
BURNLEY: FAYALITE DEFORMATION EXPERIMENT AND SIMULATION 1431

the reflections that happen to be measured. As discussed above, 
currently the method of determining the stress for each reflection 
(Singh et al. 1998) is used by most practitioners (e.g., Hilairet et 
al. 2012; Kawazoe et al. 2010, 2009; Mei et al. 2010; Nishihara et 
al. 2008). Table 3 compares the stresses obtained from the EPSC 
models with those obtained by using the method described by 
Singh et al. (1998). As can be seen in Table 3, the estimates of 
the macroscopic stress calculated from each reflection vary by 
more than a factor of two. Furthermore, the measured reflections 
represent only a small fraction of the grains in the sample so it 
would be difficult to say with confidence that the population of 
grains sampled by diffraction is truly representative of the entire 
population. There is no reason to assume that the average of the 
stress calculated from the measured reflections represents the 
average of the stress on the entire grain population. In contrast, 
the EPSC model simulates all of the grains in the sample so even 
the contribution to the strength of the silent population of grains 
is taken into account. Although it is clearly desirable to try to 
approximate the lattice strain of each reflection with the EPSC 
model, the macroscopic stress is not highly sensitive to the exact 
details of the model fit. For example, of the 25 models built to 
simulate the room-temperature experiment, 14 had at least one 
point in the model where each simulated reflection was within 
0.002 in lattice strain of some portion of the post yield reflection 
that it was simulating. The difference between the highest and 
lowest macroscopic stress among these models was 0.22 GPa, a 
little under 10% of the calculated macroscopic stress.

Diffraction in the transverse direction

As pointed out by Burnley and Zhang (2008), the nature of 
the grain populations measured in the transverse and compres-

sion diffraction directions are fundamentally different. Grains 
contributing to diffraction in the compression direction are 
oriented such that they all experience the same resolved shear 
stress on their slip planes. In contrast, grains contributing to dif-
fraction in the transverse direction are experiencing a variety of 
resolved shear stresses on their slip systems depending on how 
each grain is oriented (Fig. 10). To investigate this further we 
calculated the equivalent stress for grains in the EPSC models 
that compose each of the diffracting populations that we studied. 
The equivalent stress (σe) is defined as:
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Where σ1, σ2, and σ3 are the principle stresses in each grain. 
Examples of histograms showing the distribution of equivalent 
stress in the compression and transverse direction populations 
for an EPSC simulation that combines {011}[100] and {110}
[001] slip are plotted in Figure 11. Several things are apparent 
from examining the simulation in this way. First as expected, 
stress states for grains contributing to reflections measured in the 
compression direction are much more strongly peaked than that 
of grains contributing to the transverse reflection. Second, the 
relationship between the stress levels measured in the compres-
sion direction and the stresses experienced by the population of 
grains producing the transverse reflections varies from reflection 
to reflection. For some reflections [e.g., (131) in this simulation] 
the equivalent stress in the compression direction population 
is significantly lower than the average stress state found in the 
transverse direction population. For other reflections [e.g., (002)], 
stress in the population reflecting in the compression direction is 
higher than the average of stress states in the transverse popula-
tion. From these observations it should be clear, that the current 

FIgure 8. EPSC simulation Fay37-22 compared to lattice strains 
from experiment Fay_37 (26 °C). The simulated lattice strains match 
the measured lattice strains to within measurement error for the (002), 
(131), and (021) reflections in the compression direction. The behavior of 
the (101) reflections deviates after 10% strain. The behavior of the (112) 
and (120) reflections are not matched as well but their relative position 
between the (002) and (131) reflections is maintained. The match of the 
simulation to the lattice strains in the transverse direction is not as good, 
as discussed in the text.

FIgure 9. EPSC simulation Fay33-11 compared to lattice strains 
from experiment Fay_33 (682 °C). The simulated lattice strains match the 
measured lattice strains to within measurement error for the all reflections 
in the compression direction during some point in the experiment. Lattice 
strains for the (002) and (131) reflections drop after the first 2% strain, 
a behavior that the simulation is not capable of matching. The match of 
the simulation to the lattice strains in the transverse direction is not as 
good, as discussed in the text.
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FIgure 11. Histograms of equivalent stress in grains contributing to 
the (021), (002), and (131) reflections for an EPSC simulation of {011}
[100] and {110}[001] slip.

Table 3. Comparison of macroscopic stress estimates 
hkl Fay_37 differential stress (GPa) Fay_33 differential stress (GPa)
(021) –2.87
(131) –3.17 –0.6583
(112) –2.51 –0.4116
(101) –2.93
(120) –2.40 –0.8867
(002) –1.15 –0.6487
(134)  –0.6449
Average –2.50 –0.6504
EPSC –2.77/–2.70 –0.71
Notes: Stress estimates calculated for each measured reflection using the method 
of Singh et al. (1998) compared with macroscopic load calculated from EPSC 
simulations given in Table 2.

practice of taking d-spacings measured from the transverse and 
compression direction populations and using their differential 
along with a diffraction elastic constant to obtain stress is prob-
lematic because the differential is being calculated between the 
maximum and minimum components of two different stress 
states. In addition, because there can be a wide variation of stress 
states among grains that contribute to the transverse reflections, 
if any individual grain dominates diffraction, these reflections 
may well yield highly variable results. For all these reasons, it 
is therefore not advisable to calculate differential lattice strains 
but to consider each data set separately.

The author has recently put forth the hypothesis that the 
distribution of stress in polycrystals is best described as a percola-
tion problem (Burnley 2013). The EPSC model and percolation 
models focus on two different aspects of the stress state inside 
of polycrystalline materials, but are not necessarily incompat-
ible. By its nature the EPSC focuses on the average behavior 
of grain populations as defined by their orientation. The X-ray 
diffraction peak position is also a measure of average behavior. 
The percolation model, which includes short- and long-range 
grain-grain interactions, highlights spatial patterns in stress and 
strain and the degree of variation away from average. Variations 
in the stress state within a group of diffracting grains will produce 
peak broadening, which was not examined in this study.

ImPlICatIons

This study demonstrates that EPSC models can be used to 
successfully model in situ diffraction from deforming olivine 
if all the active deformation mechanisms are included in the 
model. The value in using an EPSC model to interpret diffrac-
tion from in situ deformation experiments is that the model 
allows plastic deformation mechanisms to be identified and 
produces a single macroscopic stress that is consistent with 
all of the diffraction data. The study also demonstrates the 
importance of kink band formation in olivine as an accom-
modation mechanism, as suggested by earlier work (Burnley 
et al. 2013). Including kink band formation to close the yield 
surface in VPSC models, which are used to model mantle 
rheology and interpret the development of lattice preferred 
orientation in the mantle (Castelnau et al. 2008), may improve 
their performance as well.
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FIgure 10. Diagram illustrating the relationship between the 
diffraction geometry for grains contributing to a given reflection and the 
orientation of a slip system within those grains. All grains contributing to 
the reflection in the vertical detector will experience the same resolved shear 
stress, where grains reflecting into the horizontal detector will experience 
various resolved shear stresses depending on their grain orientation.
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