~H (kJ/mol) InA (MPa-ns-') 
interval (DC) 

250 - 450 shear deformation 5.2±0.20 92.7±7 -0.33±3.0 
uniaxial compression 5.7±0.33 129±8 1.75±4.0 

500 - 600 shear deformation 4.3±0.28 209±18 19.5±2.7 
500 - 780 uniaxial compression 4.4±0.22 227±10 18±2.3 

Meaning of symbols: f:. the strain rate (5"); cr: the applied stress 
(MPa); y: the shear strain rate (5-'); 1: the applied shear stress 
(MPa); n: the power-law exponent; ~H: apparent activation energy 
for creep (kJ/mol); A is a constant (MPa-ns"); R: the gas constant 
(kJ/Kmol); T: temperature (K); In: natural logarithm. 

The steady state flow stress ranges from c. 3.5 MPa at 300 °e to c. 0.5
1 MPa at 600°C. Accurate density measurements on the deformed 
samples showed that dilation during shear was less then 0.2%. 

Flow behaviour and rate-controlling processes 
In compression and simple shear, climb-controlled dislocation 

creep models describe the flow behaviour across the entire range of 
conditions investigated. At temperatures from 250 to 450 °e, the do
minant mechanism is inferred to be climb controlled by diffusion th
rough dislocation cores (pipe diffusion). The flow law for uniaxial 
compression, in this temperature regime, is given by (see also Table 
5.2): 

£,= 5.75exp(-129 ± 8/RT)(}5.7±0.33 (5.1 ) 

where £, is the compression strain rate (in s-l); the activation energy 
for creep is expressed in kllmol and the applied stress () in MPa. 
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The flow law obtained from shear experiments, at temperature, in 
the range from 250 to 450°C, is given by: 

y = O.72exp(-93 ± 7/RT)t5.2±O.2 (5.2) 

and y is the shear strain rate, t is the shear stress. 
In the temperature range 500-600 °C, the flow behaviour is infer

red to be dominated by lattice diffusion controlled dislocation creep. 
The flow law for uniaxial compression is given by the empirical 
equation: 

£= 6.57x107exp(-227 ± 10/RT)cr4.4±O.2 (5.3) 

and the flow law for shear deformation is given by: 

Y= 2.65x108exp(-209 ± 18/RT)t4.3±O.3 (5.4) 

Pipe diffusion and lattice diffusion controlled dislocation creep are 
parallel-concurrent processes, which act simultaneous and each contri
bute to the total strain-rate. The total strain-rate therefore can be des
cribed as the sum of the strain rates of the two creep mechanisms 
(Poirier, 1985). Consequently, the total strain rate in compression is gi
ven by: 

£tot = 6.57x107exp(-227 ± 10/RT)cr4.4±O.2 + 

5.75exp(-129±8/RT).cr5.7±O.33 (5.5) 

and the total strain rate in shear is given by: 

Ytot = 2.65x108exp(-209 ± 18/RT)t4.3±O.3 + 

O.72exp(-93 ± 7/RT)t5.2±O.2 (5.6) 

The empirical equations 5.5 and 5.6 agree favorably with the mechani
cal data obtained in compression and in shear respectively (Chapters 2 
and 3). In general, the process with the lowest activation energy gives 
the largest contribution to the total strain rate at low temperatures, 
whereas the process with the highest activation energy dominates the 
deformation rate at high temperatures. In the temperature range 450
500°C, both pipe diffusion and lattice-diffusion controlled dislocation 
creep contribute approximately equally to the total strain rate (Chap
ters 2 and 3). 
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a 

b 

Figure 5.3: 
Typical microstructures developed in compression and shear experi
ments at 250-351J'G. 
(a)	 Cellular subgrains develop in uniaxial compression (sample C42, 

351J'C, E = 13.9%) 
(b)	 Blocky subgrains, with the sides approximately parallel and sub

normal to the shear plane, are often observed in sheared samp
les. The deformed grain shape fabric defines a foliation. 
(sample 123, 301J'C, final shear strain 0.56). 
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a 

b 

Figure 5.4: 
Microstructures observed in uniaxially and sheared samples defor
med at 400-500 ac. Grains have concavo-convex contacts due the de
velopment of grain boundary bulges which indicates limited activity 
of migration recrystallization. Deformed and recrystallized grains 
contain well developed cellular subgrains. (a) Compression, sample 
C8, 400 cC, 14% shortening, (bJ Sheared sample 122, 400 ac, final she
ar strain 1.2. Same scale bar as in a) applies. 
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a 

b 

Figure 5.5: 
At temperatures above 500°C the microstructural development is 
controlled by grain boundary migration recrystallization. (a) Sample 
shortened 15.2% at 55(J'C. The dark-etched grain (left of centre) is a 
deformed grain which being consumed by the light-etched grain in 
the centre. Subgrain boundaries in the recrystallizing grain appear to 
pin the migrating boundary. (b) Sheared sample 110s deformed at 
500°C to"( = 0.66. Similar observations as in (a) can be made. For mi
crograph in b): scale bar shown in (a) should read 100 I!m. 
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Figure 5.6: 
Inverse pole figure for the 

P MAX = 1.67 
P MIN • 0.45 

CONTOUR LEVELS 111 

compression direction of 
sample C4 shortened 21% at 

1.0. 

1.2. 
1.4, 

500°C. Contour intervals in 1.6XRANDOM 

0.2 times uniform, area with 
intensities greater than 1 is 
shaded. The maximum inten
sity at <110> is characteristic 
for the temperature range 250
550°C. 

Microstructural processes 
In the temperature range 250 - 350 DC, the microstructural deve

lopment in both deformation geometries is characterized by polygoni
zation and rotation recrystallization (Fig. 5.3). At higher temperatures, 
grain boundary migration becomes more important (Fig. 5.4). The de
velopment of concavo-convex grain contacts and cuspate grain boun
daries is inferred to be consistent with strain-induced grain boundary 
migration (Nicolas and Poirier, 1976; Karato, 1988, Derby, 1990; 
Drury and Urai, 1990). At temperatures in the range 500-600 DC, grain 
boundary migration is the dominant microstructural processes. The 
transition to migration recrystallization dominated microstructures 
coincides with a change in the dominant deformation mechanism from 
pipe- to lattice-diffusion controlled creep (Fig. 5.5) (Chapters 2 and 3). 
This can be explained as due to relative changes of grain boundary 
mobility, nucleation rate and driving force in relation to Derby's 
(1992) dynamic recrystallization model (see Chapter 2). 

Crystallographic preferred orientations 
For all temperatures investigated, the crystallographic preferred 

orientations developed in compression are characterized by rotation of 
the {l1O} poles towards the shortening direction (Fig. 5.6). In shear, 
the crystallographic preferred orientation is characterized by rotation 
of {11O} planes parallel to the shear plane. The inverse pole figures of 
the shear direction show a maximum around <111> (Fig. 5.7). The ex
perimentally obtained textures resemble the results obtained by Wenk 
et al. (1989a), who modelled texture development in halite simulating 
compression and shear deformation at room temperature. 
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Figure 5.7: 
Top: pole figure for the {220} and {200} crystallographic directions and 
bottom: inverse pole figure for the shear direction (left) and the shear 
plane normal (right) of sample 708 deformed at 550°C (y = 7). Contour 
levels in times uniform are indicated. Similar (inverse) pole figures are 
obtained from samples deformed in the temperature range 300 - 550°C. 
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5.3	 COMPARISON OF THE MECHANICAL BEHA
VIOUR IN COMPRESSION AND SHEAR 

5.3.1	 Definition ofquantities 
An attempt is now made to compare the mechanical behaviour 

(flow strength) and the flow laws obtained in compression and shear. 
This comparison is done within the framework of the von Mises theo
ry of isotropic plasticity. This theory states that yielding (flow) in an 
isotropic incompressible material occurs when the state of stress satis
fies a particular condition c.q. the yield criterion. The flow behaviour 
reflects physical properties of the material and the von Mises criterion 
must be valid under any coordinate transformation. It is therefore na
tural to express a number of quantities in terms of invariants 
(McClintock and Argon, 1966; Ranalli, 1987). 

Definitions 
We start by introducing a quantity known as the equivalent stress, 

(see Hill, 1950; McClintock & Argon, 1966). This is defined as 

(5.7) 

where O'jj* is the deviatoric stress tensor and J2*) is its second inva
riant. The von Mises yield criterion states that flow in a homogeneous 
isotropic, incompressible, perfectly plastic solid occurs when O'eq 
reaches a critical value equal to the yield strength in uniaxial compres
sion. This holds for all stress states (O'jj*) causing flow in such mate
rials (Hill, 1950; McClintock & Argon, 1966). In case of an isotropic, 
perfectly plastic material undergoing flow, O'eq can thus be regarded as 
a measure of flow strength, or flow stress, taking the same value inde
pendently of deformation geometry. Hence O'eq forms a useful quanti
ty for comparing the flow strength of real materials in different defor
mation modes. For uniaxial stress (O'll=O'applied) equation (Eq. 5.7) 
yields O'eq = 0'11, whereas for a pure shear stress of magnitude 't, O'eq 
= f3. t. 

In order to compare strain rates in different deformation modes, 
we follow Schmid et al. (1987) in using a quantity generally referred 
to as the equivalent strain rate (see also Stocker & Ashby, 1973). For 
constant volume deformation, this is defined as 

Seq = --J~ SijSij = ~	 (5.8) 
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where Sij is the strain rate tensor and Iz is the second invariant of Sij
It can be viewed as an octahedral shear strain-rate in which the nume
rical factor is chosen such that the product O'eqSeq equals the mechani
cal work rate O'ijSij. In uniaxial shortening, Seq is equal to the shorte
ning strain rate (SII). In simple shear at a shearing rate 1, Seq= 1rJ 3. 

To compare finite strains in different deformation geometries, we 
use the equivalent logarithmic strain (Hill, 1950; McClintock and 
Argon, 1966). For deformation at constant volume it is defined as 

Eeq= -'./~ EijEij (5.9) 

where Eij is the logarithmic strain tensor. This gives Eeq=Cll in 
uniaxial compression and Eeq=~.ln [~ Y+"yZ+4)] in simple shear. 
Note, however, that the physical significance of Ceq is 'not clear. 
Assuming isotropy, the stress-strain curve in uniaxial compression is 
the equivalent stress-equivalent strain curve. 

In case of steady state deformation, the von Mises theory of per
fect plasticity relates equivalent stress to equivalent strain for a given 
equivalent strain-rate. Hence, the theory assumes the existence of a 
universal stress-strain curve whose form can be determined by a single 
uniaxial test (Malvern, 1969; Tome et aI., 1984). 

Generalized flow law 
First, we derive a general tensor form of a power-law creep 

equation following Ranalli (1987, p. 75-78), and then we will derive 
expressions allowing the flow law, established from uniaxial compres
sion experiments (Eq. 5.5), to be compared to the flow law obtained 
from simple shear experiments (Eq. 5.6). 

Suppose a steady state flow law, relating Sll to 0'11, obtained from 
laboratory compression experiments has the general power-law form: 

(5.10) 

where A is a function of temperature and material parameters. 
Expressing the power-law creep equation 5.10 in tensor form allows 
extensions of the experimental results to a general state of stress. 
According to the theory of isotropic plasticity, the flow properties are 
material properties valid under any stress state, therefore we express 
Eq. 5.10 in terms of the O'eq and Seq as defined above. For a homoge
neous, isotropic, incompressible material with a flow law as expressed 
in Eq. 5.10, it can be postulated that the general flow law expresses a 
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relation between O'eq and Seq of the fonn (Nye, 1953a; Ranalli, 1987): 

(5.11 ) 

This equation describes the power-law creep equation in terms of inva
riants 12 and 12*. If the material remains isotropic and homogeneous 
during flow, then the principal axes of Sij must be parallel and propor
tional to O'ij* (Nye, 1953a; Malvern, 1969): 

(5.12) 

where A is a positive scalar that depends on position and time (for ex
ample due to strain hardening). Equations 5.12 are analogues to the 
Levy-Mises relations in the theory of plasticity (Hill, 1950; Malvern, 
1969) and are often referred to as the associated flow rule. Equations 
5.11 and 5.12, combined with Eqs. 5.7 and 5.8, imply that (Nye, 
1953ab): 

Seq = AO'eq (5.13) 

Combining Eqs. 5.11 with 5.13 yields: 

(5.14) 

and hence, Eq. 5.12 can be written as: 

S" - A (0' )n-10'..* (5.15)IJ - eq IJ 

Equation 5.15 is a generalized power-law creep equation in tensor 
fonn. In case of compression, O'eq == 0'11 and Sij == Sl1 (Eqs 5.7 and 
5.8) and therefore 

which is identical to Eq. 5.10, that was obtained experimentally. 
The generalized uniaxially derived flow law (Eq. 5.15) can be ex

pressed in tenns of shear defonnation. The only non-zero stress com
ponents of the deviatoric stress tensor are 0'12* == 0'21 * == 't'applied and 
the strain rate Sij == Y/-f3 == 2S12 /-f3. Insertion into 5.15 yields 

y=c-!3)n+1Atn (5.16) 
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If a power-law creep equation is determined from uniaxial deformation 
experiments, the general expression of the flow law in tensor form is 
given by: 

Similar expressions have been derived by Stocker and Ashby (1973), 
Schmid et al. (1987) and Ranalli (1987). If n -> 00 and Seq -> 00 , Eqs 
5.12 are the usual Levy-Mises relations for an isotropic incompressible 
plastic-rigid material with a constant yield stress (Nye, 1953a; 
Malvern, 1969). 

5.3.2 Comparison ofstress - strain behaviour 
The mechanical behaviour observed in the uniaxial compression 

and shear experiments can be compared assuming isotropic, perfectly 
plastic behaviour. Expressions for the state of deviatoric stress (crij*) in 
the samples can then be obtained, if the following additional assump
tions are made (Franssen and Spiers, 1990): (a) that the applied stres
ses are uniformly transmitted throughout the samples, and (b) that the 
samples can be considered to be in static equilibrium with no couple 
stresses. For uniaxial deformation, the results obtained for the non-zero 
components of crij* are crll* = (})crapplied and cr22* = cr33*= n·) crap
plied, whereas in shear we have cr12* = cr21* = 'tapplied· Using these re
sults and assuming isovolumetric true uniaxial compression and true 
simple shear deformations, Equations (5.7) and (5.9) can be applied to 
derive creq vs. Eeq curves for the samples tested. In the following sec
tion, the creq vs. Eeq behaviour is compared as a function of compara
ble strain rates Seq and temperature (refer to Table 5.1). 

250-350 °C 
Representative creq vs. Eeq curves for shear and compression tests 

deformed at comparable rates are shown in Fig. 5.8 (see also Franssen 
and Spiers, 1990). At constant temperature, the uniaxially deformed 
samples support significantly higher equivalent stresses than the 
sheared samples, for all values of Eeq. Leaving the physical meaning 
of Eeq undiscussed, the most significant observation is that in compres
sion the (near) steady state creq is c. 1.5 times larger than in shear. This 
behaviour is inconsistent with that expected for an isotropic perfectly 
plastic material under the assumptions made above. 



chapter 5 163 

10,------------------------, 

o-f--..-~-.....-_._~-~~~-~-.--..--.__~-..-~__l 

0.0 0.1 0.2 0.3 0.4 

equivalent strain 

Figure 5.8: 
Comparison of mechanical data from the compression tests (bold li
nes) and shear tests (dashed lines) in terms of (Jeq and Eeq for the 
temperature range 250 - 3500C. In compression the steady state 
values of (Jeq supported are c. 1.5 times larger than in shear, under 
comparable conditions. 

400-600 °C 
In this temperature range, the aeq vs. Ceq curves obtained for shear 

and compression agree rather well (Figs. 5.9 and 5.10). The values of 
aeq of the compression and shear tests agree within 0.5 MPa. This is 
similar to the reproducibility of the tests. Strain-rate stepping tests 
yield similar results as constant strain-rate tests. The most notable dif
ferences between the shear and compression experiments are the hig
her strains attained in the latter tests. 

5.3.3. Comparison offlow behaviour in compression and shear 
The comparison of the flow laws obtained from uniaxial compres

sion and shear experiments (Eqs. 5.5 and 5.6 respectively) is carried 
out using Eq. 5.16 in order to express the uniaxially-derived flow law 
in terms of shear defonnation. Inserting the combined flow law of Eq. 
5.5 into Eq. 5.16 yields 

Ytot = (-Y3)5.4 (6.57 x 107 exp(-227/RT)a4.4) + 
("'!3)6.7 (5.75 exp(-129/RT)a5.7 ) (5.18) 
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Figure 5.9: 
Comparison of mechanical data from the compression tests (bold li
nes) and shear tests (thin lines) in terms of (Jeq and Eeq. In (a) experi
ments carried out at 400°C; (b) at 450 °C and (c) at 500°C are 
shown. Equivalent strain rates are indicated. The steady state values 
of (Jeqsupported in compression and in shear are approximately si
mi/ar. The strain-rates of the uniaxial stepping tests (C44 in (b)) and 
(C54 in (c)) which do not correspond to the equivalent strain rates as 
indicated, are shown as thin lines. 
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Comparison of mechanical data from the compression tests (bold li
nes) and shear tests (thin lines) in terms of (Jeq and Ceq' The tempera
tures and equivalent strain rates are indicated, the strain rates of 
step test 126st are shown in Table 5.2. The steady state values of (Jeq 

supported compression and shear are approximately similar. The 
strain rates of uniaxial strain-rate step test C41 (in c) which do not 
correspond to the equivalent strain-rate are shown as thin Jines. 
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Figure 5.11: 
Comparison between the shear strain rate - shear stress relations 
predicted by Eq. 5.18, based on uniaxial creep data (solid lines) and 
Eq. 5.6, based on simple shear creep data (dashed Jines). The 
uniaxially-derived flow law predicts significantly lower shear strain 
rates than the simple shear flow law for temperatures below c. 
45crC. For higher temperatures a favourable agreement between 
the two flow laws is obtained. 

This uniaxially-derived flow law can be compared directly with the 
flow law obtained from the shear experiments (Fig. 5.11). If the theory 
of perfect isotropic plasticity, under the assumptions made in the intro
duction, is correct the isotherms describing the shear stress - shear 
strain-rate relations given by Eqs. 5.6 and 5.18 should coincide. Note 
that the estimated error in shear stress is less than 20% of the calcula
ted value and that the strain rate is estimated to be within half order of 
magnitude accuracy. 

Fig. 5.11 shows isotherms described by Eqs. 5.6 and 5.18 in tem
perature range from 300 to 600°C. Below 400-450 °e, the uniaxially
derived flow law (Eq. 5.18) yields significantly higher shear stresses 
for a given shear strain-rate than the shear-derived flow law. For ex
ample, at 300 °e, the generalized uniaxial flow law (Eq. 5.18) yields 
shear stresses which are c. 1.5 times larger than those obtained from 
the shear experiments. In other words, over the experimental range in
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vestigated, the generalized uniaxial flow law predicts lower shear 
strain rates than the shear flow law. With increasing temperature the 
difference between Eq. 5.6 and Eq. 5.18 decreases and at temperatures 
above 400-450 DC, a fairly good agreement is obtained between the 
two flow laws (within approximately 10 - 20% of the shear stress for a 
given shear strain-rate). 

5.4 DISCUSSION 

The results obtained from a comparison of the deformation beha
viour seen in compression and in shear using the perfect isotropic plas
ticity theory can be summarized as follows: 

1) at temperatures above c. 400, DC similar (near) steady state values 
of O"eq are obtained in compression and in shear at constant Seq; 

2) above 400-450 DC, the uniaxially-derived flow law and the flow 
law obtained from the shear experiments describe similar beha
viour; 

3) at constant Seq, significantly higher values of O"eq are obtained in 
compression than in shear at temperatures below 400 DC; 

4) and finally, at temperatures below 400 DC, the generalized uniaxi
ally derived flow law fails to predict the shear strain rates obtained 
from the shear experiments by almost one order of magnitude. 

It has been shown above that at temperatures above 400-450 DC possi
ble deviations from the theory of isotropic plasticity are small. On the 
basis of these findings, it can be stated that at temperatures above 400
450 DC, the associated flow rule provides an adequate method to gener
alize the flow laws. 

At temperatures below 400 DC, however, the associated flow law 
derived from the theory of perfect isotropic plasticity is clearly not va
lid and the generalization of the flow laws in this temperature regime 
will introduce significant errors. The associated flow rule is based on 
the assumptions that i) deforming material is and remains isotropic, ii) 
the material response is independent of the third invariant of the devia
toric stress tensor and, iii) deformation does not involve any volume 
changes in the sample. These results imply that below 400 DC (a) the 
samples become mechanically anisotropic during deformation (though 
initially free of any crystallographic or shape preferred orientation), 
thus exhibiting truly lower strength in shear than in compression; or (b) 
the samples remain more or less mechanically isotropic and that the 



168 Deformation geometry and flow behaviour 

calculated values in O"ij* and O"eq are in serious error because of imper
fectly imposed boundary conditions. Especially in case of shear defor
mation, the full state of deviatoric stress in the sample may not be fully 
known, since only vertical stresses are measured. Franssen and Spiers 
(1990) have shown by a careful analysis that possible compressive 
stresses due to dilation of the sample or possible tensile stresses due to 
imperfectly imposed boundary conditions cannot account for the ob
served differences and implication (b) can be ruled out. 

In the following, we will discuss possible microphysical reasons 
for the inferred development of mechanical anisotropy and the associa
ted differences in the shear and compression flow laws observed at low 
temperatures. 

5.4.1 Development ofmechanical anisotropy 
It is apparent from the O"eq vs. Ceq data and from the comparison of 

the flow laws presented above that, at T<400 °C, the equivalent stres
ses O"eq supported in shear are smaller than those supported in com
pression (at similar Seq and T) for all strains, i.e. from the initial work 
hardening stage of deformation through into the steady state stage. 
However, at temperatures above 400°C, the strain hardening and ste
ady state behaviour obtained from both deformation geometries are si
milar. 

The microstructural and microphysical processes identified in the 
salt deformed in shear and compression are virtually identical 
(Chapters 2 and 3) and thus do not offer an explanation for the diffe
rent mechanical behaviour seen at lower temperatures. Now, the avera
ge Taylor factors for compression and shear of aggregates with no 
crystallographic preferred orientation are approximately equal, for the 
first increment of deformation (e.g. Tome et aI., 1984; Takeshita and 
Wenk, 1988; Takeshita, 1989). On the other hand, polycrystal plastici
ty modelling studies show that deformation in (pure) simple shear and 
compression leads to the activation of different combinations of slip 
systems integrated over the entire grain population, and to the associa
ted development of distinct crystallographic preferred orientations (e.g. 
Tome et aI., 1984; Wenk et aI., 1986, 1989ab). Thus, the difference in 
mechanical behaviour seen at lower temperatures «400°C) may be 
due to the development of different preferred orientations (as sugge
sted by Franssen and Spiers, 1990) or due to differences in number and 
combinations of activated slip systems and coupled differences in dis
location interaction and hardening (Tome et aI., 1984). These two pos
sibilities are considered further below. 
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Effect of texture development 
Texture modelling studies for various rock forming minerals have 

shown that the imposed deformation geometry determines the activated 
slip systems, and hence the texture evolution (Takeshita and Wenk, 
1988; Takeshita, 1989; Takeshita et al., 1990; Wenk et al., 1986; 
1989ab). Lattice rotations create crystallographic preferred orientations 
and the associated mechanical anisotropy (geometrical softening or 
hardening, cf. White et al., 1980) will depend on the deformation geo
metry. Texture simulations have shown that materials, in which the cri
tical resolved shear stresses (CRSS) of the slip systems vary, become 
stronger with increasing number of significant slip systems, probably 
because this requires activation of harder slip systems (Wenk et al., 
1986; Takeshita, 1989). In addition, texture simulations have shown 
that in general fewer slip systems are needed to accommodate an incre
ment of simple shear compared to an increment of uniaxial compres
sion. For Cu, Tome et al. (1984) have shown that this gives rise to we
aker behaviour in torsion/shear than in compression. However, in most 
cases, the effects are slight (<10%) and only significant at relative lar
ge strains. 

In the present study, the crystallographic preferred orientations de
veloped in shear and compression were approximately similar at low 
temperatures (250-400 °C), compared to those obtained at high tempe
ratures (450-600 °C). The development of crystallographic preferred 
orientation, coupled with varying CRSS of the active slip systems, can
not explain the large differences in O'eq' because these are apparent 
from the initial work hardening stage at T < 400°C . 

Effects of dislocation activation and interaction 
From above, it is clear that crystallographic preferred orientation 

development cannot fully explain the present results. The work-harde
ning rate of polycrystalline halite is not unique (loading path depen
dent) and may depend on the deformation geometry. First, the effects 
of the activation of 'harder' slip systems on the mechanical behaviour 
will be addressed, followed by a brief discussion on the relation be
tween work-hardening rate and deformation mode. 

The effect of the activation of different (combination of) slip sys
tems on the mechanical behaviour can best be illustrated by the analo
gy with NaCI single crystals deformed along different crystallographic 
directions (Carter and Heard, 1970; Van Alsem et al., 1982). Single 
crystals shortened along the <100> direction favour slip on the 'softer' 
(1l0}<1l0> system. If glide on this slip system is impeded, for ex
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ample by loading along the <111> direction, subsidiary glide on {100} 
and {Ill} planes, which have higher CRSS and higher hardening ra
tes, result in deformation at significantly higher stresses. This differen
ce in flow stress will be most pronounced at temperatures below 400 
DC, where the CRSS of the three principal types of slip systems in hali
te differ most (by a factor 2 - 3 at 250 DC). At higher temperatures, all 
slip systems have comparable CRSS (Carter and Heard, 1970) and this 
effect is less significant. 

The effect of the activation of subsidiary glide on the hardening be
haviour of NaCl poycrystals is investigated by Bulatova & Nadgornyi 
(1982) and Nadgornyi & Strunk (1987). These authors showed that the 
strain hardening behaviour in NaCl polycrystals is fully determined by 
internal stresses produced by arising dislocations, and the magnitude of 
the internal stresses depends on the number of activated slip systems. 
TEM studies by Nadgornyi and Strunk (1987) revealed that the dislo
cation substructure of NaCl polycrystals, deformed in compression at 
room temperature, is characterized by a 3-dimensional cellular network 
with no evidence of macroscopic single glide. The high stresses obtai
ned in the uniaxially compressed polycrystals (relative to single crystal 
values compressed along <100» result from considerable glide on the 
subsidiary {111} and {100} planes and from strong dislocation inter
action (Nadgornyi and Strunk, 1987). This effect is significant even in 
the micro-plastic range (E < 0.2%) (Bulatova and Nadgornyi, 1982). 

Similar effects, such as glide on subsidiary slip systems, may occur 
in the uniaxially shortened samples of the present study. Unfortunately, 
no TEM data are available for the samples used in the present study 
and a comparison between the dislocation structures obtained in shear 
and compression cannot be made. As has been mentioned above, textu
re simulation showed that for an increment of simple shear fewer slip 
systems are needed, compared to an increment of uniaxial compres
sion. At the same time, the systems activated in shear tend to be 'sof
ter' slip systems, with the result that the flow stresses in shear are lo
wer than in compression (Takeshita, 1989). This effect will be stronge
st at temperatures below 400 DC, where the slip systems have very dif
ferent CRSS (so that the single crystal yield surface is highly anisotro
pic) and different hardening rates. Note that some additional support 
for subsidiary glide in uniaxial compression can be drawn from the ha
lite texture simulations carried out by Wenk et al. (1989a). The experi
mental textures of compressed polycrystalline NaCl resemble most the 
results of the simulations in which hardening of the slip systems was 
included (see also Chapter 2). The simulations showed that in those ca
ses, hardening gave rise to a higher average number of slip systems 
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and, consequently, subsidiary glide was important in the case of 
uniaxial compression. Unfortunately, no detailed texture simulation re
sults were presented by Wenk et al. (1989a) for deformation of halite 
in simple shear, prohibiting a comparison with the experimental re
sults. 

The following point to be discussed in some more detail is how the 
work-hardening rate may depend on the deformation mode. The work
hardening rate of polycrystalline halite has been shown to depend on 
deformation mode and this may be due to differences in number and 
combinations of the slip systems activated. Such behaviour has been 
observed for Cu polycrystals (Tome et aI., 1984) and since neither the 
dislocation substructure nor the number of active slip systems of the 
experimentally deformed polycrystalline halite are known, we have to 
rely on results obtained for other materials. 

Based on mechanical data of Cu polycrystals deformed in compres
sion, tension and torsion, together with texture simulation investiga
tions, Tome et al. (1984) showed that the strain hardening behaviour of 
polycrystalline Cu depends on the deformation mode. After accounting 
for the mechanical effects of the development of crystallographic pre
ferred orientation, the shear stresses for Cu deformed in torsion remai
ned lower than the uniaxial curves even for very small equivalent 
strain (ceq <0.1) (Fig. 5.12a) and a single unique hardening law for Cu 
was not obtained (Tome et aI., 1984). The rate of work-hardening was 
shown to increase with the number of significant slip systems (a slip 
system was defined to be significant, if it accommodates at least 10% 
shear associated with the most active system (Tome et aI., 1984)), 
which in turn was shown to depend on the deformation mode. In case 
of Cu, the average number of significant slip systems for torsion/shear, 
decreases from initially 4 to 2.5, whereas compression and extension 
initially employ on average 4.5 slip system decreasing to approximate
ly 3.5 to 4 (Fig, 5.12b). The lowest hardening rates were obtained in 
deformation modes which employed the smallest average number of 
significant slip systems. 

Again, similar processes may operate in the polycrystalline halite 
deformed in shear and compression. The hardening rate may depend 
on the number of signficant slip systems, which in turn may depend on 
the deformation mode. By analogy with texture simulation studies, this 
would imply that in simple shear fewer slip systems contribute signifi
cantly to the deformation than in compression. In the work-hardening 
stage, this will result in fewer dislocation interactions, and hence lower 
work hardening rates. Again, these effects are most pronounced at tem
peratures below 400°C, where the CRSS's and the hardening rates of 
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Figure 5.12: 
(a)	 Shear stress - microscopic shear strain curves for Cu as function 

of deformation mode. The curves represent the average harde
ning of the slip systems associated with a particular kind of poly
slip occurring in the deforming grains. The shear stresses have 
been accounted for changes in crystalllographic orientation (geo
metrical effects). 

(b)	 Average number of significant slip systems per grain as a func
tion of increasing shear strain for different deformation modes. 
The equivalent rate of work hardening increases with the number 
of significant slip systems. 

After Tome et al. (1984). The markers correspond equivalent strain of t eq = 

0.5, 1.0 and 1.5. 

the subsidiary slip systems are significantly higher than those of the 
easy (110 }<1 10> slip system. At higher temperatures, all slip systems 
have similar CRSS values and hardening rates and the effect of subsi
diary glide on the hardening behaviour is less strong. In addition, reco
very processes and migration recrystallization are more effective abo
ve 400 DC, and the internal stresses produced from dislocations and 
hardening of slip systems are more efficiently reduced. Note, however, 
that for a given number of slip systems the hardening rate may also de
pend on the detailed crystallographic configuration of the active slip 
systems. 
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5.4.2 Flow laws in shear and compression 
Steady state flow of polycrystalline halite has been shown to be of 

the climb-controlled dislocation creep type. The creep rate is believed 
to be controlled by the diffusion of cations and anions to and from dis
location cores. 

Above 500°C, in the lattice diffusion creep field, the flow law pa
rameters obtained for shear and compression agree to within 1 standard 
deviations of each other (Table 5.2). Because the ions, diffusing 
through the lattice control the creep rate, neither the type of disloca
tions nor the dislocation substructure are expected to have an influence 
on the diffusion kinetics, and therefore the creep activation energies 
for shear and compression are expected to be similar. 

In the temperature range 250-450 °C, Le. in the pipe diffusion 
field, diffusion through dislocation cores is the rate-controlling process 
(Chapters 2 and 3). In this temperature range, the activation energy for 
shear deformation (93 ± 9 kJ/mol) is significantly lower compared to 
the activation energy for uniaxial compression (129 ± 8 kJ/mol). 

The kinetics for diffusion through the core of an edge dislocation 
depend on the exact structure of that dislocation, such as the effective 
cross sectional area, vacancy concentration and atomic structure 
around the dislocations (see Verall et al., 1977; Frost and Ashby, 1982; 
Poirier, 1985). We assume that these dislocation properties do not va
ry, since the samples used in the compression and shear experiments 
are prepared from exactly the same starting material. However, the rate 
of pipe diffusion also depends on the type dislocation through which 
the ions travel. For example, diffusion through edge dislocations is sig
nificantly faster than diffusion through screw or mixed dislocations 
(being perhaps 10 times faster for edges than for screws), because the 
stress field around edge dislocation has dilational and shear compo
nents, whereas the stress field around screw dislocation has only shear 
components (Hull, 1975; Frost and Ashby, 1982). In addition, in the 
temperature range 250-450 °C, the activation energies for climb-con
trolled dislocation creep of NaCI single crystals is shown to depend on 
the slip system activated (Carter and Heard, 1970). For these reasons, 
it is plausible that the variations in dislocation substructure (such as 
dislocation density,- type, - networks) may also influence the diffusion 
kinetics. Thus, the difference in activation energy for pipe-diffusion 
controlled dislocation creep in simple shear and compression may re
flect variations in dislocation substructure as a result ofthe above men
tioned differences in activated slip systems. This implies that, in gener
al, the activation energy for pipe-diffusion may depend on the number 
and combination of slip systems activated, which in turn depends on 
the deformation mode imposed. 
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5.5 IMPLICATIONS 

The associated flow rule is found not to work for polycrystalline 
salt at temperatures below 400 - 450 DC, i.e. when slip systems are dif
ferent in strength, and the rate-of-deformation is controlled by pipe
diffusion through dislocation cores. In this temperature regime, salt be
comes mechanically anisotropic during deformation, exhibiting truly 
lower strength in shear than in compression. The deformation geomet
ry does not affect the mechanical behaviour at temperatures above 
400-450 cC, where the slip systems have similar strengths and where 
the rate-controlling process is controlled by lattice diffusion. These fin
dings have the following implications. 

Salt deformation 
It is shown above that, in case of polycrystalline halite, the associa

ted flow rule gives a poor generalization of flow laws derived from 
axi-symmetric experiments for temperatures in the range 250 to 450 
DC. Under natural conditions, the deformation of rocksalt occurs by 
dislocation creep or by a combination of dislocation and solution-pre
cipitation creep (Carter and Hansen, 1983; Urai et aI., 1987; Spiers et 
aI., 1990; Carter et aI., 1993). Therefore, generalization of laboratory 
flow laws, using the associated flow rule, for modelling salt tectonic 
processes (Van Keken et aI., 1993) as well as the (thermo)mechanical 
response of salt formations to the construction of (waste) repositories 
(Janssen et aI., 1984) may lead to serious errors. The present results in
dicate that, under geologically relevant stresses (1 - 10 MPa) and tem
peratures (below 250 DC), converting the uniaxial flow law for salt to 
simple shear deformation may result in errors in strain rate of up to 2 
orders of magnitude. Errors with similar magnitudes may arise from 
generalizations of flow laws obtained from axi-symmetric laboratory 
experiments on natural rocksalt. 

Other geological materials 
The results of the present study suggest that the associated flow ru

le may not apply to other geological materials which have slip systems 
with very different strengths, that deform in the low temperature dislo
cation creep field when recovery and migration recrystallization are li
mited, or when pipe diffusion controls the dislocation creep-rate. At 
higher temperatures, when lattice diffusion or other deformation me
chanisms control the deformation rate (such as grain-size sensitive dif
fusional creep), the associated flow rule may offer a reliable formalism 
for generalization of laboratory flows laws. 
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Models for mantle flow rely on the flow laws for olivine, which is 
believed to be the major constituent of the upper mantle. The possible 
range of deformation conditions in the upper mantle covers both dislo
cation and diffusion creep regimes where dislocation creep is favoured 
at relatively high stresses, coarse grain sizes and high temperatures 
(Ashby and Verral, 1977; Karato et aI., 1986; Karato, 1989). The exact 
creep-controlling mechanism is not known, although, some mecha
nism of diffusion-related climb of dislocations controls the creep rate 
(Ranalli, 1987) and power-laws adequately describe the deformation 
behaviour obtained from axially symmetric compression experiments 
(for example Karato, 1989). Field data suggest that olivine in the 
mantle deforms in a regime of steady state creep in which dislocation 
slip and climb occurs (e.g. Nicolas et aI., 1971). 

Major uncertainties in estimates of the creep properties of the 
mantle result from the (not fully understood) dependency of the flow 
behaviour on pressure and on chemical environment (Ranalli, 1987; 
Karato, 1989). Another uncertainty may arise if the mechanical beha
viour of olivine depends on the deformation geometry. The latter may 
be important in the flow behaviour of olivine polycrystals since the 
CRSS's of the slip systems in olivine vary significantly under all tem
perature conditions (Takeshita et aI., 1990), and because diffusion th
rough dislocation cores may be the rate-controlling mechanism in the 
dislocation creep regime. Under these conditions, the mechanical be
haviour of olivine may depend on the deformation geometry in a man
ner similar to that described here for polycrystalline halite. The effects 
of variations in the rheological behaviour on mantle dynamics is illu
strated by numerical simulations of Van den Berg et ai. (1991) and 
Van Keken (1993). The present experimental results merely illustrate 
the need for simple shear experiments on olivine polycrystals (or ana
logue materials) under well-controlled experimental conditions in or
der to asses possible inaccuracies, arising when olivine flow laws, de
rived from axi-symmetric deformation experiments, are generalized 
using the associated flow rule (Stocker and Ashby, 1973; Ranalli, 
1987). 
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5.6 CONCLUSIONS 

The mechanical behaviour of dry synthetic polycrystalline halite 
deformed in uniaxial compression and in simple shear has been compa
red. Deformation was inferred to be climb-controlled dislocation creep 
and at temperatures in the range from 250 to 450°C, climb is control
led by pipe diffusion through dislocation cores, whereas at temperatu
res from 500 to 600 °C, anion lattice diffusion is the rate-controlling 
process. 

The stress-strain behaviour has been compared in terms of equiva
lent stress (creq) and equivalent strain (Eeq) and equivalent strain rate 
(Seq) using the associated flow rule known from the theory of perfect 
isotropic plasticity. At temperatures below 400°C, the equivalent 
stresses supported in compression (at similar equivalent strain rate, 
Seq, and temperature) are significantly higher for all strains, from the 
initial work hardening stage through into the steady state stage. At 
temperatures above 400-450 °C, the strain hardening and steady state 
behaviour obtained in both deformation geometries are approximately 
similar. 

The mechanical anisotropy, which the samples develop below 400 
DC, cannot be fully explained by the development of crystallographic 
preferred orientations, because the mechanical anisotropy is apparent 
from the beginning of deformation. By analogy with texture simula
tions and other experimental data, it has been argued that the hardening 
behaviour depends on the deformation mode through the number and 
combination of the slip systems activated. In the work-hardening stage, 
this would imply that fewer slip systems are activated in simple shear 
than in compression. This gives rise to fewer dislocation interactions 
and smaller contributions of the harder subsidiary slip systems, and 
hence to lower work-hardening rates and lower flow stresses. This ef
fect is most pronounced at temperatures below 400°C, where the sing
le crystal yield surface of halite is highly anisotropic. At higher tempe
ratures, all slip systems have comparable CRSS and the effect of subsi
diary glide on the hardening behaviour is less significant. In addition, 
above 400°C, recovery processes and migration recrystallization are 
more effective and the internal stresses produced from the dislocations 
and hardening of slip systems are more efficiently reduced. 

The flow law based on the uniaxial compression experiments is re
derived, using the associated flow rule, to obtain an expression for 
shear deformation. Comparison of the flow laws shows that, in the 
temperature range 250-450 °C, the shear strain rates predicted by the 
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flow law based on the compression tests are significantly lower than 
the shear strain rates predicted by the flow law based on the shear ex
periments. At higher temperatures, a good agreement between the two 
flow laws is obtained. In the temperature range 250-450 DC, the flow 
law for compression is characterized by a significantly higher activa
tion energy (by 129 kllmol) than the flow law for shear (93 kllmol). 
The difference in activation energy for pipe diffusion may reflect va
riations in dislocation substructure developed in simple shear and com
pression as a result of the above mentioned differences in activated slip 
systems. 

The associated flow rule is found not to work for polycrystalline 
salt at temperatures below 400-450 DC. Under geologically relevant 
conditions, the generalization of flow laws for rocksalt, using the asso
ciated flow rule, may lead to errors in strain rate of up to 2 orders of 
magnitude. Similar effects may occur in other geological materials de
forming in the low temperature dislocation creep field. In other words, 
the theory of perfect isotropic plasticity may not offer a reliable me
thod of generalization of axisymmetric flow laws, when the slip sys
tems have very different strengths and when recovery and migration 
recrystallization are limited, or when pipe diffusion controls the dislo
cation creep rate. Under conditions when lattice diffusion or grain-size 
sensitive diffusional creep mechanisms control the creep rate, the asso
ciated flow rule may offer a reliable formalism for generalization of 
flow laws. The results indicate the need for (a) simple shear experi
ments on other rock-forming minerals in order to assess inaccuracies 
which may arise from using the associated rule and (b) the develop
ment of constitutive relations including the development of mechanical 
anisotropy as function strain and deformation path. 
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GENERALCONCLumONS 
Suggestions for further work 

This thesis has investigated the mechanical behaviour, microstructural 
evolution and crystallographic preferred orientation development in 
synthetic rocksalt deformed in uniaxial compression and in simple 
shear. The purpose of the present final chapter is to draw together ge
neral conclusions, based on the findings presented in the preceding 
chapters (Le. Chapters 2 to 5). In addition, questions which remain 
unanswered are identified and suggestions are made for further re
search. 

6.1	 DEFORMATION BEHAVIOUR OF SYNTHETIC 
ROCKSALT 

6.1.1	 Deformation mechanisms and rate-controlling processes 
The present experiments on synthetic polycrystalline halite 

consisted of 
1) uniaxial compression tests performed at temperatures of 250-780 

°C (0.5< Tffm< 0.98) and strain rates of 10-3< e < 10-7 s-1 using 
constant strain-rate and strain-rate stepping/cycling methods; 

2) simple shear deformation tests carried out in the temperature range 
250-600 °C (0.5< Tffm< 0.8) at strain rates between 10-5 and 10-7 

s-1, reaching finite shear strains of up to 1.4. 

Under these conditions, deformation proceeds by steady-state flow 
(T > 450°C) or near steady-state flow (T < 450°C), without major 
macroscopic softening or hardening in either deformation mode. The 
observed flow behaviour and microstructures are consistent with 
climb-controlled dislocation creep models. Further, in the temperature 
range from 450 to 600 (780)°C, the data obtained indicate that the 
creep rate is controlled by anion lattice-diffusion, whereas in the tem
perature range 250-450 °C, the rate-controlling process is anion diffu
sion through dislocation cores (pipe diffusion). 
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6.1.2 Microstructural processes 
At temperatures between 250 and 450°C, the microstructural deve

lopment in both deformation geometries investigated is characterized 
by polygonization, rotation recrystallization and limited grain-bounda
ry migration. The development of concavo-convex grain boundaries in 
this low temperature field is consistent with strain-induced migration 
recrystallization processes. At higher temperatures, grain-boundary mi
gration recrystallization becomes more important, and at temperatures 
above 500°C, migration recrystallization, apparently driven by a com
bination of both lattice stored energy and grain-boundary energy, is the 
dominant microstructural process. 

The transition to a migration recrystallization dominated micro
structure clearly coincides with the above mentioned change in creep 
mechanism. The present results, in relation to Derby's (1990, 1991, 
1992) model for dynamic recrystallization by grain boundary migra
tion, show that the change in creep mechanism affects the driving force 
for recrystallization and the nucleation rate differently than the grain 
boundary mobility. The increase in grain boundary mobility, associa
ted with the temperature increase over which the change in creep me
chanism occurs, is strong enough to compensate the decrease in dri
ving force and the increase in equilibrium recrystallized grain-size. 
These relative changes in the lattice-diffusion controlled creep field al
low a dynamic balance to be established between nucleation rate of 
new grains and the migration rate of nucleated grains. However, in the 
pipe-diffusion controlled creep field, such a balance cannot be esta
blished and the volume swept by a migrating grain boundary during 
the unit time for one nucleation event to occur is smaller than the volu
me equivalent to the steady state grain size and consequently migration 
recrystallization is not the dominant process. 

6.1.3 Crystallographic preferred orientations 
Regardless of temperature, during uniaxial compression experi

ments, the <110> crystallographic directions rotate towards the com
pression direction. During simple shear deformation, the {II O} slip 
planes rotate into an orientation parallel to the shear plane, while the 
<111> direction tends to align parallel to the shear direction. Notably, 
the <110> slip direction does not orient itself parallel to the shear di
rection. Crystallographic preferred orientation patterns thus appear to 
be independent of temperature, though in simple shear deformation the 
intensity of the <110> texture component appears to increase slightly 
with temperature. 
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The crystallographic preferred orientations, which develop in both 
compression and shear, agree favourably with viscoplastic Taylor and 
self-consistent texture simulations (Wenk et al., 1989a). However, the 
results do not allow any discrimination as to which model might apply 
most effectively to polycrystalline halite. 

6.1.4 Strain-rate history effects 
At temperatures between 250 and 450 DC, Le. in the pipe diffusion 

controlled creep field, the mechanical behaviour and the microstruc
tural evolution of uniaxially deformed polycrystalline halite has been 
shown to be influenced by strain-rate history. The subgrains, which 
develop in this temperature range, do not grow to the expected "steady 
state size" upon a lowering of strain-rate, even after 10% of subse
quent strain. Deviations of up to c. 40% from the "steady state size" 
have been observed. This results in a relative hardening effect (by a 
factor up to 1.4) and in an increase of the stress sensitivity of strain ra
te from c. 6 to 7 - 10. In the low temperature range, the nature and am
plitude of a decrease in strain rate and the microstructural characteris
tics of the material before that change both determine the mechanical 
response (memory effect). The transient response to varying strain ra
te, described here, should be accounted for in studies modelling the 
mechanical response of geotechnical structures (e.g. Aubertin et al., 
1991). 

Above 450 DC, i.e. in the lattice-diffusion controlled creep field, 
recovery processes and especially migration recrystallization are suffi
ciently efficient to quickly establish new steady state subgrain sizes, 
and the microstructures re-adjust to the newly imposed conditions 
within c. 1% strain. The microstructures observed in this temperature 
range suggest that migration recrystallization occurs continual, oblite
rating strongly deformed relative 'old' grains and renewing the intern
al grain substructures. Thus, the transient and steady state behaviour 
and the microstructural development above c. 450 DC are no longer 
significantly strain-rate history dependent (no memory effects). 

By analogy with the behaviour of polycrystalline halite, other 
rock-forming minerals deforming by dislocation creep can also be ex
pected to be sensitive to deformation-history. In other words, if the 
dislocation creep rate is controlled by pipe-diffusion, recovery is limi
ted and migration recrystallization is not operating continually, and a 
decrease in strain rate may give rise to higher than expected flow 
stresses and an increase of the stress exponent in the flow law, relative 
to true steady state condition. Accordingly, such effects are not to be 
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expected in materials deforming under conditions promoting dynamic 
recrystallization by grain boundary migration or diffusional creep pro
cesses. 

6.2	 VALIDITY OF THE ASSOCIATED FLOW RULE 
AND GENERALIZATION OF LABORATORY 
CREEP LAWS 

In this study, the influence of deformation geometry on mechanical 
behaviour has been investigated using the extensive experimental data 
sets obtained for synthetic polycrystalline halite, deformed in uniaxial 
compression and simple shear (Chapters 2 and 3). The experimental re
sults have been compared with the aim of testing the applicability of 
the assumptions underlying the associated flow rule to polycrystalline 
halite. This rule is commonly used to generalize experimentally obtai
ned flow laws to a 3-D description. 

The stress - strain data obtained in compression and shear have 
been compared in terms of equivalent stress ((Jeq), equivalent strain 
(Eeq) and equivalent strain-rate (Seq), within the framework of the theo
ry of perfect isotropic plasticity upon which the associated flow rule is 
based. 

Below 400°C, the equivalent stresses supported in compression, at 
similar equivalent strain rate and temperature, are significantly higher 
for all strains, i.e. from the initial work hardening stage through into 
the steady state stage. The (near) steady state values of (Jeq are c. 1.5 ti
mes larger in compression than in shear (under comparable condi
tions). However, at temperatures above 400°C, the strain hardening 
and steady state behaviour obtained in compression and shear are ap
proximately similar. Now, the flow laws obtained from uniaxial com
pression and simple shear experiments can also be compared using the 
associated flow rule. At temperatures below 400-450 °C, the flow law 
thus obtained from the uniaxial experiments, expressed in terms of 
shear deformation, underestimates the shear strain rate (for a given she
ar stress) by 1 - 2 orders of magnitude. At higher temperatures, howe
ver, a good agreement between the flow laws is obtained. 

This information implies that the assumptions of "isotropy" and 
"no memory" in the theory of perfect isotropic plasticity are not appli
cable at temperatures below 400°C, whereas they are at higher tempe
ratures. Thus, it seems that the differences in flow stress seen in com
pression and shear at T < 400°C can be attributed to anisotropy deve
loped during deformation. In other words, flow is non-associated at 
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these temperatures, but this is not seen at higher temperatures. 
However, the mechanical anisotropy developed below 400 DC cannot 
fully be explained by the development of the observed crystallographic 
preferred orientations, because the difference in strength is apparent fr
om the beginning, Le. from the initial work hardening stage of defor
mation. 

The work hardening rate of polycrystalline material is not necessa
rily unique and may depend on the number and combination of slip 
systems activated, which may in tum depend on the deformation mode 
imposed. Such behaviour has been observed in Cu polycrystals (Tome 
et aI., 1984) and this may also apply to polycrystalline halite. Texture 
simulations for other rock-forming minerals show that, in general, 
fewer slip systems are needed to accommodate an increment of simple 
shear compared to an increment of uniaxial compression (for example 
Wenk et aI., 1986; Takeshita, 1989). In the work hardening stage, this 
would imply fewer dislocation interactions in shear than in compres
sion, and hence lower rates of workhardening. At the same time the 
systems activated in shear preferentially tend to be 'softer' slip systems 
with the result that the flow stresses in shear will tend to be lower than 
in compression. This effect is most pronounced at temperatures below 
400 DC, where the differences in the critical resolved shear stress 
(CRSS ) of the slip systems of halite are most prominent and the slip 
systems have different hardening rates (Carter and Heard, 1970). At 
higher temperatures, all slip systems have comparable CRSS and har
dening rates and the effect of 'softer' slip systems on the hardening be
haviour is less significant. 

In addition, at temperatures of 250-450 DC, the flow law for com
pression is characterized by a significantly higher activation energy 
(129 ± 8 kllmol) than the flow law for shear deformation (93 ± 7 
kllmol). The difference in activation energy in the pipe-diffusion field, 
controlled creep may be caused by variations in dislocation substructu
re developed in simple shear and compression as a result of the above 
mentioned differences in activated slip systems. 

In summary, it is evident that the associated flow rule does not 
offer an adequate method of generalizing flow laws for rocksalt at tem
peratures below 400-450 DC, Le. when slip systems are different in 
strength, and the rate-of-deformation is controlled by pipe-diffusion th
rough dislocation cores. Application of the associated flow rule to mo
del the behaviour of rocksalt in tectonic processes or in geotechnical 
applications (T < 250 DC, strain rates 10-15 - 10-10 s-I) may thus lead to 
serious errors. For example, under geologically relevant conditions, the 
generalization of flow laws for rocksalt, using the associated flow rule, 
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may lead to errors in strain rate up to 2 orders of magnitude for a given 
applied stress. 

Again, viewing rocksalt as an analogue material, similar effects 
may occur in other rock-forming minerals deforming in the low tempe
rature dislocation creep field. In other words, the associated flow rule 
may not offer a reliable method of generalizing laboratory-derived 
flow laws for minerals with slip systems which have very different 
strengths that deform under conditions when recovery is limited and 
migration rerystallization is not operating, or when pipe diffusion con
trols the dislocation creep rate. Under conditions when lattice diffusion 
or grain-size sensitive diffusional creep processes control the deforma
tion rate, the associated flow rule may offer a reliable formalism for 
generalization. 

6.3	 MECHANICAL ANISOTROPY AND SHEAR 
LOCALIZATION 

As has been described above, non-associated flow behaviour has 
been shown to occur in polycrystalline halite, at low temperatures due 
to the development of mechanical anisotropy, giving rise to different 
flow strengths depending on deformation geometry. Since shear locali
zation may arise from non-associated flow behaviour (Rice, 1976; 
Leroy and Ortiz, 1990; Hobbs et al., 1990), this has important implica
tions. In materials characterized by non-associated flow behaviour, 
shear localization may occur without the operation of strain softening 
mechanisms, though these are commonly taken as a requirement for 
localization in natural shear zones (White et al., 1980; Kirby, 1985; 
Evans and Wong, 1985). Hence, if in natural deformation heterogene
ous deformation is allowed to some degree, the most economical de
formation mode by which the current flow strength is minimized (or 
the bulk dissipation rate maximized) will be preferred to the externally 
imposed homogenous deformation modes (Takeshita, 1989; Wenk et 
al., 1989b). The results of the present study indicate that the lowest 
yield or flow strength for salt is obtained in shear deformation. Thus, 
in salt, localization into a ductile shear zone can in principle result fr
om "loose" boundary conditions coupled with non-associated flow be
haviour. Once again, this should be bourne in mind in numerical mo
delling studies of (large scale) salt deformation, for example in model
ling salt diapirism or the creep closure of cavities. 
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Now, similar processes may also occur in other rock-forming mi
nerals in which non-associated flow behaviour can be expected. For 
example, minerals with slip systems with very different CRSS (i.e. 
strongly anisotropic single crystal yield surfaces) that deform under 
conditions favouring low recovery rates and suppressing migration re
crystallization can be expected to show non-associated flow beha
viour. Thus, the onset of localization in some rocks may be due to the 
non-associated behaviour of the rock-forming minerals. Processes lea
ding to typical mylonitic microstructures and textures, such as grain
size reduction, lattice rotations, and recrystallization, often have been 
taken as indicative of strain softening and of localization via strain sof
tening (e.g. White et al., 1980). However, it is clear from the experi
ments that these processes become important only after significant 
amounts of strain have been accommodated (see for a field example 
Michibayashi, 1993). It is therefore postulated that in some cases these 
processes may operate during the evolution of a ductile shear zone but 
after initial localization has occurred. Thus, lattice rotations, recrystal
lization and grain-size reduction may enhance further localization, but 
alternatively, they could in some cases be considered as a result and 
not as the cause of localization. 

6.4 SUGGESTIONS FOR FURTHER WORK 

While the present study has addressed a substantial number of the 
questions posed in the introduction, it will be apparent to the reader 
that many have remained unanswered or only partly have been answe
red, and that some new questions have been raised. In the following, 
suggestions for further work are proposed. 

(i)	 In polycrystalline rocksalt, two recrystallization processes have 
been identified. At low temperatures, rotation recrystallization was 
inferred to play an important role in the microstructural evolution 
(Chapters 2 and 3). At high temperatures grain boundary migration 
recrystallization dominated the microstructural evolution. How
ever, due to the optical isotropic nature of halite, the presence of 
high angle grain boundaries within strongly deformed grains (dia
gnostic for rotation recrystallization) could not be identified. 
Furthermore, it is clear from the data presented in Chapters 2 and 3 
that the influence of migration recrystallization on the develop
ment of crystallographic preferred orientations is only poorly un
derstood. 
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For a better understanding of the interplay between rotation and 
migration recrystallization and lattice re-orientation in rocksalt, 
electron channelling techniques (for example Davidson, 1984; 
Lloyd et al., 1987) should be used. This technique allows the de
termination of the orientation of particular grains and subgrains in 
their microstructural position. This information may provide a ba
sis for a better understanding of the interplay between dynamic re
crystallization processes and crystallographic preferred orientation 
development (see for example Jessel, 1986; Wilson, 1986) and ul
timately of the role of microstructural processes on the develop
ment of mechanical anisotropy. 

(ii)	 It will be recalled from Chapters 2 and 3 that Wenk et al. (l989a) 
have applied Taylor and visco-plastic self-consistent (SC) texture 
simulation models to the development of crystallographic prefer
red orientations in halite. However, comparison of their results 
with the experimental data presented in this study should be vie
wed as preliminary, since Wenk et al. simulated deformation expe
riments at room temperature. Under these conditions, the three 
principal types of slip systems in halite have widely differing 
strengths, so that the single crystal yield surface is highly anisotro
pic (Carter and Heard, 1970). Texture simulations using mechani
cal data (i.e. CRSS and hardening rates) more directly relevant to 
the present study are needed, if simulation results are to be 
compared in detail, with the experimentally-obtained textures. 
Such comparisons would provide a useful means of testing the ex
planation put forward in this thesis that the non-associated beha
viour in halite is a result of different numbers and combinations of 
slip systems activated in shear and compression and due to the as
sociated texture development. 

(iii) The mechanical behaviour (hardening and steady state) of salt has 
been shown to depend on the deformation geometry. Not only the 
development of crystallographic preferred orientation, but also the 
activation of particular slip systems appears to depend on the de
formation geometry. Furthermore, in the pipe-diffusion controlled 
creep field the activation energy for creep in compression is signi
ficantly higher than the activation energy for creep in shear defor
mation. This has been explained tentatively by variations in dislo
cation substructures developed in simple shear and compression 
through the activation of different combinations of slip systems. 
Transmission electron microscopy (TEM) work (for example 
Strunk, 1975; Nadgornyi and Strunk, 1987) is clearly needed to 
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verify a) whether less slip systems contribute to strain in simple 
shear deformation compared to uniaxial compression (considerable 
glide on subsidiary systems vs. dominantly single glide?) and b) 
whether the dislocation networks developed in uniaxial compres
sion and in simple shear differ significantly (3-dimensional cellular 
networks vs. blocky subgrains comprising tilt walls of {11O}<1 10> 
dislocations?). 

(iv) Lastly, the present results have shown that generalization of expe
rimentally derived flow laws, using the associated flow rule (see 
for example Ranalli, 1987), with the aim of numerically modelling 
the mechanical behaviour of a rock body under given boundary 
conditions, may lead to serious errors under low temperature con
ditions when slip systems have greatly varying strengths and reco
very and migration recrystallization is limited. There therefore is a 
clear need for well-constrained simple shear and uniaxial experi
ments on silicate polycrystals, such as quartz and olivine under 
conditions favouring low temperature dislocation creep. Not only 
accurate measurements of experimental parameters, such as stress 
state, displacement and volumetric strain are a prerequisite, but 
also a well-constrained and simple deformation path allowing ho
mogeneous deformation. From these experiments insight will be 
obtained with regard to the inaccuracies that may arise from appli
cation of the associated flow rule. As a first step, experiments can 
be carried out on other "soft" plastically anisotropic mineral analo
gues (such as NaN03, octochloropropane) that allow the use of re
latively large samples deformed in a relatively simple deformation 
apparatus. Such results for analogue and rock-forming minerals 
could ultimately assist in the development of constitutive relations, 
which include the development of mechanical anisotropy as func
tion of deformation path. 
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Nonlinear inversion method applied to processing 
uniaxial creep data 

Previous studies (Heard 1970; Burke 1981; Arieli et aI., 1982; 
Frost and Ashby, 1982) suggest that the relationship between stress, 
strain rate and temperature for polycrystalline salt, deformed above 
0.5Tm can be described by a power-law equation: 

E= Aexp( -.1.H/RTHall.On (A. 1) 

where E is the strain rate (s-1), A is a pre-exponential constant 
(MPa-ns-1), .1.H is the activation energy for creep (kJ/mol), R is the gas 
constant (kJ/Kmol), T is the temperature (K), 0' the stress (MPa), f.l is 
the temperature-compensated shear modulus (MPa) and n is the po
wer-law exponent. The flow behaviour can be described empirically 
by a surface defined by: 

fOnt Ina, 1/T) = 0 (A.2) 

(Poirier, 1985). In order to derive values for the flow law parameters 
A, .1.H and n, the experimental data (Chapter 2) were fitted to Eq. A.l, 
using a global inversion method (Tarantola and Valette, 1982) adapted 
by Sotin and Poirier (1984) for processing creep data. The inversion 
method aims at finding the best-fit solution of the data to the equation 
defining the creep surface (Eq. A.2), using an iterative least squares 
minimisation method. The iteration is stopped when a convergence 
test indicates fi (X) ~ 10-6. The least square fitting technique assumes 
that the experimental data follow a normal distribution (strain rate 
follows a lognormal distribution). The standard deviation in tempera
ture was assumed to be 10 °C (in practice it was <4°C). The relative 
uncertainty in flow stress was assumed to be 10% of the measured va
lue, thereby underestimating the experimental accuracy. The variation 
in lnE was 1m; Le. lnE ± ln2. The (log) normal distributions of the ex
perimental data are checked a posteriori by comparing the distribu
tions of the residuals with a Gaussian distribution. The initial values 
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and standard deviations for the flow law parameters were: InA = 
-20±100, n =5±5 and ~H =250±250 kllmol. 

The data from the uniaxial compression experiments shown in Fig. 
2.10 have been fitted to Eq. A.I. Separate solutions to Eq. A.1 were 
sought for the temperature range 250-450 °C and 500-780 °C (see 
Chapter 2). This subdivision yields an optimal fit of the data to Eq. 
A.I. 

For the experimental data in the 250-450 °C temperature range the 
inversion yielded: 

InA (in MPa-ns-1) = 1.75±4.0 
n = 5.7±O.33 
~H = 129±7.9 kJ/mol 

Only 5 iterations were needed and the residuals match a Gaussian dis
tribution (Fig. A.1a). The ratio between the sum of the squares of the 
residuals and the number of equations solved (1:(res)2/n) is 1.85. 

The data obtained in the 500-780 °C temperature range yielded af
ter only 4 iterations: 

InA (in MPa-ns-1) = 18.0±2.3 
n = 4.4±O.22 
~H = 227±10 kJ/mol 

The residuals compare favourably with the expected Gaussian curve 
(Fig. A.1 b). The ratio between the sum of the residuals squared and the 
number of equations is 0.9. 

The data have also been fit to other temperature intervals which al
ways yielded poorer fits. For example, if the mechanical data are used 
to determine a single creep law (for the temperature range 250-780 0c) 
then convergence occurred after 10 iterations. The residuals are relati
vely large (1:(res)2/n) =4.3) and they do not match a Gaussian distribu
tion (Fig. A.1c). 

At low temperatures and relatively high stress levels, the power law 
relation is generally expected to break down (see e.g. Frost and Ashby, 
1982; Tsenn and Carter, 1987). An exponential dependence of strain 
rate upon stress describes then the flow behaviour: 

£, = Bexp(~H/RT)exp( ~cr) (A.3) 

where B and ~ are constants. Fitting the present low temperature data 
to Eq. A.3, yielded 
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InS = -11.3±O.873 
13 = (6.86 x 1O-2)±O.000315 
.1.H = 87.8±13.8 kJ/mol 

with convergence after 8 iterations. The distribution of the residuals 
does not match a Gaussian distribution (Fig. A.l d) and the ratio be
tween the sum of the squares of the residuals and the number of 
equations is relatively high (L(res)2jn=8.5) compared to the power
law inversions. 

The best rheological description is the one which leads to the quic
kest inversion with the smallest residuals and standard deviations 
(Poirier et aI., 1990). The results of the most optimal inversions, i.e. 
the best rheological descriptions are summarized in Table 2.5. 
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Figu re A 1. Histograms of the residuals of the input parameters 
(InA, I1H, n and the mechanical data) after recalculation using the 
rheological laws derived and the theoretical normal distributions 
(diamonts) whose mean value and standard deviation are 0 and 
7, respectively. Horizontal axis is the number of standard deviay
ions abuod the mean. (a) power-law fit in the range 250-450 'C; 
(b) idem for 500-780 'C; (c) idem for 250-780 'Co" (d) exponential fit 
for 250-400 ·C. 
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Results nonlinear inversion method applied to simp
le shear data 

For shear deformation, the relationship between shear stress, shear 
strain-rate and temperature for polycrystalline salt, deformed above 
0.5Tm can be described by a power-law equation (see for example 
Frost & Ashby, 1982): 

Y= Aexp(-~H/RT)('t/J.l)n (B.l) 

where y is the shear strain rate (s-l), A is a pre-exponential constant 
(MPa-ns-1), ~H is the activation energy for creep (kllmol), R is the gas 
constant (kJ/Kmol), T is the temperature (K), 't the applied stress 
(MPa), J.l is the temperature-compensated shear modulus (MPa) and n 
is the power- law exponent. 

The mechanical data of Chapter 3 have been fitted to Eq. B.1 in or
der to obtain values for A, ~H and n. The global inversion method 
(Sotin and Poirier, 1984; Poirier et al., 1990) described in Appendix A 
was used to obtain values for the flow law parameters. Separate solu
tions were sought for the temperature range 250 - 450 DC and for 500 
600 DC (see Chapter 3). 

In a first attempt, the initial values and standard deviations used 
for the inversion were InA = -20 ± 100 MPa-ns-1, n = 5±5 and ~H = 
250 ± 250 kJ/mol. For the 250-450 DC temperature range the results of 
the inversion are: 

InA (in MPa-ns-1) = -2.1±7.2 
n = 3.42±O.58 
~H = 72±9.4 kJ/mol 

obtained after 6 iterations for the 15 equations. Figure B.1a shows the 
distribution of the residuals (histogram) compared with a Gaussian 
distribution (diamonds). 



194 Appendix B 

The flow law parameters obtained from tests in the temperature range 
500-600 DC yield the following values after 6 iterations: 

InA (i n MPa-ns-1) = 14.5±5.0 
n = 3.49±O.53 
~H = 179±28.3 kJ/mol 

The residuals (Fig. B.Ib) show a slightly skewed distribution. The 
inversion scheme has also been applied to other temperature ranges, 
but always yielded poorer fits. For example the data from temperature 
range 450-600 DC converged after only 8 iterations with marginally 
smaller standard deviations as found for the 500-600 DC temperature 
range above. Inversion of the 250-400 DC dataset yielded higher stan
dard deviations and higher residual values. 

In an attempt to optimize the quality of the data fit, the range of the 
estimated initial values has been constrained. This optimization was 
inspired by the quality of fit obtained for the well-constrained data set 
of the uniaxial compression experiments (Appendix A). In order to see 
whether a better fit could be obtained, whilst still using physical signi
ficant parameter values, the flow law parameters derived from the 
uniaxial datasets were used as initial values. For both temperature regi
mes, flow laws were obtained after a smaller number of iterations with 
smaller residuals and standard deviations. The 250-450 DC dataset yiel
ded, after only 5 iterations: 

InA (in IVIPa-ns-1) = -O.33±3.0 
n = 5.17±O.2 
~H = 92.7±7.0 kJ/mol 

The residuals calculated for this inversion (Fig. B.lc) match a nor
mal distribution better than in previous case (Fig. B.la). 

Using the high temperature uniaxial flow parameters as initial 
values, the 500-600 DC dataset yielded, after 5 iterations: 

InA (in IVIPa-ns-1) = 19.5±2.7 
n = 4.3±O.28 
~H = 209±18.3 kJ/mol 

Again, the residuals show a slightly skewed distribution (compare Fig. 
B.l d with B.1b). The results of these inversions are summarized in 
Table 3.4. 
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The best rheological description is, according to Poirier et al. 
(1990), the one which leads to the quickest inversion with the smallest 
residuals and standard deviations. The second attempt, using the flow 
law parameters obtained from the uniaxial compression tests as initial 
values, yielded quicker inversions with significantly smaller standard 
deviations. The flow law parameters obtained during the second at
tempt are inferred to represent a better description of the rheological 
behaviour of polycrystalline salt in shear than the flow laws obtained 
in the first inversion attempt (see for discussion Chapter 3). 
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Figure 81. Histograms of the residuals of the input parameters 
(InA, !1H, n and the mechanical data) after recalculation using the 
rheological laws derived and the theoretical normal distributions 
(diamonts) whose mean value and standard deviation are 0 and 1, 

respectively. Horizontal axis is the number of standard deviayions 
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NEDERLANDSE SAMENVATTING 

Steenzout (haliet) vonnt het belangrijkste bestanddeel van zoutaf
zettingen. Ondanks het feit dat steenzout ten opzichte van andere mine
ralen in de aardkorst relatief weinig voorkomt, kunnen zoutafzettingen 
een zeer belangrijke rol spelen in tektonische processen. Dit komt met 
name door de relatief lage dichtheid van steenzout en doordat plasti
sche vervonning zonder breukvonning kan plaatsvinden onder relatief 
lage spanningen. Bijvoorbeeld, gelaagde zoutfonnaties kunnen dienen 
als schuifzones waarover enonne massa's gesteenten kunnen bewegen 
gedurende gebergtevorming (zoals in het Jura-gebergte in Zwitserland, 
de 'Salt Range' in Pakistan) of gedurende extensie op passieve conti
nentale marges (zoals in het Kwanza bekken in Angola of in de Santos 
en Campos bekkens van Brazilie). De dichtheid van steenzout is nau
welijks van de diepte afhankelijk en is lager dan de dichtheid van de 
meest voorkomende afzettingsgesteenten. Hierdoor kunnen instabilitei
ten ontstaan die leiden tot de ontwikkeling van zoutkoepels (zoals bij
voorbeeld in de ondergrond van noordoost Nederland). De interaktie 
tussen vervonnende zoutlichamen en tektonische processen is van in
vloed op de ontwikkeling van sedimentaire bekkens en op de verdeling 
van olie en gasvoorkomens hierin. Tenslotte worden zoutvoorkomens 
beschouwd als geschikte locaties voor de ondergrondse opslag van 
strategische olie- en gasreserves en mogelijk ook voor het opbergen 
van chemisch en radioactief afval. 

Vit het bovenstaande is duidelijk dat het belangrijk is om het vloei
gedrag van steenzout te kennen. Er is dan ook reeds veel onderzoek 
verricht naar de mechanische eigenschappen van steenzout, de vervor
mingsmechanismen (zowel door intrakristallijne vervonning als door 
drukoplossing) en de bijbehorende microstructurele ontwikkeling. 
Echter, ondanks het feit dat het bekend is dat de defonnatie geschiede
nis en defonnatie geometrie het reologisch gedrag van steenzout kun
nen bei"nvloeden, is hiemaar nog geen systematisch onderzoek verricht. 
Verder bestaan in de literatuur nog onduidelijkheden over de details 
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van de vervonningsmechanismen (met name de intrakristaIlijne defor
matieprocessen door dislocatiekruip), de microstructurele processen en 
de ontwikkeling van kristallografische voorkeursmaaksels die kunnen 
optreden in polykristallijn steenzout. 

Dit onderzoek richt zich in het bijzonder op de invloed van defor
matie geschiedenis en geometrie op het vloeigedrag van synthetisch 
steenzout. Hierbij wordt de vraag gesteld onder welke omstandigheden 
de aannames die ten grondslag liggen aan een veelgebruikte methode, 
om vloeiwetten, die gebaseerd zijn op axiaal-symmetrische vervor
mingsexperimenten, te extrapoleren naar de (drie-dimensionale) om
standigheden die in de aardkorst gelden. Deze extrapolatie van vloei
wetten wordt bijvoorbeeld gebruikt in numerieke modellen die het me
chanisch gedrag van gesteentelichamen in de aarde simuleren. De ge
presenteerde onderzoeksresultaten verschaffen niet aIleen meer inzicht 
in het vloeigedrag van synthetisch steenzout, ook kunnen beginselen 
worden afgeleid die betrekking hebben op de invloed van defonnatie 
geschiedenis en geometrie op het vloeigedrag van andere gesteentevor
mende mineralen. 

In Roofdstuk 1 worden de te onderzoeken vraagstellingen gei'ntro
duceerd en nader toegelicht. Ret in Roofdstuk 2 beschreven onderzoek 
is gericht op het vloeigedrag van synthetisch steenzout in uniaxiale 
kompressie (samendrukking), in relatie tot de microstructurele evolu
tie, de ontwikkeling van kristallografische voorkeursmaaksels en de in
vloed van defonnatie geschiedenis. Gedurende de experimenten, die 
werden uitgevoerd tussen 250 en 780 DC, werd de deformatiesnelheid 
(tussen 10-3 en 10-7 s-1) constant gehouden of gevarieerd. Kurves die 
de relatie tussen de spanning en vervonning weergeven zijn berekend. 
Ret vervonningsmechanisme is dislocatiekruip waarbij van 250 tot 450 
DC de vervonningsnelheid bepaald wordt door diffusie door dislocatie
kemen en tussen 500 en 780 DC bepaalt diffusie door het kristalrooster 
de vervormingsnelheid. Vloeiwetten die de relatie beschrijven tussen 
vervormingsnelheid, spanning en temperatuur zijn afgeleid. 

In het temperatuurgebied 250-350 DC zijn vonning van "subgrains" 
(polygonisatie) en rotatie rekristallisatie de belangrijkste microstructu
rele processen die optreden. Met toenemende temperatuur wordt kor
relgrens-migratie progressief belangrijker. De temperatuur waarbij kor
relgrens-migratie de microstructurele evolutie overheerst, valt samen 
met de overgang van vloeigedrag, bepaald door diffusie door disloca
tiekemen, naar vloeigedrag bepaald door diffusie door het kristalroos
rer. Deze waameming is verklaard in de context van het dynamisch re
kristallisatie model van Derby (1992) dat aantoont dat een dynamische 
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balans ontstaat tussen korrelgrens-migratiesnelheid en vormingsnel
heid van nieuwe migrerende korrels. 

Bij temperaturen tussen 250 en 450°C heeft de deformatie ge
schiedenis een duidelijk effect op de microstructurele ontwikkeling en 
op het mechanisch gedrag van synthetisch steenzout. In dit tempera
tuursgebied heeft een verlaging van de deformatiesnelheid gedurende 
een experiment tot gevolg dat de spanningen hoger en dat de "sub
grains" groter zijn dan de "steady state" waarden. Als gevolg hiervan 
is het steenzout relatief sterker en is de vervormingsnelheid minder af
hankelijk van de spanning. Bij temperaturen boven 450°C heeft de de
formatiegeschiedenis geen invloed op de microstructurele ontwikke
ling en op het mechanisch gedrag omdat korrelgrens-migratie de mi
crostructuren op zeer efficiente wijze "verjongt". 

De kristallografische voorkeursmaaksels worden gekenmerkt door 
rotatie van de {11O} <110> slip-vlakken naar een orientatie loodrecht 
op de samendrukkingsrichting. Temperatuur en rekristallisatieproces
sen schijnen geen invloed te hebben op de ontwikkeling van de kristal
lografische voorkeursmaaksels. 

In Hoofdstuk 3 worden de onderzoeksresultaten gepresenteerd van 
schuifdeformatie-experimenten (simple shear) op synthetisch steen
zout. Het onderzoek was erop gericht het vloeigedrag van synthetisch 
steenzout in schuifdeformatie te bestuderen, in relatie tot de micro
structurele evolutie en de ontwikkeling van kristallografische voor
keursmaaksels. De experimenten, werden uitgevoerd tussen 250 en 600 
°C en de deformatiesnelheid (tussen 10-5 en 10-7 s-l) of de opgelegde 
spanning (tussen 0.6 en 2.75 MPa) werd constant gehouden. Kurves 
die de relatie tussen de schuifspanning en schuifvervorming weergeven 
worden gepresenteerd. 

In temperatuursintervallen van 250 tot 450°C en van 500 tot 600 
°C traden dezelfde vervormingsmechanismen op als bij uniaxiale kom
pressie. Vloeiwetten die de relatie beschrijven tussen schuifvervor
mingsnelheid, schuifspanning en temperatuur zijn afgeleid. Ook wer
den dezelfde microstructurele processen waargenomen: polygonisatie 
en rotatie rekristallisatie zijn belangrijk tussen 250 en 365°C en bij 
toenemende temperatuur wordt korrelgrens-migratie progressief be
langrijker. 

De kristallografische voorkeursmaaksels worden gekenmerkt door 
rotatie van het {11O} glijvlak naar het schuifvlak en van de <111> 
kristallografische richting naar de schuifrichting. Het kristallografische 
voorkeurspatroon blijkt onafhankelijk van temperatuur te zijn. Echter, 
de intensiteit van de {110} component in het voorkeursmaaksel neemt 
toe boven 500°C. 
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In Hoofdstuk 4 worden de resultaten verkregen, uit kompressie en 
schuifexperimenten, uitgevoerd tussen 250 en 350°C, naast elkaar ge
zet. Het mechanisch gedrag voor deze twee deformatie geometrieen 
wordt vergeleken in termen van equivalente spanning en equivalente 
vervorming, zoals gedefinieerd in de theorie van perfecte isotrope plas
ticiteit. Bij eenzelfde equivalente vervormingsnelheid zijn de monsters 
gedeformeerd in kompressie, uitgedrukt in equivalente spanning, ster
ker. Uit een gedetailleerde analyse van de data blijkt dat het verschil in 
vloeispanning voomamelijk veroorzaakt wordt door de ontwikkeling 
van anisotropie gedurende de vervorming. Deze resultaten suggereren 
dat de aannames in zowel de klassieke theorie van isotrope plasticiteit 
als in de standaard methode om laboratorium vloeiwetten naar 3 di
mensies te extrapoleren, niet van toepassing zijn op het onderhavige 
materiaal onder de onderzochte kondities. 

In Hoofdstuk 5 wordt de vergelijking van het mechanisch gedrag 
tussen de twee bestudeerde deformatie geometrieen in meer detail ver
der uitgewerkt. Hierbij wordt gebruik gemaakt van de experimentele 
data gerapporteerd in Hoofdstukken 2 en 3. 

Tussen 250 en 400°C, dat wil zegggen onder condities waarbij de 
vervormingsnelheid afhankelijk is van diffusie door dislocatiekemen, 
zijn de equivalente spanningen gemeten in schuifvervorming altijd be
duidend kleiner dan in kompressie (bij dezelfde equivalente vervor
mingsnelheid), gedurende zowel de "hardening" (verharding) als de 
steady state fase. Dus het verhardingsgedrag van steenzout is bij deze 
lage temperaturen anisotroop (afhankelijk van de opgelegde deforma
tiegeometrie). Bij temperaturen boven 400-450 °C, dat wil zeggen on
der condities waarbij de vervormingsnelheid athankelijk is van diffusie 
door het kristalrooster, is het mechanisch gedrag in kompressie en in 
schuifvervorming vergelijkbaar (isotroop oftewel onathankelijk van de 
opgelegde deformatiegeometrie). 

Vervolgens wordt beargumenteerd dat het verhardingsgedrag van 
synthetisch steenzout niet uniek is maar kan athangen van het aantal en 
de kombinatie actieve slip-systemen die waarschijnlijk weer bepaald 
worden door de deformatiegeometrie. Deze koppeling tussen processen 
is waargenomen in polykristallijn koper (Cu) door Tome et al. (1984) 
en kan ook in polykristallijn haliet optreden. Computermodelleringen 
van de ontwikkeling van kristallografische voorkeursmaaksels hebben 
aangetoond dat in het algemeen minder slip-systemen nodig zijn om 
een increment schuifvervorming te accommoderen dan een increment 
samendrukking, hierdoor treden ook minder dislocatie-interakties op. 
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Verder zijn de slip-systemen geactiveerd in schuifvervorming minder 
sterk en daardoor zullen de vloeispanningen in schuifvervorming lager 
zijn dan in kompressie. Het effect van deze twee processen is het 
grootst bij temperaturen onder 400°C als de slip-systemen van haliet 
sterk uiteenlopende sterktes hebben. Verschillen in activatie-energie 
tussen de schuifvervorming- en kompressie-vloeiwetten die de vervor
mingsnelheid als functie van diffusie door dislocatiekernen beschrij
ven, zijn voorlopig verklaard door verschillen in de dislocatie-netwer
ken die ontstaan als gevolg van verschillen in aktieve slip-systemen. 

Op basis van bovenstaande resultaten is het duidelijk dat de stan
daard methode om vloeiwetten te extrapoleren naar 3 dimensies niet 
geldig is voor synthetisch steenzout, waarbij het vervormingsmecha
nisme gecontroleerd wordt door diffusie door dislocatiekernen. Indien 
het vervormingsmechanisme afhankelijk is van diffusie door het kris
talrooster kan de standaard extrapolatie-methode worden toegepast. In 
analogie hiermee geldt dat extrapolatie van laboratorium vloeiwetten 
van andere gesteente vormende mineralen, waarvan de slip-systemen 
uitlopende sterktes hebben en waarbij het vervormingsmechanisme ge
controleerd wordt door diffusie door dislocatiekernen, met gebruikma
king van de bovenbeschreven standaard methode kan leiden tot mislei
dende resultaten. 

In Hoofdstuk 6 worden algemene conclusies en implicaties met be
trekking tot de resultaten van Hoofdstukken 2 - 5 gepresenteerd. Hierin 
zijn ook suggesties voor aanvullend en verder onderzoek opgenomen. 
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NAWOORD 

Eindelijk. Het is een moeilijke, doch dankbare taak om diegenen te 
bedanken die een bijdrage hebben geleverd aan het tot stand komen 
van dit proefschrift. 

Allereerst gaat mijn dank uit naar Francine Spiering, wiens bijdra
ge aan dit proefschrift schier onvoorstelbaar is geweest. Om het kort en 
bondig te houden: zonder Francine was ik nooit klaargekomen! 

Mijn copromotor Chris Spiers heeft een structurele bijdrage gele
verd aan het opzetten van het onderzoek. Het overzicht en inzicht van 
Chris met betrekking tot mijn werk hebben mij keer op keer verbaasd, 
evenals zijn streven naar perfectie. Zijn bijdragen aan de 'final stages 
of writing up' zijn zeer wezenlijk geweest. Terugkijkend op meer dan 
tien jaar werken met Chris wi! ik het volgende citaat aanhalen: 

"The ethos is collegiate: ideas are there to be argued over; in
formation is there to be shared. At its best the system works 
thus: a journalist proposes an idea for a leader, which is deba
ted, refined and enriched at the editorial conference. 
Subsequently, a collegue from another section offers unexpec
ted extra material which adds substance to the argument. The 
journalist writes the piece, a section head improves it and adds 
zip to the prose, and just before it goes to print someone else 
catches and corrects the only error. 

At its worst, it can mean the journalist's idea being strang
led at birth by people more articulate and forceful then he is; 
or, when he has written his piece, his section head disagrees 
violently and rewrites it so thoroughly as to turn the argument 
on its head; or a heavy rubber removes every word of which he 
is proud along with every last trace of individuality." 

Genomen uit The Economist, (1993), Volume 328, number 7827. 
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Prof. Dr. Stan White was bereid het promotorschap op zich te ne
men en mij van advies te dienen, zelfs gedurende zijn verblijf in het 
buitenland. Daarvoor mijn dank. 

Jaren geleden werd met dit promotieonderzoek begonnen onder lei
ding van Prof. Dr. Henk Zwart. Ik wil Henk bedanken voor de onder
zoeksvrijheid die hij me heeft gegund en voor het vertrouwen dat hij in 
mij heeft gesteld. Niet in de laatste plaats regelde Henk voor mij deel
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