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[1] Although microstructural evolution is critical to strain-dependent processes in Earth’s
mantle, flow laws for dunite have only been calibrated with low-strain experiments.
Therefore, we conducted a series of high-strain torsion experiments on thin-walled cylinders
of iron-rich olivine aggregates. Experiments were performed in a gas-medium apparatus
at 1200�C and constant strain rate. In our experiments, each at a different strain rate, a
peak stress was observed followed by significant strain weakening. We first deformed
samples to high enough strain that a steady state microstructure was achieved and then
conducted strain rate stepping tests to characterize the creep behavior of each sample
with constant microstructure. A global fit to the data yields a stress exponent of 4.1 and a
grain-size exponent of 0.73, values which agree well with those from previous small-strain
experiments conducted on olivine in the dislocation-accommodated grain-boundary sliding
(GBS) regime. Strong crystallographic preferred orientations provide support for GBS
accommodated by movement of (010)[100] dislocations. The observed strain weakening is
not entirely explained by grain-size reduction; thus, we propose that the remaining 30%
reduction in stress is related to CPO development. To incorporate microstructural evolution
in a constitutive description of GBS in olivine, we (1) derive a flow law for high-strain
deformation with steady state microstructure, which results in an apparent stress exponent
of 5.0, and (2) present a system of evolution equations that recreate the observed strain
weakening. Our results corroborate flow-law parameters and microstructural observations
from low-strain experiments and provide a means for incorporating strain weakening into
geodynamic simulations.
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1. Introduction

[2] The rheological characteristics of olivine-rich rocks are
critical to the dynamic response of the upper mantle. Those
properties are often described with constitutive equations that
attempt to capture the scaling of strain rate with stress, tem-
perature, composition, chemical environment, and micro-
structure such that laboratory calibrations can be extrapolated
to geological conditions. Most constitutive equations for
olivine deformation, however, are based on laboratory exper-
iments at low strain and thus do not necessarily capture the
dynamics associated with evolving state variables, including
microstructural parameters such as grain-size and crystallo-
graphic fabric.
[3] Identifying the underlying mechanisms that produce a

strain dependence and quantifying their evolution are crucial

steps because geodynamic simulations indicate that strain
weakening and strain localization are necessary for the
operation of plate tectonics [e.g., Tackley, 2000; Bercovici
et al., 2000]. Grain-size reduction is frequently considered
the primary weakening mechanism because exposed mantle
shear zones are often very fine-grained [e.g., Warren and
Hirth, 2006; Drury et al., 1991; Jaroslow et al., 1996; Jin
et al., 1998]. Weakening associated with grain-size reduc-
tion requires a grain-size sensitive deformation mechanism,
such as diffusion creep. Diffusion creep can only facilitate
weakening if it is simultaneously accompanied by grain-size
reduction, but it remains controversial whether recrystalli-
zation associated with dislocation creep can drive the mean
grain size into the diffusion creep regime [e.g., Rutter and
Brodie, 1988; De Bresser et al., 1998, 2001; Rozel et al.,
2011]. Thus, the validity of associating diffusion creep with
plate-scale weakening is not clear.
[4] Geometric softening due to the development of a

strong crystallographic-preferred orientation (CPO) can lead
to significant strain weakening in a viscously anisotropic
material such as olivine [Durham and Goetze, 1977].
Because many exposed, deformed mantle rocks exhibit
strong CPOs [e.g., White et al., 1980; Ismail and Mainprice,
1998; Michibayashi and Mainprice, 2004] and major plate
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boundaries are often associated with significant seismic
anisotropy in the underlying mantle [e.g., Vauchez et al.,
1998; Tommasi and Vauchez, 2001], geometric softening is
likely an important process in the formation of major shear
zones. However, geometric softening inherently requires the
dominant deformation mechanism to be one which produces
a strong CPO.
[5] Importantly, dislocation-accommodated grain-boundary

sliding (GBS) is a deformation mechanism that can facilitate
weakening through both grain-size reduction and geometric
softening. GBS is both grain-size sensitive and associated
with dislocation generation, which facilitates recrystalliza-
tion and CPO development. Although (1) previously pub-
lished flow laws predict that GBS is restricted to a very
narrow range of conditions in Earth [Hirth and Kohlstedt,
2003] and (2) GBS is traditionally thought not to produce
a strong CPO [e.g., Boullier and Gueguen, 1975], recent
laboratory experiments contradict both of these assertions
[Hansen et al., 2011]. In particular, the grain-size, stress, and
temperature sensitivities of olivine deformation reported in
our earlier study indicate that the parameter space in which
GBS is the dominant deformation mechanism is dramatically
larger than previously reported. In addition, a CPO developed
in experiments in which GBS was the dominant deformation
mechanism. These results suggest that GBS could in fact
initiate strain weakening in the upper mantle.
[6] Three limitations were confronted in our earlier study.

First, our traditional method of sample preparation made it
difficult to synthesize starting samples covering a wide range
of mean grain sizes, each with a unimodal grain size dis-
tribution. Second, the total strain in each sample was small
(5–20%) such that the CPOs produced had not developed
enough to determine if GBS produces a strong crystallo-
graphic fabric. Third, because of the limited strains achieved,
insufficient weakening was observed, limiting an assessment

of the amount of weakening due to grain size reduction ver-
sus that resulting from geometric softening.
[7] In the present study, we circumvented these problems

with a novel experimental design. We deformed samples in
torsion to high enough strains that their microstructures
reached steady state before we characterized rheological
properties; that is, we used the relationship between recrys-
tallized grain size and differential stress to set the micro-
structure in our experiments. Thus, these experiments benefit
both from having precise control of the grain size and from
reaching large enough strains to produce strong crystallo-
graphic fabrics. The results from these experiments were
used to investigate grain-size sensitivity and fabric develop-
ment in the GBS regime. We subsequently quantified the
amount of weakening due to geometric softening. We sug-
gest two methods for incorporating microstructural evolution
into constitutive relationships, one in which the microstruc-
ture is always considered to be at steady state and the other in
which evolution laws are developed to describe the strain
dependence of olivine deformation.

2. Methods

2.1. Sample Preparation

[8] To enhance grain-growth kinetics so as to produce a
coarse-grained starting material and create samples weak
enough that large strains could be reached in a reason-
able amount of time, we fabricated olivine samples with a
high iron content (Fo50) following the methods outlined by
Zhao et al. [2009] and Hansen et al. [2012]. First, fayalite
powders were produced by reacting mechanical mixtures of
Fe2O3 and SiO2 powders in a gas-mixing furnace at 1410 K
with an oxygen partial pressure, pO2

, of 10�7 Pa for 100 h.
Second, these fayalite powders were reground and mechan-
ically mixed with San Carlos olivine to produce olivine with
equal molar amounts of Fe and Mg. Third, this mixture was
reacted at 1673 K with a pO2

≈ 10�4 Pa for 40 h. Finally,
the olivine powders were reground and refired at the same
conditions to ensure chemical homogeneity. These high-
temperature firing steps helped guarantee that the powders
were thoroughly dried.
[9] As illustrated in Figure 1, Fo50 powders were formed

into a thin-walled, right cylinder by first uniaxially cold
pressing the powders into a Ni can with a central Ni post.
A thin-walled cylinder was used to minimize the radial var-
iations in stress and microstructure within the sample during
deformation [Paterson and Olgaard, 2000]. The Ni post
was deliberately kept shorter than the Ni can to allow for a
decrease in sample length during the later hot-pressing step.
The ends of the Ni can were capped with 1-mm thick Ni
discs. The assembled can was then isostatically hot-pressed
at 1473 K and 300 MPa in a gas-medium apparatus
[Paterson, 1990] for 8 h to facilitate densification and grain
growth. Hot-pressing resulted in a thin-walled cylinder of
olivine with an outer diameter of approximately 10.5 mm
and a wall thickness of approximately 1.75 mm. During hot
pressing, the Ni can served to buffer the oxygen fugacity at
the Ni/NiO buffer, which was confirmed by the presence
of a NiO rind at the sample/jacket interface. Samples were
verified to be anhydrous using Fourier-transform infrared
spectroscopy. The hot-pressed sample was established to be

Figure 1. Sample assembly for torsion experiments.
(a) Hot-pressed olivine aggregate (green) is formed into a
thin-walled cylinder with a Ni central plug and Ni outer
jacket. Porous alumina spacers contact the sample and Ni to
provide a rough surface that couples the sample to the rest
of the loading column. (b) Photograph of a sample assembly
prior to deformation with a pen tip for scale.
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>97% dense by inspection of a polished surface with an
optical microscope. Samples were prepared for deformation
by sectioning the hot-pressed sample into discs ranging from
1.1 to 2.9 mm in height. Samples remained jacketed in Ni to
buffer the oxygen fugacity during subsequent deformation.
A portion of the hot press was reserved for analysis of the
starting material. We emphasize that all samples used for
deformation were prepared from a single hot press.

2.2. Deformation Experiments

[10] Deformation assemblies were constructed by stacking
a single sample between porous alumina, dense alumina and
zirconia pistons and inserting this composite assembly into a
0.25 mm thick Fe jacket. Jacketed assemblies were dried in a
vacuum oven at 130�C for at least 12 h to remove acetone
used to clean the components.
[11] Assemblies were inserted into a servo-controlled,

internally heated, gas-medium deformation apparatus fitted
with a torsional actuator [Paterson and Olgaard, 2000].
Temperature was controlled at 1200�C and maintained to
within �2�C over the length of the sample. The confining
pressure was controlled at 250–300 MPa. Torque was mea-
sured inside the pressure vessel, while angular displacement
was measured outside.
[12] Samples were deformed at a constant twist rate rather

than constant torque to prevent complications from strain
localization and buckling of thin-walled cylinders [Hansen
et al., 2012]. Once a steady state torque was reached, typi-
cally after a shear strain of �5, the twist rate was systemati-
cally stepped to test the sensitivity of the stress to the strain
rate. We assume that a steady state torque indicates that a
steady state microstructure has been reached. Each twist-rate
step was held until a peak (or trough) in the torque was
reached, typically after 5 to 20% shear strain. Twist-rate steps
were kept as short as possible to help maintain constant
microstructure. When referring to the microstructure, as a
whole, we are neglecting the mobile dislocation density,
which typically adjusts to changes in the stress within 1 to 2%
strain. At the end of each strain rate perturbation, the twist
rate was returned to the initial value and at least 15% shear
strain was accumulated to ensure that the microstructure
remained representative of deformation under the original
conditions.
[13] Shear stress was calculated from the measured torque

using the relationship for a hollow cylinder given by
Paterson and Olgaard [2000]. A correction to the torque was
applied based on the strength of the Ni and Fe jackets and
the Ni central cylinder as outlined by Hansen et al. [2012].
Torque corrections were typically 1 to 5% of the total torque.

2.3. Microstructural Analysis

[14] Initial and final microstructures were assessed from
sections polished approximately tangential to the outer sur-
face of the olivine cylinder. In the torsional geometry, tan-
gential sections approximate simple shear [Paterson and
Olgaard, 2000]. Sections were polished on diamond lap-
ping films and then finished by polishing for 40 min with
colloidal silica (0.04 mm).
[15] Ultrapolished samples were carbon coated and then

analyzed with a JEOL 6500 scanning electron microscope
fitted with a field emission electron source. Electron back-
scatter diffraction (EBSD) patterns were collected and analyzed

using the HKL Channel5 software package. The electron
beam was rastered across the sample using step sizes of 0.2
to 1.0 mm to determine the distribution of grain orientations.
Post-processing removed misindexed pixels and filled empty
pixels for which indexing was not possible, as outlined by
Hansen et al. [2011, 2012]. Grain boundaries were mapped
by comparing the misorientation angle between neighboring
pixels. In this context, high-angle grain boundaries were
taken to be those with misorientations ≥10� and low-angle
grain boundaries (i.e., subgrain boundaries) to be those with
misorientations between 2 and 10�.
[16] Mean grain sizes were estimated from grain-boundary

maps using the mean intercept length and a scaling factor
of 1.5 [Underwood, 1970, pp 80–93]. Intercept lengths were
measured both normal and parallel to the shear direction. We
use the linear intercept method because it is less sensitive
than other methods to (1) clusters of two or three data points
that are not removed in post-processing, (2) the rastering step
size, and (3) incomplete closure of grain boundaries [Valcke
et al., 2006; Mingard et al., 2007]. Additionally, measuring
grain sizes from EBSD data rather than chemically etched
sections prevents the introduction of biases from subjective
identification of grain boundaries and from the inherently
lower resolution of optical imaging commonly used with
etched sections [see Hansen et al., 2011, Appendix B].
[17] A single sample was also analyzed with transmission

electron microscopy (TEM). A doubly polished thin section
(�15 mm thick) was prepared from this sample using dia-
mond lapping film. The portion of the thin section, mounted
on a copper washer, was thinned with a Fischione 1010
ion mill at a 10� incidence angle until electron transparent.
Observations were made with an FEI Tecnai microscope
operating at 120 kV accelerating voltage.

2.4. Data Analysis

[18] To determine flow law parameters and characterize
the evolution of both microstructure and strength, we utilize
several different forms of the flow law. Deformation of a
material at constant temperature and accommodated by a
single deformation mechanism can be described by

_ɛcm ¼ A1

dp
s
F

� �n
; ð1Þ

where _ɛ is the equivalent (von Mises) strain rate and s is the
equivalent (von Mises) differential stress. The equivalent
values are a function of the second invariant of their respec-
tive tensors and are related to the shear strain rate and shear
stress by _ɛ ¼ _g=

ffiffiffi
3

p
and s ¼ t

ffiffiffi
3

p
[e.g., Paterson and

Olgaard, 2000]. The equivalent values are equal to the
values measured in axial deformation. A1 is a material con-
stant, d is the grain size, n is the stress exponent, and p is the
grain-size exponent. F, a measure of the degree of geometric
softening that is related to the Taylor factor [Kocks, 1958], is
1 for an isotropic polycrystalline materials and ranges
between 1 and 0 depending on the strength of the dominant
slip system relative to the isotropic case. The subscript cm
denotes that we only consider this flow law in the context of
constant microstructure. In other words, the grain size, d, and
the degree of geometric softening, F, remain constant with
changing stress. As illustrated schematically as stress/strain
and strain rate/stress curves in Figure 2, we consider data
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collected from rate steps after a steady state stress has been
reached to reflect deformation at constant microstructure.
However, once the steady state stress has been reached,
we assume that the value of F has reached a steady state, Fss,
and therefore equation (1) can be modified to

_ɛhscm ¼ A2
sn

dp
; ð2Þ

where the superscript hs refers to high-strain deformation.
The pre-exponential term, A2, is given by

A2 ¼ A1

Fn
ss

: ð3Þ

[19] Alternatively, a flow law could be written that
describes constant-microstructure deformation with F = 1,
that is, at low strain before any geometric softening has
occurred. For this latter case

_ɛlscm ¼ A1
sn

dp
; ð4Þ

where the superscript ls refers to low-strain deformation.
Equation (4) is equivalent to “steady state” flow laws deter-
mined from triaxial compression experiments. Therefore,
equation (4) describes the peak stress in torsion experiments
if the value of d is set to the grain size of the starting material,
as depicted in Figure 2.
[20] We derive another flow law that accounts for evolving

grain size with changes in the applied stress. The steady state
grain size can be written as a function of the steady state
stress [e.g., Twiss, 1977]

dss ¼ A3

sq
ss
; ð5Þ

where A2 and q are material constants. The subscript ss
denotes steady state values. Equation (5) can then be inserted
into equation (2), which yields

_ɛss ¼ A4sw
ss; ð6Þ

where the material constant A4 = A2/A3
p and the effective

stress exponent w = n + qp. Equation (6) implies that the
grain size automatically adjusts to the new steady state value
with any change in the applied stress. As illustrated in
Figure 2, equation (6) represents data collected at the con-
trolling strain rate and steady state stress.

3. Results

3.1. Microstructural Results

3.1.1. Grain-Size Refinement
[21] Microstructural analysis of deformed samples reveals

significant grain-size reduction. As illustrated by the final
microstructures and linear-intercept distributions in Figure 3,
the mean intercept length becomes progressively smaller
with increasing strain rate due to the corresponding increase
in stress. Distributions of linear intercepts are approximately
lognormal with decreasing variance as strain rate increases.
Intercept distributions consist of approximately 2000 mea-
surements. The mean grain size in the starting material is
39 mm. The mean grain size in deformed samples ranges
from 8 to 27 mm. Mean grain sizes are also given in Table 1.
A grain-shape preferred orientation is qualitatively observed
trending SW to NE. Very elongate “ribbon” grains similar to
those observed by Bystricky et al. [2000] are rare but present.
Ribbon grains are more abundant in lower strain samples
(ɛ < 3.5) that are not included in this study [Hansen et al.,
2012, Figures 5d ad 7b].
[22] All samples exhibit similar densities of subgrain

boundaries (yellow lines in Figure 3), which indicates that

Figure 2. Schematic plots describing the relationships between the various forms of the flow law pre-
sented in section 2.4. (a) Stress versus strain for a constant strain rate test. The peak stress is described
by equation (4) if d is set to the starting grain size. Equation (6) describes the steady state stress. Strain rate
stepping tests are of short enough duration that they represent the rheological response of the sample with
constant microstructure. (b) Strain rate versus stress on a log-log plot. The flow laws for constant micro-
structure are represented as dashed lines. The vertical position of the dashed lines is dependent on grain size
and the degree of geometric softening. The flow law for steady state microstructure has a larger slope than
those for constant microstructure if the product qp from equations (1) and (5) is positive.
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Figure 3. Microstructures for starting material and all deformed samples. Grain-boundary maps and dis-
tributions of intercept lengths are presented for each sample. Note that mean grain size decreases with
increasing equivalent strain rate ( _ɛ). Grain-boundary maps are constructed from EBSD data and colored
according to misorientation from an ideal orientation defined by [010] normal to the shear plane and
[100] parallel to the shear direction. Black lines are grain boundaries (misorientation ≥10�), and yellow
lines are subgrain boundaries (misorientation between 2 and 10�). All maps are scaled the same and
cropped to the same area. Intercept distributions are also scaled the same and truncated at 60 mm. Histo-
grams are binned with logarithmically spaced bin widths. The red line is a lognormal fit to the measured
distribution. Intercept distributions are measured from larger areas than shown in the cropped maps.

Table 1. Results From Torsion Experiments

Sample
Controlling Strain Ratea

(10�3 s�1)
Peak Stressa

(MPa)
Steady State Stressa,b

(MPa)
Final Grain Size

(mm) Total Strainc

PT0538 0.119 170 97 17.3 6.8/3.9
PT0541 0.045 131 84 20.3 7.6/4.4
PT0552 0.511 235 136 11.0 8.8/5.1
PT0619 6.100 422 215 7.3 14.2/8.2
PT0633 0.036 125 81 26.7 8.7/5.0

aAll stresses and strain rates are equivalent (von Mises) values (see section 2.4 for definitions).
bMean of values measured at controlling strain rate.
cShear/equivalent.
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subgrain boundaries are an inherent feature of the steady state
microstructure. To further explore the subgrain-boundary
structure, we plot the local misorientation for a sample
deformed at a strain rate of 5.1 �10�4 s�1 (PT0552) in
Figure 4a, which was determined with a 5 � 5 pixel aver-
aging filter. Averaging the local misorientation provides a
method to visualize very low-angle boundaries (misorienta-
tion <2�) that are overlooked by our standard boundary
mapping procedure used to generate Figure 3. Subgrain
boundaries are not only ubiquitous but also tend to be ori-
ented perpendicular to the shear plane, as demonstrated in
Figure 4a. In Figure 4b, correlated-misorientation axes for
misorientation angles between 1 and 10� reveal misorienta-
tion axes dominantly parallel to olivine [001] axes. Subgrain
boundaries perpendicular to the shear plane and misoriented
around [001] imply that most subgrain boundaries are tilt
walls constructed with (010)[100] dislocations [e.g., Lloyd
et al., 1997].
3.1.2. TEM Observations
[23] TEM observations indicate that subgrain boundaries

are ubiquitous and that some dislocation structures appear to
nucleate from triple junctions. Dislocations, dislocation
pileups, and dense dislocation tangles were observed. Black

arrows in Figures 5a–5c indicate dislocations interacting
with grain boundaries. Figure 5b exhibits many arrays of
dislocations organizing into low angle boundaries. White
arrows in Figures 5a and 5b mark dislocation shear bands
nucleating from three-grain junctions.
3.1.3. Crystallographic Fabrics
[24] EBSD data, presented in Figure 3, indicate that most

grains are similarly aligned. We further characterize these
crystallographic-preferred orientations (CPOs) in Figure 6.
All pole figures are one point per grain, and fabric strengths
are measured with the M-index [Skemer et al., 2005], which
ranges from M = 0 (random fabric) to M = 1 (single crystal).
The starting material exhibits an essentially random fabric
with M = 0.01. CPOs for deformed samples all consist of a
[100] maxima parallel to the shear direction, a [010] maxima
normal to the shear plane, and a [001] maxima parallel to the
vorticity vector. [100] axes form strong point maxima, but
[010] and [001] axes are weakly girdled, similar to previous
torsion experiments on San Carlos olivine [Bystricky et al.,
2000]. M-indices for deformed samples range from 0.39
to 0.51, which are comparable to the value of M = 0.44
observed by Skemer et al. [2005] for San Carlos olivine
deformed to a shear strain of 6.3.

3.2. Mechanical Results

[25] As depicted in the shear stress versus shear strain plots
in Figure 7, all samples exhibited the same general mechan-
ical behavior. A peak stress was reached at a sample shear
strain of �0.25, after correction of shear strain data for
the compliance of the apparatus (see Appendix A). Subse-
quently, the stress decreased, asymptotically approaching a
steady state value. The stress became approximately constant
by a shear strain of 2 to 5. The strain to reach a steady state
increases with increasing steady state stress. Mechanical data
are also presented in Tables 1 and 2. Further quantification
of these data is presented below.
3.2.1. High-Strain Deformation
[26] At high strain, once the stress, grain size, and crys-

tallographic fabric approached steady state values, the strain
rate was perturbed to probe the constant-microstructure
mechanical response of the sample according to equation (2).
The results from these strain rate stepping tests are plotted in
Figure 7 as strain rate versus stress. The data are also given in
Table 2. For each experiment there is a cluster of data that
were measured between strain rate perturbations; the cluster
represents the steady state stress at the controlling strain rate
as described schematically in Figure 2.
[27] Because these stress and strain rate data lie on a

straight line on a log-log plot, a constitutive relation with
a single power law relationship such as equation (2) can
describe the entire data set. We invert these strain rate, stress,
and grain-size data to find values of A2, n, and p by mini-
mizing the sum of squared residuals in a least squares sense.
This fitting procedure resulted in the high-strain constant-
microstructure flow law

_ɛhscm ¼ 10�11:2�0:2 s4:1�0:1

d0:73�0:06
; ð7Þ

where A2 is in units of mm0.73 MPa�4.1 s�1. The resulting
flow law is compared with the measured data in Figure 7. The
goodness of fit is described by a coefficient of determination

Figure 4. Misorientation analysis for sample PT0552.
(a) Map of local misorientation calculated with a 5 � 5 pixel
averaging filter. Only misorientations <10� were considered.
Black lines are grain boundaries (misorientation ≥10�) and
gray lines are subgrain boundaries (misorientation between
2 and 10�). Averaging helps to identify very low-angle, sub-
grain boundaries (<2�). Note that subgrain boundaries tend to
be oriented vertically. (b) Misorientation axes plotted on an
inverse pole figure in the crystallographic reference frame.
Plotted axes are for correlated misorientations <10�. Concen-
trations of misorientation axes near [001] are typical of tilt
walls built from (010)[100] dislocations.
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with a value of R2 = 0.986. Using the calculated stress
exponent, the data are normalized to constant stress and
plotted as strain rate versus grain size in Figure 8 to help
visualize the constraint on the grain size exponent, p. To
confirm the robustness of globally fitting the full data set, we
also individually fit the data from each experiment to find n
and then averaged those values to find a value of n for the
entire data set. This alternative procedure resulted in indi-
vidual stress exponents ranging from n = 3.8 to n = 4.6 with
a mean stress exponent of n = 4.1.
3.2.2. Low-Strain Deformation
[28] Peak stresses occur at relatively low strain and should,

therefore, characterize the mechanical response of olivine
with the starting microstructure according to equation (4).
Peak stresses for all five experiments are given in Table 1. To
explore this low-strain behavior, we plot peak stress versus
strain rate in Figure 9 and compare these data to the published
low-strain constant-microstructure flow law (equation (4))
for Fo50 [Zhao et al., 2009]. The value of A1 = 10�11.8 mm0.73

MPa�4.1 s�1 was calculated by setting equation (4) equal to
the flow law for compression experiments determined by
Zhao et al. [2009] and using the values of n and p deter-
mined in this study with T = 1200�C and s = 200 MPa. Peak
stress compares remarkably well to the low-strain constant-
microstructure flow law, which suggests that the peak stresses

observed in torsion accurately describe untextured olivine
with a grain size of d ≈ 40 mm.

4. Discussion

[29] Our mechanical and microstructural results demon-
strate that, under our laboratory conditions, (1) once a steady
state microstructure is established, olivine deforms by a non-
Newtonian, grain-size sensitive deformation mechanism that
produces a CPO and (2) grain-size reduction and CPO
development are accompanied by significant strain weaken-
ing. In our discussion of these phenomena, we first seek to
determine the dominant deformation mechanism. We then
explore a flow law for steady state microstructure that allows
computationally efficient incorporation of strain weakening
into large-scale geodynamic models. Last, we present a
quantification of the contributions of different processes to
strain weakening and parameterize evolution equations that
can be incorporated into strain dependent models of olivine
deformation.

4.1. Dominant Deformation Mechanism

[30] Deformation in a non-Newtonian, grain-size sensitive
regime has been previously observed in monophase geolog-
ical materials including olivine [Hirth and Kohlstedt, 1995,
2003; Wang et al., 2010; Hansen et al., 2011], calcite

Figure 5. Bright-field TEM images from (a–c) olivine in sample PT0538 and (d) a Zn-22%Al alloy from
Kaibyshev [2002]. In Figures 5a and 5b white arrows indicate dislocation shear bands, which appear to
nucleate from a triple junctions, a microstructure characteristic of GBS. Black arrows indicate dislocations
that are interacting with grain boundaries. Dashed box denotes the location of Figure 5c. Note the ubiq-
uitous low-angle boundaries in Figure 5b. (d) Dislocation shear band in a metal alloy deformed in the GBS
regime that is very similar to those illustrated in Figures 5a and 5b.
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[Schmid et al., 1977; Walker et al., 1990], and ice [Goldsby
and Kohlstedt, 1997, 2001]. Similar rheological character-
istics have been identified in many metals and ceramics [for
reviews see Langdon, 2006; Mukherjee, 1971; Langdon,
2009]. Because these rheological regimes have a stress
exponent n > 1, strain rate is interpreted to be controlled
by dislocation movement rather than by ionic diffusion.
A measurable grain-size sensitivity is often interpreted to
indicate the importance of grain-boundary sliding in pro-
ducing strain. Because many studies on metals and ceramics
have identified displacements along grain boundaries during
deformation by non-Newtonian, grain-size sensitive creep,
the dominant deformation mechanism is generally considered
to be grain-boundary sliding accommodated by a dislocation

mechanism [e.g., Bell and Langdon, 1967; Langdon, 1993;
Clarisse et al., 1999], which is referred to hereafter as
dislocation-accommodated grain-boundary sliding or simply
GBS.
[31] Microphysical models for GBS typically result in

stress and grain size dependences of strain rate described by
n = 2 and p = 2 if subgrains are not being created and by n = 3
and p = 1 if subgrains are being created [e.g., Langdon,
2006]. Because we previously observed ubiquitous sub-
grains along with values of n = 2.9 and p = 0.73 in defor-
mation experiments on aggregates prepared from San Carlos
olivine, we argued that deformation was dominated by GBS
in which the motion of accommodating dislocations was
limited by their interaction with subgrain walls [Hansen

Figure 6. Orientation data for starting material and all deformed samples. All data are one point per grain
plotted on equal area, lower hemisphere pole figures. The M index, M, and number of analyzed grains, #,
are indicated for each sample. Shear direction is top to the right. CPOs from all deformed samples are indic-
ative of deformation controlled by the (010)[100] slip system.
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et al., 2011]. We take a similar approach here. The high value
for the stress exponent (n = 4.1) and the grain-size exponent
near unity (p = 0.73) observed in this study are best explained
by GBS with concomitant creation of subgrains. The higher
stress exponent in this study on Fo50 than in the study of
Hansen et al. [2011] on Fo90 is consistent with the observa-
tion that the stress exponent for olivine systematically
increases with increasing iron content [Zhao et al., 2009].
[32] Several microstructural observations support our inter-

pretation that GBS is the dominant deformation mechanism.

As illustrated in Figure 4, almost all subgrain boundaries can
be interpreted as tilt walls built from (010)[100] dislocations.
The dominance of a single slip system suggests that the
requirement for five independent slip systems [von Mises,
1928] has been relaxed by the contribution of grain bound-
ary sliding to the deformation process as suggested by Hirth
and Kohlstedt [1995]. In further support of our interpretation,
the TEM micrographs in Figures 5a–5c indicate that grain
boundaries (and specifically triple junctions) can act as
sources for dislocation shear bands that are strikingly similar

Figure 7. Mechanical data from torsion experiments. All data were collected at T = 1200�C and P = 250–
300 MPa. In the left column, stress is plotted as a function of strain. The controlling strain rate is indicated
for each experiment. Strain rate steps conducted toward the end of each experiment were used to produce
the plots of strain rate as a function of stress presented in the right column. Each data set plotted in the right
column includes a cluster of data measured between strain rate steps, that is, at the steady state stress for the
controlling strain rate. Solid lines in the right column were determined from a global fit to the entire data set.
The value of the stress exponent is n = 4.1. See section 2.4 for a definition of equivalent stress and strain
rate.
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to those in Zn-22%Al, Figure 5d, which deformed by GBS
[Kaibyshev, 2002]. Additionally, we observe dislocations
interacting with grain boundaries (Figures 5a–5c). The lack
of direct observation of extrinsic grain-boundary dislocations
in olivine has been used as evidence against the operation of

Figure 8. Steady state strain rate plotted as a function of
final grain size. Strain rates from the entire data set were nor-
malized to 100 MPa using a stress exponent of n = 4.1. Data
points represent the average value of the normalized strain
rates for each experiment. Error bars are one standard devia-
tion for the distribution of data from each experiment. The
solid line is the global fit to the entire data set.

Table 2. Data From Strain Rate Stepping Tests

Sample
_ɛ

(10�3 s�1)a
s

(MPa)a
dss
(mm) n

PT0538 0.119 97 17.3 3.8
0.223 114
0.118 96
0.060 84
0.122 97
0.655 154
0.120 95
0.411 132
0.123 96
0.119 101
0.040 73
0.120 100
1.272 180
0.120 95
0.020 59
0.124 98
1.810 192
0.121 96
0.119 98

PT0541 0.044 81 20.3 4.0
0.084 94
0.044 81
0.021 70
0.048 82
0.150 111
0.042 82
0.012 57
0.045 84
0.487 150
0.044 81
0.045 84
0.891 172
0.043 82
0.003 42
0.045 86
1.557 199
0.043 83
0.278 131
0.042 86
0.023 74
0.043 87
0.491 152
0.044 87

PT0552 0.484 141 11.0 3.9
0.632 148
0.499 141
0.376 127
0.482 139
1.076 172
0.517 137
0.206 108
0.501 138
0.110 93
0.442 135
3.530 224
0.509 135
0.029 65
0.547 135
2.009 192
0.506 134
0.060 78
0.515 134
4.265 225
0.538 131
1.117 162
0.459 132
0.511 135

PT0619 6.063 226 7.3 4.1
4.433 205
6.059 221
2.378 176

Table 2. (continued)

Sample
_ɛ

(10�3 s�1)a
s

(MPa)a
dss
(mm) n

6.078 218
1.371 151
6.149 212
0.749 128
6.198 206
7.240 213
6.147 208
1.392 152
6.163 215

PT0633 0.036 82 26.7 4.6
0.068 94
0.035 82
0.127 106
0.035 82
0.229 124
0.038 83
0.414 138
0.038 83
0.016 67
0.039 82
0.126 106
0.034 79
0.715 150
0.035 78
0.222 114
0.035 74

aAll stresses and strain rates are equivalent (von Mises) values (see
section 2.4 for definitions).
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GBS in olivine [Faul et al., 2011], but our observations
provide indirect confirmation that lattice dislocations disso-
ciate into extrinsic grain-boundary dislocations.
[33] We additionally observe two microstructural features

that are not commonly attributed to GBS. First, as evidenced
in Figures 3 and 4, grain shapes in our experiments tend to be
elongate and dominantly trend SW–NE, which we attribute
to intragranular deformation produced by the movement of
lattice dislocations. This observation is in agreement with
microstructural analysis of metals deforming by GBS in the
presence of subgrains [e.g., see Bae and Ghosh, 2000,
Figure 1]. Second, we submit that a strong CPO can be
developed when GBS operates due to the dominance of a
single slip system accommodating sliding. Because (010)
[100] is the easiest slip system in olivine at these conditions
[Durham and Goetze, 1977; Bai et al., 1991; Ricoult and
Kohlstedt, 1985], an increase in the resolved shear stress on
the (010)[100] slip system will facilitate sliding on incident
grain boundaries thus making it favorable for grains to rotate
into a preferred orientation.
[34] Since diffusion creep is intimately coupled to grain

boundary sliding [e.g., Raj and Ashby, 1971], many of
the microstructural criteria established for the diffusion-
accommodated mechanism have been inappropriately applied
to the dislocation-accommodated-mechanism (recall, we use
GBS to refer to the dislocation-accommodated mechanism).
For instance, diffusion-accommodated grain-boundary slid-
ing (diffusion creep) is observed to be characterized by equi-
axed grain shapes [e.g., Boullier and Gueguen, 1975; White,
1977; Stünitz and Fitz Gerald, 1993], whereas we observe
elongate grains with a shape-preferred orientation. In addi-
tion, the grain rotations inherent in diffusion-accommodated

grain-boundary sliding supposedly prevent the development
of a CPO [e.g., Boullier and Gueguen, 1975; Zhang et al.,
1994; Ashby and Verrall, 1973], whereas we observe the
development of very strong CPOs. We note that process of
grain boundary sliding in the GBS (dislocation-accommodated
grain-boundary sliding) regime may differ from that in the
diffusion creep (diffusion-accommodated grain boundary
sliding) regime in that, in the former, lattice dislocations
dissociate into grain-boundary dislocations to enhance the
rate of sliding [e.g., Pshenichnyuk et al., 1998].
[35] It is also worth noting that we do not have any evi-

dence for a transition in deformation mechanism during our
experiments. Based on results from deformation experiments
on ice [Goldsby and Kohlstedt, 2001], Hirth and Kohlstedt
[2003] suggested that dislocation-accommodated grain
boundary sliding in olivine is coupled with the easy slip
system. In this model, at very fine grain sizes the strain rate
lacks a grain-size dependence and equals that of deformation
of single crystals oriented to favor slip on (010)[100]. As
evidenced by Figure 8, we do not observe a decrease in grain-
size dependence at fine grain sizes. Ideally, we could com-
pare our results to the strength of the (010)[100] slip system
to further investigate the possibility of an easy-slip limited
regime. However, no data exist for single crystal deformation
of Fo50, and interpolations between flow laws for single
crystals of Fo90 [Bai et al., 1991] and Fo0 [Ricoult and
Kohlstedt, 1985] are not precise enough. Thus, we conclude
that either GBS is never rate limited by the easy slip system in
polycrystalline olivine or our experiments have not produced
fine enough grain sizes for GBS to be rate limited by the easy
slip system.

4.2. A Flow Law for Steady State Microstructure

[36] To assess the dynamic behavior of mantle rocks
deforming to high strain, it is valuable to incorporate
strain-dependent phenomena into the governing constitutive
equations. This incorporation can be made computationally
efficient by writing a flow law that describes deformation of a
material assuming the microstructure is always at a steady
state, that is, for any change in stress, the new steady state
microstructure is instantaneously reached [e.g., Tackley,
2000]. This assumption is similar to that used in power
laws for steady state dislocation creep, which assume that
the mobile dislocation density instantaneously adjusts to
changes in stress [e.g., Frost and Ashby, 1982, chap. 2].
With this approach, the derived flow law is not strain
dependent but does incorporate the reduction in strength
from strain weakening. Such a flow law is presented in
equation (6).
[37] Because the flow law for steady state microstructure

(equation (6)) describes the end result of high-strain defor-
mation, this formulation describes a line in stress/strain rate
space toward which the strength will always evolve. All data
from the controlling strain rate and resulting steady state
stress are presented in Figure 10. We first determine the
piezometric relationship according to equation (5) in Figure 10a
by fitting a power law to the final grain size as a function of
steady state stress, resulting in values of q = 1.2 and A3 =
103.67 MPa1.2 mm. This value of q is comparable to values
of 1.18 and 1.33 determined for Fo90 olivine by Karato et al.
[1980] and van der Wal et al. [1993], respectively. Using

Figure 9. Strain rate plotted as a function of stress for data
from peak stresses measured in torsion. Dashed line is the
low-strain constant-microstructure flow law (equation (4))
modified from Zhao et al. [2009] for Fo50 with a grain size
similar to the starting material used in this study. The values
of the stress exponent and grain-size exponent given by Zhao
et al. [2009] are n = 3.9 and p = 2. See section 3.2.2 for a
discussion of the flow law modifications.
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equations (5) and (6), our determined values of q and A3 yield
the flow law

_ɛss ¼ 10�13:9s5:0
ss ; ð8Þ

where A4 = 10�13.9 is in units of MPa�50 s�1. This flow law
for steady state microstructure is compared to the steady state
creep data in Figure 10b.

4.3. Mechanisms of Strain Weakening

[38] Although our flow law for steady state microstructure,
equation (8), incorporates the reduction in strength from
strain weakening, it does not capture the transient nature
of strain weakening. As shown by Montési and Zuber
[2002], the transient aspects of strain weakening can
enhance the ability of strain to localize into shear zones.
Thus, in this section, simple microstructural evolution laws
are developed that can be combined with flow laws describ-
ing GBS in olivine to produce a strain-dependent constitutive
model.
[39] The first step in developing such a constitutive rela-

tion is quantifying the amount of weakening contributed by
each mechanism, specifically, grain-size reduction and CPO
development. In a constant-strain rate test, grain-size reduc-
tion results in a decrease in stress through the grain-size
sensitivity of the strain rate, p, from equation (1). CPO
development reduces the stress through geometric softening,
that is, by rotation of grains into an orientation that increases
the resolved shear stress on the weakest slip systems [e.g.,
Dillamore et al., 1979], which is expressed as a reduction in
the value of F.
[40] Although both grain-size reduction and CPO devel-

opment act simultaneously to weaken the sample, Figure 11
describes how the relative effects of these two mechanisms
on strength can be distnguished. Values of peak stress and the
low-strain constant-microstructure flow law modified from
Zhao et al. [2009] (thin, dotted line) describe the deformation

behavior at low strains with a starting grain size of 40 mm.
With increasing strain, the strength evolves toward the steady
state data and the flow law for steady state microstructure
(solid line). We emphasize that the grain size is not constant
along the solid line since the steady state grain size is a
function of stress. Thus, the difference between the dotted
line and the solid line includes the affect of both grain-size
reduction and geometric softening. To remove the effect of
grain-size reduction, we normalize the flow law for steady
state microstructure to a constant grain size of 40 mm (thin,
dashed line). This normalization is equivalent to plotting
equation (7) with a grain size of 40 mm. The thin, dashed line
describes the strength of Fo50 at high strain but lacking
any grain size reduction. Therefore, the difference between
the thin, dashed line and the thin, dotted line is due to the
weakening from geometric softening, while the difference
between the thin, dashed line and the solid line is due to
the weakening from grain size reduction. This deduction
assumes that the difference in slope between the solid and
dotted lines is entirely due to the grain size sensitivity, which
implicitly assumes that the degree of geometric softening
does not depend on the steady state stress. With these
assumptions, we calculate Fss = 0.72 using equation (3),
which indicates that geometric softening reduces the stress by
28% at constant strain rate. Compared to numerical simula-
tions of grain-scale deformation of olivine, this degree of
weakening is less than the factor of 3 reduction in stress
predicted by Castelnau et al. [2009] for corner flow near a
mid-ocean ridge. However, our measured geometric soften-
ing corresponds to a factor of 4 increase in the strain rate at
constant stress conditions with a stress exponent of n = 4.1,
which is significantly larger than the factor of 1.2 increase in
strain rate calculated by Tommasi et al. [2009] for a textured
shear zone.
[41] Importantly, the stress reduction from grain-size evo-

lution is a strong function of both the stress and the starting
grain size. As illustrated in Figure 11b, a starting grain size of

Figure 10. Steady state data measured in torsion at high strain. Steady state stresses were measured
between strain rate perturbations (see Figure 7 and Table 2). (a) Steady state grain size as a function of
steady state stress. The line is a least squares fit to the data using equation (5). (b) Steady state strain rate as a
function of steady state stress. The line represents equation (8), which was derived by combining the global
fit in Figure 7 with the fit in Figure 10a.
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1 cm (thick lines) is associated with an amount of geometric
softening similar to that observed with a starting grain size of
40 mm, but the magnitude of stress reduction due to grain-
size evolution increases significantly. Bystricky et al. [2000]
observed only 15–20% total stress reduction in torsion
experiments on San Carlos olivine with a starting grain size
of 20 mm. A smaller stress reduction in their experiments
relative to those in this study can partly be explained by their
smaller starting grain size, but their total stress reduction is
smaller than the portion of our stress reduction attributed to
geometric softening. We note that Bystricky et al. [2000] may
not have observed the maximum amount of weakening since
their experiments were limited to smaller total strains (max-
imum equivalent strain of <3) and their observed stresses do
not appear to have fully reached a steady state. This effect
may have been enhanced by the use of solid cylinders by
Bystricky et al. [2000], which, according to numerical
simulations, significantly increases the strain necessary to
reach steady state [Holtzman, personal communication].
Additionally, the magnitude of viscous anisotropy in Fo50
might be larger than in Fo90. Interestingly, if the controlling
strain rates of the experiments detailed by Bystricky et al.
[2000] were below the intersection of the solid and dashed
lines in Figure 11a, then strengthening due to grain growth
would have counteracted some of the geometric softening
resulting in a smaller observed stress drop. However,
Bystricky et al. [2000] observed about an order of magnitude

reduction in grain size, which seemingly rules out this latter
possibility.
[42] With this zeroth-order analysis of weakening due

to grain-size reduction and geometric softening, we now
develop a system of coupled differential equations that
attempt to capture the strain-dependent aspects of olivine
deformation. To describe the dependence of strain rate on
microstructure and stress, we use equation (1), the most
general form for the flow law. To describe grain-size reduc-
tion, we use a phenomenological grain-size evolution law
[Kameyama et al., 1997; Braun et al., 1999; Montési and
Zuber, 2002; Montési and Hirth, 2003]

_d ¼ _ɛ dss � dð Þ
ɛc1

; ð9Þ

where _d is the time rate of change in grain size, dss is
the steady state grain size, and ɛc1 is a critical strain for grain
size evolution commonly set to unity [Pieri et al., 2001;
Kameyama et al., 1997; Braun et al., 1999]. Combined,
equations (1), (5), and (9) yield

_d ¼

_ɛ
"

A3

Fq
_ɛdp

A1

� �q
n
� d

#

ɛc1
: ð10Þ

Figure 11. Mechanical data and derived flow laws indicating the relative amounts of weakening due to
grain-size reduction and CPO development. For flow law calculations, the starting grain size was set to
(a) d = 40 mm and (b) d = 1 cm. Open symbols are steady state stress and strain rate data, and closed symbols
are data from peak stresses. The solid line is a plot of equation (8), which represents deformation with the
steady state microstructure. The dotted lines are the low-strain constant-microstructure flow law modified
from Zhao et al. [2009] with grain size set equal to the starting grain size. See section 3.2.2 for a discussion
of the flow law modifications. The dashed lines are the high-strain constant-microstructure flow law
(equation (7)) and are also calculated using the starting grain size. Therefore, dashed lines represent the
deformation with weakening from CPO development but no grain size reduction. Note that the amount of
weakening due to grain-size reduction is significantly increased in Figure 11b relative to Figure 11a.
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To incorporate the elastic effects of the apparatus, we follow
the method ofMontési and Hirth [2003] andMontési [2007],
which yields

_M ¼ C�1 _qapp � _qsample
� �

; ð11Þ

where _M is the time rate of change of torque, C is the elastic
compliance of the apparatus, _qapp is the twist rate of the
apparatus, and _qsample is the twist rate of the sample. As
described in Appendix A, the compliance of the apparatus
was determined to be C = 6.6 � 10�4 rad/Nm. The twist rate
of the sample is calculated by _qsample ¼ h

r
A1
dp

s
F

� �n� �
, where

h and r are the height and radius of the sample, respectively.
The torque is related to the maximum stress in a thin-walled
cylinder by equation (11) in Paterson and Olgaard [2000].
To incorporate geometric softening, we use a phenomeno-
logical evolution law analagous to equation (9),

_F ¼ _ɛ Fss � Fð Þ
ɛc2

; ð12Þ

where _F is the geometric softening rate and ɛc2 is a critical
strain for CPO development.
[43] The system of equations (10), (11), and (12) is solved

numerically and compared to measured stress/strain curves
from experiments PT0541, PT0552, and PT0619 in Figure 12.
The measured stresses are well approximated by stresses
calculated using ɛc1 = ɛc2 = 1. The modeled peak stress is
always slightly lower than the measured peak stress and the
stress predicted by the low strain flow law because some

grain-size reduction and CPO development occurs prior to
the load reaching the peak stress. This result suggests that
flow laws determined at low strain using constant-strain rate
tests may underestimate strength due to a small degree of
weakening from grain-size reduction and CPO development
during the loading stage. Interestingly, the coupled evolution
laws for grain size and CPO allow for a regime in which the
stress is decreasing even though the grain size is increasing.
Regardless of these subtleties, the simple system of equations
presented above reasonably captures the transient behavior of
olivine deformation at high strain and could be incorporated
into larger-scale models with relative ease. Additionally,
these equations could be modified to include a temperature
dependence for grain-size evolution (for a review see Austin
[2011]), modified to include a temperature dependence for
strain rate [e.g., Hansen et al., 2011], and scaled to more
Mg-rich olivine [Zhao et al., 2009].

5. Conclusions

[44] The rheological behavior of olivine-rich rocks at high
strain is particularly important to large-scale geodynamic
models, especially those that seek to incorporate strain
weakening and strain localization. Measurement of the effect
of grain size on deformation behavior has been particularly
controversial. As well, the development of CPOs during
grain-size sensitive deformation and the effect of CPOs on
mechanical behavior have received relatively little attention
from laboratory-based studies.
[45] This study investigates both grain-size sensitivity and

CPO development in olivine aggregates using a series of

Figure 12. Solutions to equations (10)–(12) compared to data from three torsion experiments. (top row)
Solid lines are data from experiments. Dashed lines are model results that account for weakening from both
grain size reduction and geometric softening. Dotted lines are model results only accounting for weakening
from grain-size reduction. Dash-dot lines are the low-strain constant-microstructure flow law (top) and
high-strain constant-microstructure flow law (bottom). Controlling strain rates are given. We do not attempt
to model strain rate stepping tests. Note that modeled peak stresses never reach the measured peak stress or
the low-strain flow law due to grain-size reduction and fabric development during the initial loading.
(bottom row) Modeled evolution of grain size, d, and the textural effect, F as a function of strain are plotted
as dashed and solid lines, respectively. Note that evolution of the textural effect is the same for all three
cases, but evolution of grain size is a strong function of the steady state stress.
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innovative, high-strain experiments. The low-strain portion
of our data set agrees well with results from previous com-
pressive creep experiments. The high-strain portion permits
derivation of a flow law for olivine that is non-Newtonian
with a measurable grain-size sensitivity. The nature of this
flow law, in conjunction with microstructural evidence,
demonstrates that dislocation-accommodated grain boundary
sliding was the dominant deformation mechanism. Addi-
tionally, our experiments establish that deformation in this
regime produces a strong CPO consistent with (010)[100]
being the dominant slip system.
[46] Notably, our samples all experienced significant

amounts of weakening over the first several hundred percent
strain. We explore two methods for approximating this
transient behavior. First, we reformulate our derived flow law
to represent a situation in which the microstructure is always
at a steady state, thus removing any explicit strain depen-
dence but incorporating strength reduction due to strain
weakening. Second, we separate the observed weakening
into two components, one associated with grain-size reduc-
tion and the other associated with geometrical softening, the
latter of which we calculate to be a 28% reduction in stress.

Notably, the amount of weakening due to grain-size reduc-
tion is strongly dependent on the initial grain size and the
strain rate. We present a system of differential equations that
capture the basic strain-dependent behavior of the system and
facilitate relatively easy incorporation into larger-scale models.

Appendix A: Elastic Compliance
of the Deformation Apparatus

[47] The elastic compliance of the apparatus, C, is a critical
variable in equation (11), which models the torque evolution
as the sample is loaded and deformed in torsion. Using a
Paterson apparatus at ETH, Zürich, Paterson and Olgaard
[2000] determined a value of C = 4 � 10�5 rad/Nm by
measuring the elastic displacement of two steel bars deformed
in torsion. We conducted a similar test at the University of
Minnesota and determined a value ofC = 1.2� 10�4 rad/Nm.
However, these values do not incorporate the compliance of
the alumina and zirconia pistons comprising the deformation
assembly. To better determine the compliance of the entire
apparatus, we conducted a series of loading tests with a
calibration assembly in place. The calibration assembly
consisted only of alumina and zirconia pistons jacketed in Fe.
Calibration tests were conducted at 1200�C and 250 MPa
confining pressure.
[48] The results of this calibration are presented in

Figure A1. The maximum torque reached during testing was
35 Nm, which is approximately the maximum value reached
in any of the deformation experiments on Fo50. No signifi-
cant hysteresis was observed, and the apparatus behaves
as a linear elastic solid within the applied torque range.
The measured value of the apparatus compliance is C =
6.6 � 10�4 rad/Nm.
[49] The measured elastic response of the apparatus is

compared with data collected during deformation of sample
PT0541 in Figure A2. The apparent compliance of the

Figure A1. Data from calibration run to determine appara-
tus compliance, C. (a) Torque and (b) twist as a function of
time were collected during elastic deformation of an alumina
calibration assembly at 1200�C and 250 MPa confining pres-
sure. (c) A linear fit to twist versus torque data yields a com-
pliance for the entire apparatus of C = 6.6 � 10�4 rad/Nm.

Figure A2. Torque versus twist from sample PT0541. The
dashed line represents the elastic deformation of the appara-
tus measured in calibration tests. Note that, even at low twist,
the measured torque significantly differs from the elastic
response of the apparatus, which we interpret as an effect
due to grain-size reduction and geometric softening during
initial loading.
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sample is significantly higher than the apparatus compliance,
which is due to the onset of strain weakening during initial
loading. Strain weakening during loading is responsible for
the difference of�10 MPa between the modeled peak height
and the low-strain constant-microstructure flow law depicted
in Figure 12. Additionally, correcting the twist data to
account for apparatus distortion shifts the peak stress from a
shear strain of �0.35 to �0.25.
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