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a b s t r a c t

Localized deformation during high temperature plastic flow is frequently attributed to mechanical
weakening caused by grain size reduction and, in some cases, by the development of a crystallographic
preferred orientation (CPO). This study aims to investigate experimentally the contribution of CPO
development to the strain weakening seen in Carrara marble samples during large strain torsion ex-
periments at temperatures in the range 600e800 �C at constant strain rate and confining pressure. The
starting material shows little or no CPO. Samples were treated in three steps. First, they were deformed
to achieve a well-developed CPO and recrystallized to a finer grain size. Second, the samples were
annealed at 727 �C for 5 h to grow the grains to approximately their original size and shape while
maintaining a reasonably strong CPO. Finally, the samples were deformed again, under the same con-
ditions as the first step. Re-deformed samples showed a strain weakening lower than during the first
step. We infer that this strength difference is caused primarily by the CPO developed during the first
deformation event. This implies that CPO development is an important process that contributes to strain
weakening during flow of Carrara marble and likely of other rock types as well.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Weakening of rocks and strain localization into shear zones
during plastic flow is a key rheological and structural process in
natural deformation in both the crust and the upper mantle (Rutter
and Brodie, 1988; Karato and Wu, 1993; Ter Heege, 2002; Precigout
et al., 2007; Karato, 2008; Hunt et al., 2009). Weakening attributes
to factors such as texture development (the development of a
crystallographic preferred orientation (CPO)) and the reduction of
grain size due to dynamic recrystallization (Poirier, 1980; Franssen
and Spiers, 1990; Rutter, 1998; Pieri et al., 2001a; Barnhoorn et al.,
2004; Delle Piane and Burlini, 2008; Skemer et al., 2013). However,
little is known about the relative contributions of these processes to
the amount of weakening.
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Carrara marble is a well-investigated rock material, suitable for
studying deformation mechanisms and related microstructural
features during ductile flowat elevated pressures and temperatures
(Covey-Crump, 1997; Pieri et al., 2001a; Ter Heege, 2002;
Barnhoorn et al., 2004, 2005; Valcke et al., 2006; Delle Piane and
Burlini, 2008). Investigations of the high strain rheology of Car-
rara marble, at high pressure (300 MPa) and high temperature
(500e927 �C), have revealed a characteristic stress vs. strain curve
(Fig. 1) (Pieri et al., 2001a; Ter Heege, 2002; Barnhoorn et al., 2004),
showing an initial quasi-elastic response until yielding, followed by
hardening until a peak stress is reached, and then gradual weak-
ening. Flow at constant shear stress was reached for higher tem-
peratures (727 �C or higher) for a shear strain of 8 and higher.

Microstructural observations in the hardening stage seen in
high strain compression and torsion tests on Carrara marble have
revealed that the stress increase is accompanied by intense twin-
ning and is assumed to involve glide and climb of dislocations (Ter
Heege, 2002; Barnhoorn et al., 2004). Usually the peak stress is
reached between a finite shear strain of 1 and 2 (for
_g¼ 1�10�3 s�1�1�10�5 s�1), depending on the temperature, and
lasts almost one unit of shear strain. Subsequent weakening is
associated with grain size reduction by dynamic recrystallization,
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Fig. 1. Characteristic stress/strain curve for Carrara marble deformed by torsion experiments at a temperature of 727 �C and a shear strain of 1 � 10-3 s�1 (experiment P1168,
Table 1). Elastic behaviour is followed by yielding with work hardening, caused by glide and climb of dislocations. After a peak in strength, weakening occurs, associated with the
development of a CPO and grain size reduction due to recrystallization processes (Barnhoorn et al., 2004).
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until at high shear strains (5e8, depending on the temperature) the
bulk of the material has recrystallized (Barnhoorn et al., 2004). A
shape preferred orientation (SPO) of non-recrystallized grains and a
CPO develop during the deformation process. The type and in-
tensity of this CPO depends on the deformation temperature
(Barnhoorn et al., 2004).

Recrystallization and CPO development are accordingly
assumed to be the main processes that cause weakening during the
plastic deformation of Carrara marble at elevated pressures and
temperatures (e.g. Pieri et al., 2001a), though they do not lead to
strain localization, i.e. are insufficiently effective to cause localiza-
tion at experimentally achievable strains. The absence of localiza-
tion in single-phase materials is in agreement with Fressengas and
Molinari (1987), as long as tests are carried out under displacement
rate boundary conditions, as has been discussed by Paterson
(2007). Hansen et al. (2012) performed torsion experiments on
olivine-rich materials and concluded that localization in torsion
experiments at constant strain rates were not observed because
variations in strength were not large enough to initiate localization.

Delle Piane and Burlini (2008) investigated the contribution of
CPO to the weakening of Carrara marble by performing a torsion
experiment involving deformation followed by annealing and
repeated deformation at a shear strain rate of 3 � 10�4 s�1 and a
temperature of 727 �C. Strain weakening during the repeated
deformation, of a sample with a pre-existing CPO, had reduced by
one third with respect to the initial deformation, which resulted in
the conclusion that roughly one third of the weakening of the
sample studied was caused by CPO development, while the other
two thirds were due to grain size reduction by recrystallization
processes. However, because only one experiment was performed,
further investigation on the subject is needed in order to draw
convincing conclusions about the contribution of CPO and recrys-
tallization to the weakening processes in Carrara marble.

The microstructural effect of the annealing of Carrara marble
after a period of shear deformation has been investigated by
Barnhoorn et al. (2005), who describewidespread grain growth and
subtle changes in CPOduring the annealing process. Barnhoorn et al.
(2005) and Delle Piane and Burlini (2008) concluded that a sample
deformed to a shear strain of 5 at 727 �C, and then annealed for 5 h at
the same temperature, was similar to the original Carrara marble in
grain size, but possessed a strong CPO (J index ~10), with a pattern
similar but not equal to that reached after pre-annealing deforma-
tion. The J-index is defined as the second moment of an orientation
distribution function (ODF) (Bunge, 1982). However, in the above
experimental studies, the pressure-temperature conditions during
the various deformation and annealing stages were the same
(T ¼ 727 �C, confining P ¼ 300 MPa and shear strain
rate ¼ 3 � 10�4 s�1). There is no experimental data on high-strain
and high temperature torsion experiments yet where the experi-
mental conditions during deformation are different from those of
the annealing conditions. Therefore, no conclusions can be drawn
about the (microstructural) effect of annealing on samples
deformed at different temperatures and strain rates and possible
implications on strengths of rocks, both during experiments and in
nature.

The present study investigated the contribution of CPO to the
weakening of Carrara marble at different shear strains and tem-
peratures to explore the role of pre-existing CPO on the rheology.
Deformation experiments in torsion were performed at different
temperatures (600 �C, 727 �C and 800 �C) and strain rates
(3 � 10�4 s�1 and 1 �10�3 s�1) at a confining pressure of 300 MPa,
keeping the annealing conditions constant at 727 �C and 300 MPa.
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They provide evidence that CPO contributes to a substantial part of
the weakening of Carrara marble.

2. Methods

2.1. Materials and sample assembly

The present torsion experiments were performed on natural
samples of Carrara marble, a widely used material for experimental
rock deformation in order to investigate rheology and deformation
mechanisms (e.g. Rutter, 1995; Pieri et al., 2001a). Carrara marble
consists of 98% calcite, has hardly any grain shape or crystallo-
graphic preferred orientation and has proven to have a unimodal
grain size distribution (mean grain diameter: 110e150 mm) (Pieri
et al., 2001b). The uniform microstructure coupled with mechani-
cally isotropic behaviour makes it suitable for experimental studies
of different grain size dependent mechanisms and CPO develop-
ment (e.g. Pieri et al., 2001a; Barnhoorn et al., 2004).

Cylindrical samples of 10 mm length and 12 and 15 mm diam-
eter were cored from a slab of Carrara marble. The ends of the cores
were polished to make them parallel to each other and perpen-
dicular to the cylinder axis. The cylinders were dried in an oven at
110 �C for at least 24 h before an experiment.

Deformation assemblies for torsion experiments were prepared
in the following way. First, the cylindrical sample was positioned
between two thin (3 mm) alumina spacers of 15 mm diameter and
then sandwiched by solid alumina and partially stabilized zirconia
pistons of 15 mm diameter and 3 mm in length (Fig. 2). The whole
assemblywas then inserted into an iron tubewith an inner diameter
slightly larger than 15 mm and awall thickness of 0.25 mm. Passive
reference markers were subsequently scratched along the long axis
of the iron tube to visualize the deformation of the assembly.

2.2. Deformation apparatus

The deformation experiments were performed in a Paterson
internally heated gas apparatus equipped with an external torsion
Fig. 2. Experimental setup. a) A schematic drawing of the torsion apparatus with a sample
marble sample between alumina and zirconia pistons, inside an iron jacket. c) Motion of t
assembly. e) A photograph of a Carrara marble sample inside an iron jacket, which has bee
actuator (Fig. 2). A detailed outline of the apparatus has been
described by Paterson and Olgaard (2000). Torsion experiments
have the advantage that a high (in principle unlimited) magnitude
of finite shear strain can be obtained. During torsion, the total bulk
shear strain varies linearly from the axis of rotation of the cylin-
drical sample, where the shear strain is equal to zero, to the outer
diameter, where the shear strain equals the maximum value, for a
given angular displacement (Fig. 2). Any volume element along the
radius of the sample undergoes a simple shear with a shear plane
normal to the cylinder axis and a shear direction perpendicular to
the radius.

Confining pressure was monitored using a pressure gauge
(resolution ± 1 MPa; fluctuation ± 4 MPa). Temperature was
measured with a K-type thermocouple placed 3mm from the top of
the sample, with a resolution of 1 �C and fluctuations of ±2 �C,
respectively. A rotary variable differential transformer (RVDT),
measuring angular displacement, was placed on top of the torsion
gear box, which was mechanically connected to the top specimen
anvil to measure the angular displacement (q) in radians for an
applied constant angular displacement rate ( _q in radians/sec). For a
given length (l) and radius (r) of the sample, the relation between
angular displacement (q), shear strain (g), angular displacement
rate ( _q) and shear strain rate ( _g) is given by the equations.

q ¼ l
r
g (1)

and

_q ¼ l
r
_g (2)

Assuming that the rheology of the deformed sample at the
experimental conditions is well-described by a conventional power
law (e.g. Pieri et al., 2001a; Barnhoorn, 2003), the measured torque
(M) is converted into shear stress (t), employing the following
equation (Paterson and Olgaard, 2000):
assembly inside. b) A schematic drawing of a sample assembly: a cylindrical Carrara
he Carrara marble sample during a torsion experiment. d) A photograph of a sample
n deformed by torsion (shear strain ¼ 6).



Table 1
Overview of experiments. During each of the deformation experiments, the temperature, pressure and strain rate were constant. Amounts of stress were calculated using
internal torque values, as described in Section 2.2. Values for grain size and J-index were determined by the analysis of EBSD derived orientation maps on the longitudinal
tangential section of the samples.

Exp.
number

Before/After
annealing

Temp.
(�C)

Sample
Nr

Strain
rate (s�1)

Yield
stress
(MPa)

Peak stress
(MPa)

Large shear
strain
stress (MPa)

Max. shear
strain

Strain
weakening (%)

Shear strain
at peak stress

Grain size (mm)
(according to
cleaned data in OIM)

J-index

P1144 Before 600 CM9 3*10�4 50 92.9 83.4 9 10.2 4.1 14.77 4.11
P1157 Annealing 727 CM9 n/a n/a n/a n/a n/a n/a n/a 50.46 3.73
P1170 After 600 CM9 3*10�4 40 80.1 76.5 9 4.5 1.32 13.8 3.11

P1164 Before 727 CM6 1*10�3 37.3 52.2 41.4 6 20.7 1.29 no data no data
Annealing 727 CM6 n/a n/a n/a n/a n/a n/a n/a 73.5 3.51

P1167 After 727 CM6 1*10�3 n/a n/a n/a 0.22 n/a n/a no data no data
P1173 After 727 CM6 1*10�3 35 47.4 n/a 1.5 n/a 0.88 no data no data

P1168 Before 727 CM3 1*10�3 37 52.5 41.2 6 21.5 0.99 no data no data
Annealing 727 CM3 n/a n/a n/a n/a n/a n/a n/a no data no data

P1169 After 727 CM3 1*10�3 22 43.6 36,0 6 17.4 1.0 18.12 15.36

P1174 Before 727 CM4a 1*10�3 36 51.9 n/a 1.5 n/a 1.25 112.55 2

P1188 Before 727 CM13 1*10�3 42.3 58.1 48.8 6 16,0 1.12 no data no data
Annealing 727 CM13 n/a n/a n/a n/a n/a n/a n/a no data no data
After 727 CM13 1*10�3 30 54.4 n/a 1.5 n/a 1.20 49.79 3.71

P1182 No annealing 727 CM7 1*10�3 no data 56.5 51.3 6 9.2 1.18 no data no data

P1184 Combination 727 CM11 1*10�3 35 54.7 39.4 9 28,0 1.11 no data no data

P1159 Before 727 CM5 1*10�3 41 56.1 n/a 2 n/a 0.82 no data no data

P1213 Annealing 727 CM14 n/a n/a n/a n/a n/a n/a n/a no data no data
After 727 CM14 1*10�3 35 55.7 43.8 6 21.4 1.33 17.2 12.03

P1165 Before 800 CM2 3*10�4 24 30.8 26.7 6 13.3 0.35 25.9 12.07

P1187 Before 800 CM12 3*10�4 22 30.4 25.2 6 17.1 0.26 no data no data
Annealing 727 CM12 n/a n/a n/a n/a n/a n/a n/a no data no data

e Annealing 727 CM12 n/a n/a n/a n/a n/a n/a n/a no data no data
P1190 Annealing 727 CM12 n/a n/a n/a n/a n/a n/a n/a 62.83 2.85/7.65

P1215 Before 800 CM15 1*10�3 24.5 34.8 29.1 6 16.4 0.37 no data no data
Annealing 727 CM15 n/a n/a n/a n/a n/a n/a n/a no data no data
After 800 CM15 1*10�3 24 30.3 28.4 6 6.3 0.31 17.62 20.7
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3þ 1
n M
t ¼

� �

2pr3
; (3)

where n is the stress exponent of the power law.
Values for n of 7 and larger are obtained for Carrara marble at

high pressure and high temperature during strain rate stepping
tests (Schmid et al., 1979; Pieri et al., 2001a; Barnhoorn et al., 2004).
In order to be able to compare the results obtained to previous
experiments, a fixed value of 10 has been used for the conversion
from torque to shear stress for all temperatures used in the present
tests. This value is a maximum value, obtained in strain rate step-
ping tests performed by Pieri et al. (2001a) and Barnhoorn et al.
(2004). Differences between the use of an n-value of 7 or 10 are
negligible in respect to measurement uncertainties (Barnhoorn
et al., 2004).

2.3. Experimental procedure

Torsion experiments were conducted under different experi-
mental conditions (temperature: 600 �C, 727 �C and 800 �C and
strain rate: 1 � 10-3 s�1 and 3 � 10-4 s�1) keeping the confining
pressure at 300 MPa (Table 1). Each experiment was conducted in
shear-anneal-shear mode and consisted of three different phases.
The details of these three phases are described below.

a) During the first deformation phase, or pre-annealing deforma-
tion phase, the sample was deformed up to a finite shear strain
(g) until a strong CPO developed (J-index > 4 at 600 �C or ~10 at
727 �C and 800 �C). The amount of shear strain required to
develop a strong CPO is a function of temperature at constant
confining pressure and was determined on the basis of the re-
sults presentedbyPieri et al. (2001a) andBarnhoorn et al. (2004).
Finite shear strains of 9 for T¼ 600 �C and of 6 for T¼ 727 �C and
800 �C are applied, based on these studies, for the following
reasons. 1) Samples are fully recrystallized after the mentioned
finite shear strains. 2) The CPO patterns do not change after the
proposed finite shear strains, up to the maximum shear strains
investigated (32 for T¼ 600 �C and of 46 for T¼ 727 �C), although
CPO-strength continues to develop until very high shear strains
(For T¼ 727 �C J-indexes of 12.5 at g¼ 5, 20.6 at g¼ 9 and 34.5 at
g ¼ 46 are reported.) 3) Constant stress states are approached
after the finite shear strains. 4) Barnhoorn et al. (2005) investi-
gated the effect of 5 h of annealing on a sample deformed to a
shear strain of 5 (T ¼ 727 �C) and concluded that CPO-pattern
remained similar and that the CPO remained strong (J-
index¼ 4.9). Therefore, proposed shear strains are considered to
be suitable for the purpose of the present study: to investigate
the influence of a pre-existing CPO on strain weakening, by
creating a sample which maintains a strong CPO after a stage of
deformation and a stage of annealing.

b) After the first deformation phase, the sample was statically
annealed for 5 h at 727 �C in order to allow the dynamically
recrystallized grains to approach their original size while
maintaining a strong CPO. The effects of this stage have been
previously investigated by Barnhoorn et al. (2005), who showed
that the mean grain size reaches 33e50% of its original size
during 5 h of annealing at 727 �C.



Table 2
SEM/EBSD conditions.

SEM:
Name FEI Quanta 200 F
Mode Low vacuum
Water Pressure 30 Pa
Coating Samples are not coated
Voltage High: 15 kV
Spot size 5
Aperture 40 mm
Theoretical beam current 7 nA
Working distance 12e15 mm
EBSD:
System EDAX
Software TSL OIM 5.31
Detector type Hikari
Binning to 80 pixels
Frame rate 70 frames/s
Individual map size 1200 � 1200 mm, step size 5 mm
Gaussian smoothing 10� (Bunge, 1982)
Projection Upper hemisphere
Stitched maps/combo scans: Variable sizes depending on sample

geometry, step size always 10 mm,
(combined beam and stage translations)

Indexing points with a confidence index < 0.1 have been ruled out for the deter-
mining of pole figures and grain sizes CPO strengths are calculated using texture
index J. Harmonic series expansion to a series rank of 28.
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c) Finally, a second deformation phase, or post-annealing defor-
mation phase, was applied under the same experimental con-
ditions as the first deformation phase.

The list of experiments and other relevant experimental pa-
rameters is given in Table 1. A few additional tests were performed
in order to examine the microstructural development during the
different phases and to determine the influence of annealing and
reshearing on the stress-strain behaviour of the samples.
Fig. 3. Stress-strain curves of experiments before (BA) and after (AA) annealing, performed a
Curves of similar colours (solid line before annealing, dashed line after annealing) belong to d
quite reproducible (max. 8 MPa variation in peak stress), while experiments after annealing
(shear strain ¼ 6 for 727 �C and 800 �C, shear strain ¼ 9 for 600 �C) the experiments per
periments performed at temperatures of 727 �C and 600 �C show still weakening.
2.4. Microstructural analysis

In order to observe the evolution of microstructures, the sam-
ples were analysed after each phase (a, b and c) of the experiments.
For these observations, a 2e3 mm thick disc of deformed sample
was sliced orthogonal to the cylinder axis. The remaining part of the
sample was re-jacketed to proceed to the next experimental phase.

The deformed samples were observed using optical and
electron microscopy. For observation under the optical microscope,
ultra-thin (<10 mm) sections were prepared from the outer-most
part of the samples (longitudinal tangential section, Paterson and
Olgaard, 2000) i.e. the region of the samples that underwent the
highest amount of shear strain. All grain sizes and other micro-
structural aspects mentioned in this paper, are measured in this
longitudinal tangential section.

Electron Backscatter Diffraction (EBSD) analyses on polished
surfaces of the samples were performed using an FEI Quanta 200F
Scanning Electron Microscope (SEM) in order to determine the CPO
of the deformed samples. Detailed information about SEM and
EBSD conditions are given in Table 2.
3. Results

The stress-strain curves obtained for the pre-annealing (solid
lines) and post-annealing (dotted lines) stages of all experiments
are plotted in Fig. 3. The complete sequences of the experiments
with corresponding orientationmaps and pole figures are shown in
Figs. 4e6. No localization was observed after the experiments by
visual inspection of the marker lines on the iron jackets and of the
microstructures. Abrupt drops in shear stress were absent in the
stress-strain curves, though most samples showed gradual strain
softening. The strain interval over which softening occurs, de-
creases with increasing temperature. Softening is ongoing at 600 �C
t temperatures of 600, 727 and 800 �C and strain rates of 1 �10�3 s�1 and 3 � 10�4 s�1.
ifferent deformation phases of the same experiment. Experiments before annealing are
show a little more variation in peak stress (max. 11 MPa). At the end of the experiment
formed at a temperature of 800 �C are flowing at constant shear stress, while the ex-



Fig. 4. Complete sequence of experiments with a deformation temperature of 600 �C and an annealing temperature of 727 �C. Stress-strain curves are shown, together with orientation maps and contoured pole figures, at different
moments in the sequence. Grains show a strong shape preferred orientation after the first and second deformation phase. After annealing the shape preferred orientation is much weaker, but still present. CPO weakens after annealing
(J-index ¼ 3.7) and strengthens during the second deformation phase.
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Fig. 5. Complete sequence of experiments with deformation and annealing temperatures of 727 �C. Stress-strain curves are shown, together with orientation maps and contoured pole figures, at different moments in the sequence.
Grains show a strong shape preferred orientation after the first and second deformation phase, while hardly any shape preferred orientation can be noticed after annealing. CPO weakens during annealing, but continues to exist (J-
index ¼ 3.5).
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Fig. 6. Complete sequence of experiments with a deformation temperature of 800 �C and an annealing temperature of 727 �C. Stress-strain curves are shown, together with orientation maps and contoured pole figures, at different
moments in the sequence. Grains show a strong shape preferred orientation after the first and second deformation phase, while hardly any shape preferred orientation can be noticed after annealing. CPO weakens during annealing, but
remains strong (J-index ¼ 5.0).
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and a shear strain of 9 and at 727 �C and a shear strain of 6, while
steady state was reached at a shear strain of 2e3 at a temperature
of 800 �C.

CPO patterns after the different experimental phases are very
similar for temperatures of 727 and 800 �C. In the experiments
performed at a temperature of 600 �C, somewhat different CPO
patterns developed. Contoured pole figures represent the CPO at
different stages of the experiments as plotted in Figs. 4e6.

3.1. Experiments at 600 �C

Experiments P1144 (pre-annealing) and P1170 (post-annealing)
were performed at T ¼ 600 �C and _g ¼ 3 � 10�4 s�1. While the yield
stresses (50 MPa pre- and 40 MPa post-annealing) are reached
around a similar shear strain (~0.03), the peak stresses (92.9 MPa
pre- and 80.1 MPa post-annealing) are reached at shear strain of
respectively 4.0 and 1.3, resulting in a marked difference in the
stress-strain curves (Fig. 3). At g ¼ 9, the pre-annealing sample
reaches a stress value of 83.4 MPa, while the stress value for the
post-annealing sample is 76.5 MPa. This results in a weakening of
9.5 MPa before annealing and a weakening of 3.6 MPa after
annealing. The decrease in strain weakening is 5.9 MPa, or 62%.

Samples deformed at temperatures of 600 �C show similar mi-
crostructures to those described below at 727 �C and 800 �C. After
the first deformation phase average grain sizes are relatively small
(14.8 mm), remnants of the sheared porphyroclastic grains have a
strong shape preferred orientation. After the first deformation
phase and 5 h annealing the mean grain size of the recrystallized
grains has increased until approximately half of that of the starting
material (50.5 mm). A shape preferred orientation of grains of the
sample deformed at 600 �C still exists after annealing. The second
deformation phase results again in grain size reduction (average
grain sizes of 13.8 mm) and nearly complete recrystallization.

After a pre-annealing shear strain of 9, at a temperature of
600 �C, the CPO is oblique with respect to the shear direction,
characterized by two strong (perpendicular and 45� to the shear
plane) and one weaker c-axes maxima. The a (1120)-axes form a
girdle that is almost parallel to the shear plane with a maximum in
the shear direction. The r (1014)-poles have several maxima, all
weaker than the c-axis maxima, of which one is perpendicular to
the shear plane. The J-index of the CPO has a value of 4.4. Annealing
for 5 h at 727 �Cweakens and smoothens the overall CPO pattern (J-
index ¼ 3.7). The post-annealing deformation phase up to a shear
strain of 9 causes a similar CPO pattern as described after the initial
deformation phase before annealing. Maxima are slightly weaker
(J-index ¼ 3.9), and the CPO is more symmetric with respect to
shear plane and direction.

3.2. Experiments at 727 �C

Experiments performed at a temperature of 727 sssC and a
strain rate of 1 � 10�3 s�1 show similar stress-strain curves. The
samples typically show macroscopic yield at shear stresses be-
tween 37 and 42.3 MPa for the pre-annealing experiments and
between 22 and 35 MPa for the post-annealing experiments. Pre-
annealing peak stresses (at g ¼ 0.7e1.2) vary between 51.9 MPa
and 58.1 MPa, while post-annealing peak stresses (at g ¼ 0.9e1.1)
take values between 43.6 and 54.4 MPa. No constant flow stress is
achieved during 727 �C experiments. At g ¼ 6, pre-annealing
stresses vary between 41.2 and 48.8 MPa, while the post-
annealing stress is 36 MPa. Pre-annealing samples weaken
9.3e11.3 MPa between the peak stress and a shear strain of 6. In
comparison, the post-annealing sample only weakens 7.6 MPa. In
this case, the difference in strain weakening before and after
annealing is 3.7 MPa or 33%.
At the peak stress during the first deformation phase (g z 1),
grains show moderate shape preferred orientation together with
twinning (Fig. 5). The average grain size at the peak stress is
112.5 mm. No analysis of the microstructure after the first defor-
mation phase has been performed for this study, because extensive
documentation is available from previous studies (Barnhoorn et al.,
2004, 2005; Pieri et al., 2001a): After the first deformation phase-
Carrara marble is (almost) completely recrystallized (75% at
g z 5.2e100% at g z 6.7), down to a grain size of ~10 mm. The
recrystallized grains have slightly elongated shapes (average aspect
ratio R ¼ 1.7e2.3).

After an additional 5 h of annealing at the same temperature,
the mean grain size of the recrystallized grains has increased to
73.5 mm. Grain boundaries are often irregular. No shape preferred
orientation is observed.

At the peak stress during the second deformation phase (g¼ 1.5)
the average grain size has decreased to 49.8 mm. The onset of
recrystallization is visible at grain boundaries, but majority of the
grains has not recrystallized yet. Grains have a clear shape
preferred orientation. The thin section of the sample after a shear
strain of 6, 5 h annealing and another shear strain of 6, shows that
most of the grains (>80%) have recrystallized to a grain size of about
10 mm. Average grain size is ~18 mm. Remaining (not recrystallized)
grains have a strong shape preferred orientation.

As described by Barnhoorn et al. (2004) and Delle Piane and
Burlini (2008), at a pre-annealing shear strain of ~5, c (0001)-axis
maxima appear normal to the shear planewhile aweakermaximum
develops at about 60� to the shear plane. One of the a (1120)-axis
maxima is parallel to the shear direction. The r (1014)-poles have
distinct maxima, one of which is normal to the shear plane (Fig. 4).
The J-index of the CPO takes values of 12.5 (727 �C).

After an additional 5 h of annealing, c- and a-axis maxima are
nearly at the same positions, while the CPO has weakened to a J-
index of 3.5. The r- and f-poles switch their maxima positions in
comparison to the CPO at a shear strain of 5 without annealing.

A shear strain of 6, followed by 5 h of annealing and a further
shear strain of 6, results in the same CPO pattern as appears after a
shear strain of 5, but stronger. The J-index has a values of 15.4.

3.3. Experiments at 800 �C

At a temperature of 800 �C a complete series (pre-annealing,
annealing, post-annealing) of experiments has been performed at
_g ¼ 1 �10�3 s�1. The stress-strain curves are very similar as above.
Yield stresses of 24 MPa (pre-annealing) and 24.5 MPa (post-
annealing) are reached, and peak stresses of 34.8MPa and 30.3MPa
(pre- and post-annealing respectively) at a shear strain around
0.35. At the maximum shear strain of 6, the flow stress supported in
the experiment performed before annealing is 29.1 MPa, while the
stress supported in the experiment after annealing is 28.4 MPa.
Here, the difference in total weakening before and after annealing
is 3.8 MPa or 67%.

After the first deformation phase the mean grain size is 25.9 mm
and non-recrystallized grains have a strong shape preferred
orientation. After the first deformation phase and 5 h annealing, the
mean grain size is 62.8 mm (about half of the starting grain size),
and the grains do not have a shape preferred orientation. The
second deformation phase causes complete recrystallization and
grain size reduction to 17.6 mm.

The CPO development of a sample deformed at 800 �C is very
similar to the CPO development of the 727 �C sample for all stages of
the experiment, but the J-index of the CPO is higher after all stages.
After the pre-annealing stage the J-index has a value of 12.1. After
annealing the CPO has weakened to a J-index value of 5.0. The
strengthof theCPOafter thepost-annealingdeformation stage is20.7.
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3.4. Unloading/reloading experiments

Experiments during which samples were unloaded and imme-
diately reloaded, showed a maximum difference in shear stress of
±1.8 MPa before and after unloading/reloading (P1184). Six unload/
reload sequences were performed, five of which showed an in-
crease in shear stress after unloading/reloading and one showed a
decrease in shear stress in that magnitude.

4. Discussion

The effect of a pre-existing crystallographic preferred orienta-
tion (CPO) on the rheological behaviour of Carrara marble has been
investigated by means of torsion experiments performed in shear-
anneal-shear mode at temperatures of 600 �C, 727 �C and 800 �C.
The investigation focused on differences in strain weakening
observed between samples with and without a pre-existing CPO,
and on the associated microstructural development. Noting that
the Carrara marble starting material has a mean grain size of
110e150 mm and no significant CPO or grain shape fabric, the main
findings were as follows:

1. During a first deformation phase to a large shear strain, grains
dynamically recrystallize and a strong recrystallization CPO
develops.

2. During annealing, the CPO that has developed during the first
deformation phase weakens. The characteristics of maxima for
c- and a-axes remain, but the maxima for r- and f-poles nearly
exchange their positions.

3. Annealing causes grains to grow from average grain sizes
<20 mm up to 75 mm and reduces (600 �C) or almost entirely
removes (727 and 800 �C) the shape fabric, such that the starting
equant grain microstructure of the undeformed marble is
approached.

4. Peak stresses are 4e13 MPa (13e20%) lower in samples with a
pre-existing CPO than in samples without a pre-existing CPO.

5. Differences in shear stress at large strain between pre- and post-
annealing stage decrease with increasing temperature.

6. The strain weakening of samples with a pre-existing CPO is
1e7 MPa (33e67%) less than the strain weakening of rocks
without a pre-existing CPO.

7. Microstructures and CPO are similar after the first and the sec-
ond deformation phase, and a steady state situation is
approached the closer the higher the deformation temperature.
4.1. Stress strain behaviour of Carrara marble at different
temperatures

Flow behaviour of Carrara marble samples during the first
deformation stage (deformation to a shear strain of 6 (727 �C and
800 �C) to 9 (600 �C), is observed to be similar to earlier per-
formed torsion experiments (Barnhoorn et al., 2004; Bruijn et al.,
2011). The characteristic stress strain curve for Carrara marble
torsion experiments under similar pressure/temperature condi-
tions is obtained from all experiments that are performed. Peak
stresses are reached at lower shear strains for higher temperatures
and the amount of weakening increases with temperature. Flow at
a constant shear stress is reached only for experiments at 800 �C,
which implies that steady state is reached earlier during experi-
ments at higher temperatures. These effects of temperature on the
flow behaviour of Carrara marble were previously observed by
Barnhoorn et al. (2004) and are expected to be caused by the
higher efficiency of recovery processes at higher deformation
temperatures.
Barnhoorn et al. (2004) conclude that the start of weakening
corresponds to the onset of recrystallization, which is confirmed by
the analysis of the microstructure that is present at the peak stress
(727 �C) in the present study. The major part of the grains (>75%) is
recrystallized at the end of the first deformation stage, for all
temperatures.

EBSD based analysis shows that a strong CPO has developed
during the first deformation stage. The J-index varies from
approximately 4 (600 �C) to 12 (727 �C and 800 �C). The observed
difference in CPO between 600 �C and 727 �C/800 �C indicates
activation of different slip systems at lower (600 �C) and higher
(727 �C and 800 �C) temperatures. De Bresser and Spiers (1997)
investigated the relation between shear stress, deformation direc-
tion and slip system and concluded that there is a connection be-
tween sample strength and the active slip system. The
development of a different slip system during 600 �C experiments
than during 727 �C and 800 �C, while shear sense is equal for all
experiments, is expected to account for the observed differences in
strength and development of strain weakening between the
experimental temperatures.

4.2. Effect of annealing

Grain sizes increase during 5 h of annealing from 10-25 mm to
50e75 mm, which is also observed by Barnhoorn et al. (2005). The
grain size of 50e75 mm, that forms the starting grain size for the
second stage of deformation, is roughly half the grain size of the
starting material (mean diameter 110e150 mm (Pieri et al., 2001a,b;
Barnhoorn et al., 2005)). According to Barnhoorn et al. (2004), grain
sizes of 50 mm are still sufficiently large to accommodate disloca-
tion creep. An increased contribution of diffusion creep at the start
of the second deformation phase, compared to the first deforma-
tion phase, is therefore not expected to occur. Microstructural
analysis shows that hardly any shape fabric is present in the sam-
ples after annealing. CPO's, however, havemaintained strength. The
J-index of CPO's varies between 2.9 and 3.7. The samples after
annealing are therefore concluded to be similar to the starting
samples, but with a strong CPO.

4.3. Second deformation stage: contribution of pre-existing CPO to
strain weakening

Yield and peak stresses observed during the second deformation
stage (experiments on samples with a pre-existing CPO) were al-
ways lower than those in the first deformation stage, which is
clearly depicted in Fig. 3. An absolute decrease in peak stress of
4e13 MPa is observed, which means a relative decrease of 6e20%.
Moreover, during the second deformation stage the strain weak-
ening of samples was always less than during the first deformation
stage, at all temperatures investigated. Post-annealing strain
weakening was 4e6MPa less than pre-annealing strainweakening,
a relative decrease of one to two third. From these observations it is
concluded that a pre-existing CPO weakens the Carrara marble
with a contribution of 1/3-2/3 to the strain weakening under the
conditions investigated, while the remaining strain weakening is
assumed to be caused by dynamic recrystallization. This inference
is in agreement with that of Delle Piane and Burlini (2008), who
report that geometrical weakening (the effect of CPO) contributes
to about one third of total weakening for a deformation tempera-
ture of 727 �C, and leads to a difference of ~4e8% between pre- and
post-annealing peak stresses. The experiments performed by Delle
Piane and Burlini (2008) were similar to the experiments per-
formed at deformation temperatures of 727 �C during the present
research, except for the strain rate, which was 3 � 10�4 s�1 instead
of 1 � 10�3 s�1 in the present case. No influence of varying strain
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rate in the mentioned range on the contribution of a pre-existing
CPO on strain weakening of Carrara marble is observed.

Hansen et al. (2012) explore the effect of texture strength versus
grain size reduction on olivine-rich materials that are deformed
under different strain rates by development and interpretation of a
flow law. Herewith, a flow law that considers a grain size sensitive
element and an element that depends on texture strength, is
reformulated to explore strain weakening at constant texture
strength, i.e. caused by grain size reduction. The results of their
research, which are compared to laboratory tests, show that evo-
lution of grain size is a function of the steady state stress, while the
textural effect is the same within the range investigated (torsion
experiments, temperature ¼ 1200 �C, strain
rate ¼ 4.5 � 10�5 s�1e6.1 � 10�3 s�1). This supports the similarity
between contribution of CPO-development in the present study
and the study of Delle Piane and Burlini (2008). The calculated
reduction in stress due to geometrical softening by Hansen et al.
(2012) is 28% for all strain rates. More experiments must be per-
formed at varying strain rates in order to further investigate the
influence of strain rate on the contribution of CPO development to
strain weakening.

Having observed that a pre-existing CPO weakens Carrara
marble, theweakening processes occurring during the experiments
are investigated more closely. The relation between CPO develop-
ment and strain has been previously investigated by Owens and
Rutter (1978) and Rutter and Rusbridge (1977) during compres-
sion experiments on calcite samples. Barnhoorn et al. (2004)
described that the onset of weakening of the sample corresponds
to the onset of recrystallization. A combination of data from ex-
periments in the present study and results from previously per-
formed experiments (Barnhoorn et al., 2004; Delle Piane and
Burlini, 2008), results in the strong assumption that the moment
at which a steady state stress is reached (roughly speaking me-
chanical steady state), corresponds to the point where the micro-
structure is fully recrystallized (so to say microstructural steady
state). On the contrary, CPO development starts before the peak
stress and continues up to very high shear strains, long after a
Fig. 7. Development of shear stress, texture strength and recrystallization with shear strain
lower than pre-annealing shear stresses. Recrystallization occurs faster in the post-deformat
strains in the post-annealing stage. Texture strengths are always higher in the post-anneal
steady state stress is reached (Fig. 7). Until peak stress, an oblique
shear CPO develops, overprinted afterwards by a symmetric
recrystallization CPO with constant maxima positions but
increasing strength (Barnhoorn et al., 2004). Multiple scenarios can
be applied to explain these observations:

1) CPO development does not have any influence on strain
weakening.

This statement has clearly been proven wrong in this paper. A
pre-existing CPO results in lower peak stress and in 1/3 to 2/3
decrease in strain weakening, under the conditions investigated.

2) A certain texture strength is needed to create suitable crystal-
lographic orientations for an easy slip system. Once most of the
grains are suitably oriented and their easy slip systems are
activated, an increase in CPO-strength does not enhance strain
weakening anymore.

The CPO that is present at a starting sample for the post-
annealing deformation stage at 727 �C has a J-index of 3.5. The
weakening influence of the pre-existing CPO is clearly visible
(Fig. 5), which implies that the active slips systems within a sample
with a J-index of 3.5 are sufficient to support strain weakening.

The absolute decrease of the peak stress, large shear strain stress
and strain weakening generally decreases with temperature
(Fig. 8b). This is related to the observed decrease in peak stress and
large strain stress with increasing temperature (Fig. 8a): when
absolute stresses decrease, absolute decreases in stresses between
experiments before and after annealing decrease as well. No clear
relation is observed between the deformation temperature and the
relative decrease in shear stresses (Fig. 8b), although such a relation
would at least be expected for the temperatures at which dynamic
recrystallization and CPO-development evolve similarly: 727 �C
and 800 �C. Differences between 600 �C and 727 �C/800 �C are
assumed to be caused by the activity of different slip systems (De
Bresser and Spiers, 1997). However, the relatively high
, for pre- and post-annealing experiments at 727 �C. Shear stresses after annealing are
ion stage. This corresponds to the mechanical steady state being reached at lower shear
ing stage at equal shear strain.



Fig. 8. a) Absolute shear stresses in the pre-annealing stage. Yield stresses, peak stresses and large strain stresses decrease with increasing temperature. No temperature
dependence is observed for the amount of strain weakening. b) Absolute and relative decrease of yield, peak, large strain stresses and strain weakening in the post-annealing stage,
with respect to the pre-annealing stage. Absolute values generally decrease with increasing temperature, which is consistent with Fig. 7a. No clear relation is observed between the
deformation temperature and the relative decrease in shear stresses.
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contribution of CPO to strain weakening at 800 �C (4 MPa or 67%,
compared to 4 MPa or 33% at 727 �C) is remarkable and can be
explained by the higher J-index at the start of the post-annealing
phase. Starting samples for the post-annealing stage have a
texture strength (J-index) of 3.5 at 727 �C and a J-index of 5 at
800 �C. The evolution of texture strength from 3.5 to 5 (J-index)
clearly contributes to strain weakening.

A plot of texture development versus shear stress (Fig. 9) shows
thatmechanical steady state is reached at a J-index of 12e18 (727 �C
and 800 �C) in the pre-annealing stage. Although nomeasurements
of texture strength at mechanical steady state at 727 �C have been
performed in the post-annealing stage, observations from the
800 �Cexperiments infer that the J-indexof the sample at the start of
mechanical steady state is similar before and after annealing. 727 �C
experiments do not contradict this observation. However, for both
deformation temperatures, the shear strain at which mechanical
steady state is reached, varies. Therefore it is concluded that the end
of strain weakening is not only marked by the complete recrystal-
lization of the sample, but also by texture strength. This texture
strength at the start of mechanical steady state is similar for defor-
mation temperatures at which the same slip systems are activated
(727 �C and 800 �C in this study). Mechanical steady state, along
with 100% recrystallized grains and a steady state CPO, are reached
at lower shear strains for higher deformation temperatures, which
strengthens the statement that recovery processes are more effec-
tive at higher temperatures (Covey-Crump,1997). Experiments that
explore the CPO-strength at different stages of weakening after a
stage of annealing, and the evolution of CPO with recrystallization
could give more insight in these processes. Deformation experi-
ments on samples with a texture strength that is higher than the
inferred texture strength atmechanical steady state andwith a large
grain size (e.g. starting with large single crystals until full recrys-
tallization), will give insight in the relation or competition between
CPO-development and recrystallization.
3) A pre-existing CPO influences the onset and evolution of
recrystallization.

Fig. 9 gives insight in the development of texture strength with
shear stress, while the processes that occur between the start of the
experiments and the peak stress may also be influenced by a pre-
existing CPO. The presented stress-strain curves in Fig. 7 and the
plot in Fig. 9 show that the peak stress is decreased by a pre-
existing CPO. As the start of weakening corresponds to the onset
of recrystallization, the onset of recrystallization consequently oc-
curs at a lower shear stress, due to this pre-existing CPO. Recrys-
tallization processes may be controlled by, among others, stress,
strain rate and temperature. The onset of static recrystallization is
investigated by Covey-Crump (1997) during deformation experi-
ments performed at 426 �C on Carrara marble samples with a pre-
strain. Onset of recrystallization, corresponding to acceleration of
recovery processes, occurred faster with increasing pre-strains and
higher annealing temperatures. The onset of dynamic recrystalli-
zation is assumed to be related to the amount of stored energy
induced by deformation (Poliak and Jonas, 1996). The amount of
energy stored could be both stress and strain dependent. Analysis
of the shear strains at which the peak stress is reached, do not
result in a relation between shear strain and pre- or post-annealing
experiments (Table 1). The peak stress is reached at the same shear
strain in pre- and post-annealing experiments, and therefore the
onset of recrystallization is inferred to occur at a constant shear
strain, that decreases with increasing deformation temperature.
The difference in peak stress is then purely a result of easy slip,
caused by the pre-existing CPO. This is in accordance with Drury
and Urai (1990) and Gifkins (1959), who state that new free
grains appeared after a critical shear stress. Based on the experi-
mental results, the critical shear stress for nucleation of new grains
is not influenced by a pre-existing CPO under the conditions
investigated in the present study. A decrease of critical strain with



Fig. 9. Texture strength versus shear stress for deformation temperatures 727 �C and 800 �C, pre- and post-annealing. Measurements are marked (dots and squares), while lines
(solid and dashed) are interpretations of measured data. Texture strengths increase with strain weakening, and continue to develop after a mechanical steady state has reached.
Samples with a pre-existing texture (post-annealing) have a higher starting J-index, and reach a mechanical steady state at a lower shear strain. From the data obtained during this
study is inferred that at the onset of mechanical steady state, texture strength is similar in pre- and post-annealing experiments. Mechanical steady state, as well as complete
recrystallization, is reached at lower shear strains for higher deformation temperatures.

W.S. de Raadt et al. / Journal of Structural Geology 68 (2014) 44e5756
increasing deformation temperatures is also observed in material
sciences (Wray, 1975). Remarkable is that Wray (1975) also men-
tions that the recrystallization in iron starts before the peak stress is
reached. Moreover, Warren et al. (2008) investigated CPO devel-
opment in olivine in natural and experimental situations and
reported that CPO strength does not increase with increasing
shear strain, although the experimental data itself showed an
increase in J-index with increasing strain. Further experiments on
the microstructural evolution of Carrara marble during the hard-
ening stage, in pre- and post-annealing experiments, are needed to
gain more insight in the influence of a pre-existing CPO on the
onset of recrystallization, and the stress-strain-dependency of
recrystallation.

4.4. The effect of annealing on sample strength

Strain weakening of samples with a pre-existing CPO is smaller
than strain weakening of samples without a pre-existing CPO, as
stated before. However, microstructures of the samples are similar
when mechanical steady state is reached and therefore post-
annealing experiments would be expected to return to the me-
chanical steady state of the pre-annealing samples at high shear
strains. It is therefore remarkable that 100% recrystallized samples
with a strongly developed CPO have different mechanical steady
state strengths in the pre- and post-annealing stage, as is shown in
Fig. 9. A decrease in large shear strain stress, relative to the pre-
annealing stage, varying from 0.7 to 6.9 MPa is observed for all
post-annealing experiments. This implies that a stage of annealing
weakens the material under the circumstances investigated, while
no major differences in texture or recrystallization (grain size) can
be observed. Locally annealed rocks in natural situations may
therefore result in weaker bands of material, implying that local
annealing can cause localization. These weaker bands are not
distinguishable by CPO and grain size, which are considered to be
important for the analysis of rock deformation history in nature
(Oesterling et al., 2006; Lefebre et al., 2011).

Further investigation of the effect of annealing on shear strength
will be necessary in order to investigate the relation between
events of annealing and localization, starting with a research on the
effect of annealing time on large shear strain stress.

5. Conclusions

The effect of a pre-existing crystallographic preferred orienta-
tion (CPO) on the rheological behaviour of cylindrical Carrara
marble samples has been investigated by means of torsion exper-
iments performed in shear-anneal-shear mode at temperatures of
600 �C, 727 �C and 800 �C. The research focused on the differences
in strainweakening during deformation between samples with and
without a pre-existing CPO, as well as on associated rheological and
microstructural differences.

The main findings can be summarized as follows:

1. Our results suggest that flow stress, including peak stress and
the flow stress supported during subsequent strain weakening
of Carrara marble is reduced by a pre-existing CPO.

2. The contribution of CPO to the strain weakening after peak
stress seen in Carrara marble varies between 33% and 67%
(4e6 MPa), depending on the deformation temperature. We
infer that the remaining strain weakening is due to other pa-
rameters defining the microstructural state (grain size, defect
configuration, etc.) during dynamical recrystallization.
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3. Strain rate has little effect on strain weakening relative to the
peak stress and on the contribution of CPO to this weakening.
Experiments within a wider range of strain rates have to be
performed in order to investigate this effect.

4. Development of texture strength is ongoing after mechanical
steady state is reached. The onset of mechanical steady state is
inferred to correspond to 100% recrystallization and a temper-
ature dependent critical texture strength, in both pre- and post-
annealing experiments.

5. Large strain stresses of samples that are deformed, annealed and
deformed are always lower than large strain stresses of samples
after a single stage of deformation in the present study, although
microstuctures are very similar. Local annealing can cause
weakening of materials, possibly resulting in localization in
natural situations.

6. The results imply that the development of a CPO is an important,
or maybe even the most important, process that contributes to
strain weakening in calcite under the conditions investigated.
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