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Deformation experiments using synchrotron X-rays: in situ stress
and strain measurements at high pressure and temperature
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Abstract

An experimental technique for in situ stress and strain measurements at high pressure and temperature using synchrotron
X-rays has been developed at the X17B beamline of the National Synchrotron Light Source. The strain is measured by correlat-
ing sample-length marks in recorded X-ray radiographs. The stress is measured by simultaneously collecting energy-dispersive
X-ray diffraction patterns of the sample in two perpendicular diffraction planes. Differential stress in the sample is derived
from the different lattice strains along the different orientations relative to principal stress direction. Example measurements
are conducted to study rheological properties of fayalite. Accuracy of the measurement is about 10–100 MPa for stress and
about 10−4 for strain.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Rheological properties of minerals are very impor-
tant parameters for understanding Earth’s dynamic
phenomena such as mantle convection and deep
focus earthquakes. As mechanisms of deformation
in minerals change with pressure and temperature,
rheology studies at mantle conditions are essential
to understand the mineral’s behavior in the Earth’s
interior. However, technical difficulties up to now
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have prevented us from conducting conventional
stress–strain rate deformation experiments at pres-
sures above∼3 GPa (Tingle et al., 1993). Recent
developments with a multi anvil press have made
significant progress in carrying out deformation ex-
periments at higher pressures (Durham and Rubie,
1998; Yamazaki et al., 1996; Bussod et al., 1993;
Liebermann et al., 1992; Green et al., 1990). Karato
and Rubie (Karato and Rubie, 1997)designed a cell
assembly with a thin sample sandwiched between two
pistons at 45◦ angle to their long axis for deformation
studies up to 15 GPa. Weidner et al., (Weidner, 1998;
Weidner et al., 1998) developed an analytical method
to measure the microscopic stress in powder sample
by deconvoluting X-ray diffraction peak broadening
at the pressure of 20 GPa. However, none of these
experimental systems is a direct extension of the tra-
ditional macroscopic strain and stress measurement.

0031-9201/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.pepi.2003.09.021



348 J. Chen et al. / Physics of the Earth and Planetary Interiors 143–144 (2004) 347–356

Estimation of the stress during deformation at high
pressure and temperature (Karato and Rubie, 1997) or
assumption of a constant total strain (Weidner, 1998)
introduce additional uncertainties for constructing a
flow law from their experimental data. On the other
hand, measuring sample stress in an opposed anvil
apparatus (Drickamer-type and diamond anvil cell)
using X-ray diffraction has been reported to inves-
tigate strength or stress distribution of samples at
high pressures far beyond 20 GPa (Kavner and Duffy,
2001; Mao et al., 1998; Uchida et al., 1997; Funamori
et al., 1994). But the very thin sample thickness in
this type of apparatus restricts its application in de-
riving deformation flow laws through strain rate and
stress data.

The limitation in maximum pressure of a conven-
tional deformation apparatus is due to the limited
strength of the unsupported mobile piston and the
difficulty of modeling a supported mobile piston in
stress calculation. To challenge this problem, devel-
opments have been make to avoid the mobile piston in
a high pressure apparatus, e.g. Yamazaki and Karato
(Yamazaki and Karato, 2001) modified a Drickamer
apparatus to generate large rotational strains at high
pressure up to 15 GPa.

We have developed a new technique for perform-
ing the conventional deformation experiments using
a multi anvil apparatus in conjunction with a syn-
chrotron X-ray source. Sample strain is measured
through a direct sample-length imaging system; and
stress is derived through multiple X-ray diffraction
measurements of the sample along different ori-
entation relative to the principal stress axis. With
this technique, sample strain and stress are directly
measured independent of the process of strain and
stress delivery through the piston. Therefore, the
deformation piston can be supported by the sur-
rounding pressure medium so that the pressure can
reach far beyond the yield strength of the piston.
Since the actual sample length is monitored through-
out the experiment, one can easily distinguish the
initial deformation during pressurization and the
plastic deformation at high pressure and tempera-
ture, which has been a critical problem in the recent
challenge deformation experiments at high pres-
sures (Durham and Rubie, 1998; Karato and Rubie,
1997; Yamazaki et al., 1996; Bussod et al., 1993;
Liebermann et al., 1992; Green et al., 1990). The

experiment described in this paper is carried out us-
ing a regular single ram multi-anvil press, therefore
the deformation cycles are limited to stress relax-
ation. Applying this technique to a newly developed
Deformation-DIA type press (Wang et al., 2004), one
can conduct a typical constant strain rate deformation
while accurately monitor the sample stress and strain
rate.

2. Lattice strain measured using X-ray
diffraction

2.1. The expression

Expressions for lattice strains produced by nonhy-
drostatic pressure depend on the diffraction geometry
in the high pressure experiment (Singh, 1993). For a
multi anvil press, the common geometry is illustrated
in Fig. 1, in which the incident X-ray beam for diffrac-
tion is perpendicular to the principal loading (σ) direc-
tion (vertical axis in the laboratory coordinate system).
If we let ψ be the angle between this principal load-
ing direction and the diffraction vector (normal to the
crystallographic plane (hkl) that diffracts the X-ray),
we haveψ = θ (Bragg angle) for the diffracted X-rays
in the vertical diffraction plane andψ = π/2 for those
in the horizontal diffraction plane. Assuming a cylin-
drical symmetry of the stress field in a multi anvil cell,
i.e. σ1 = σ2 �= σ3, we can describe the stress at the
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Fig. 1. Common geometry of X-ray diffraction and stress field
in a multi anvil high pressure apparatus.θ the Bragg angle of
the X-ray diffraction,ψ the angle between diffraction vector and
principal stress (σ3) axis.
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center of the sample by
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whereσ1 andσ3 are redial and axial stress compo-
nents, respectively,σp the mean normal stress (hydro-
static pressure),t the differential stress, and

σp = 1
3(σ1 + σ2 + σ3) = 1

3(2σ1 + σ3) (2)

t = σ3 − σ1 (3)

Under this assumption, the expression for lattice strain
ε(hkl) becomes similar to that of the “perpendicular
geometry” (PD-G, or the incident X-ray beam is per-
pendicular to the load direction) in opposed anvil de-
vice (Singh et al., 1998; Singh, 1993), and is given by

ε(hkl)= εP + 1
3t(1 − 3cos2ψ){α[2GR(hkl)]−1

+ (1 − α)(2GV)
−1} (4)

whereεP is strain due to the hydrostatic pressure com-
ponent in the total stress,GR(hkl) is the aggregate
shear modulus calculated under the Reuss (iso-stress)
condition, GV is the shear modulus under the Voigt
(iso-strain) condition, andα is a weight parameter of
Reuss and Voigt condition for a real polycrystalline
sample. The Reuss aggregate shear modulus is ex-
pressed as the following equation (Singh et al., 1998)
for a general crystal system (triclinic symmetry:a �=
b �= c, α �= β �= γ �= 90◦),
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whereSij are elastic compliances at the pressureσp,
l1 = (hb − ak cosγ)d(hkl)/ab sinγ, l2 = kd(hkl)/b
and l3 = (Y/Z)d(hkl). Y and Z are defined byY =
abl sin2γ+bch(cosα cosγ−cosβ)+ack(cosβ cosγ−
cosα) andZ = abc(1 − cos2α − cos2β − cos2γ +
2 cosα cosβ cosγ)1/2 sinγ.

The Voigt shear modulus is given by

GV = 1
15(C11 + C22 + C33 − C12 − C23 − C31

+ 3C44 + 3C55 + 3C66) (6)

whereCij are elastic stiffness (Hearmon, 1956).

2.2. Determining εP, t and α experimentally

Collecting X-ray diffraction data at differentψ
angles is indispensable for determiningεP, t and α
throughEq. (4). If we letεH andεV represent the strain
measured atψ = π/2 andψ = 0, Eq. (4)becomes,

εH(hkl)= εP + 1
3t{α[2GR(hkl)]−1+ (1−α)(2GV)

−1}
(7)

and

εV(hkl)= εP − 2
3t{α[2GR(hkl)]−1+ (1−α)(2GV)

−1}
(8)

Therefore,

εp = 1
3(2εH + εV) (9)

FromEq. (7) and (8), we also obtain

�ε(hkl)≡ εH(hkl)− εV(hkl)

= tα[2GR(hkl)]−1 + t(1 − α)(2GV)
−1 (10)

Plotting the observed�ε(hkl) for each diffraction peak
(hkl) as a function of [2GR(hkl)]−1, we can derivet
andα

t = a+ 2bGV (11)

α = a

a+ 2bGV
(12)

where a and b are the slope and the intercept of
�ε(hkl) axis of the plot, respectively. To obtain
the value oft and α through this approach, elastic
compliancesSij of the sample at the pressure and
temperature are required.



350 J. Chen et al. / Physics of the Earth and Planetary Interiors 143–144 (2004) 347–356

In many cases, however, the pressure and temper-
ature dependences of the elastic compliances are un-
known. Singh et al. (Singh et al., 1998)and Uchida
et al. (Uchida et al., 1996)discussed the possibilities
of estimatingt for different crystal structure systems.
For an elastically isotropic cubic material,t can be es-
timated (Singh et al., 1998) by

t = 6〈Q(hkl)〉G (13)

where 〈 〉 denotes the average value for all lattice
reflections,G is the shear modulus at the pressure,
and Q(hkl) can be derived by plottingd(hkl) versus
1−3 cos2ψ according to the following equation (Singh
et al., 1998),

dm(hkl) = dp(hkl)[1 + (1 − 3 cos2ψ)Q(hkl)] (14)

In X-ray diffraction experiments,ε(hkl) is not actu-
ally measured atψ = 0. As shown inFig. 1, energy
dispersive diffraction patterns collected in the vertical
diffraction hasψ = θ. FromEq. (4), we knowε(hkl)
is linear to 1−3 cos2ψ. Therefore,εV(hkl) can be de-
rived (Funamori et al., 1994) by

εV(hkl) = εψ=θ(hkl)− εH(hkl)sin2θ

cos2θ
(15)

If the Bragg angle (θ) is small, e.g.∼3.2◦ in our ex-
periments, difference betweenεV(hkl) andεψ=θ(hkl)
is negligible.

Fig. 2. Layout of the experimental system at X17B of the NSLS for deformation study.

3. The experimental setup

The experimental system is installed at the X17B
beamline of the National Synchrotron Light Source
(NSLS). Experiments are conducted using high energy
white X-rays from the superconductor wiggler of X17.
Key elements of the experimental system are sketched
in Fig. 2. An upstream aperture sets the size of X-rays
coming into the experimental hutch. A set of incident
slits defines the size of incident X-rays to the sample.
The slits are mounted on a motor driven stage, so
that they can be moved in and out of the position to
change the incident beam size according to the type of
measurements. Typically, the upstream aperture sets a
2 mm× 2 mm beam size for sample imaging, and the
slits further define a 100�m × 100�m beam size for
X-ray diffraction.

A 6–8 double-stage multi anvil high pressure mod-
ule (Tcup), which can generate high pressure beyond
20 GPa (Vaughan et al., 1998), is used for the defor-
mation experiment. With 8 WC second-stage cubes
(10 mm×10 mm×10 mm), the Tcup module typically
leaves only one accessible diffraction-plane which is
inclined about 35◦ from the vertical axis (Fig. 3). To
gain the accessibility for diffracted X-rays, we replace
6 of the 8 WC cubes (the top and bottom ones are used
for passing the heating current to the cell assembly)
with sintered cBN cubes. Because of the low X-ray
absorption of boron nitride, diffracted X-rays can be
measured in the diffraction plane with any angle to the
vertical axis.Fig. 4 shows a radiograph of a sample
in the cBN anvils. The maximum intensity reduction
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Fig. 3. Diffraction geometry in Tcup module. Solid line indicates
the access of diffracted X-rays if all 8 s-stage cubes are made of
WC, broken line and dotted line indicate the diffraction in vertical
plane and horizontal plane penetrating through BN side cubes.

of the transmitted X-rays by the cBN anvils is about
20%.

A 13-element solid state detector is used to record
the energy dispersive X-ray diffraction patterns. The
diffracted X-rays are collimated by using a conic slit
and detected on four of the 13 detector elements in the
vertical and horizontal planes simultaneously (Fig. 5).
The conic slit consists of an inner conical block with
flat tip and two outer rings. The two rings have differ-
ent inner diameters and their inner surfaces are tapered
to match the conical angle of the inner block. They are
attached onto the inner block at about 10 mm apart, as
shown inFig. 5. Spacer shims (typically 50�m thick-
ness) set a gap between the inner block and outer rings
to collimate the diffracted X-rays into the detector.
Flux of the diffracted X-rays into the detector is con-
trolled by an aperture placed in between the conic slit
and the detector. The aperture consists of two iden-
tical four-hole rotational W plates, and the degree of
overlapping the holes on the two plates controls the
photon flux (see inset ofFig. 5). The mechanical conic

Fig. 5. Conical slit collimating the diffracted X-ray for simultaneous diffraction collection in vertical and horizontal plane with 13-element
solid state detector.

Fig. 4. Radiograph image of fayalite sample and cBN anvils. The
bight strip-shape area from top-right to bottom-left indicates the
anvil gap. The two horizontal dark lines are the gold foils at each
end of the cylindrical sample. Note the dark lines are visible in the
anvil areas (grey triangle areas at top-left corner and bottom-right
corner).

angle of the inner block is 6.5◦, but the actual Bragg
angle for each detector depends on the alignment of
the slit relative to the incident X-ray. Calibrations of
the Bragg angle of each detector are made using X-ray
diffraction standard at beginning of the experiment.
Fig. 6 shows a typical X-ray diffraction pattern with
a data collection time of 95 s.

Both inner conical block and outer rings are made
of tungsten-containing brass. The inner conical block
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Fig. 6. A typical energy-dispersive X-ray diffraction pattern of
fayalite collected at 4.5 GPa and 973 K. The diffracted X-rays
transmit through the cBN anvil in the vertical diffraction plane.
Data collection time is 95 s.

has two connected holes, one along its axis and one at
the side, for accessing of the sample imaging system
(seeFigs. 2 and 5). A YAG crystal fluorescent screen
(6 mm diameter and 100�m thickness) is mounted in
the center hole of the conic slit near the downstream
end, perpendicular to the incident X-ray. A mirror is
place at the end of the center hole to reflect visible
light from the fluorescent screen to the side channel.
Transmitted X-rays through the sample impinge on
the fluorescent screen where an image of the sam-
ple is generated. Visible light from the sample im-
age are reflected by the mirror in the center hole and
the outside mirror, into a CCD camera through a long
focusing-distance microscope (Fig. 2). Sample strain
is derived from the image of two strain marks (6�m
thick gold foils) placed at both ends of the sample
(seeFig. 7 for the cell assembly andFig. 4 for sample
image).

Fig. 7. Cell assembly for high pressure deformation experiments
in double-stage Tcup apparatus.

4. The experiment and results

The experimental system has been used to study the
deformation of olivine samples. The result on pres-
sure dependence of San Carlos olivine rheology can
be found in this volume as a separate report byLi
et al. (2004)Here we describe a multiple heating cy-
cle experiment on fayalite, during which the sample
transforms from olivine to spinel structure.

Synthetic Fe2SiO4 sample is powdered to an aver-
age grain size of∼1�m, and packed into a cylindri-
cal BN sample chamber of 1 mm diameter and 3 mm
length. As shown inFig. 7, the sample is loaded into an
8 mm edge-length octahedral MgO pressure medium,
between two hard corundum pistons. A 6�m thick
gold foil is placed between the sample and the piston
at each end as strain mark. Edge-length of the trunca-
tion on the second stage anvil is 2 mm.

The sample is first compressed at room temperature
and then heated to 973 K to sinter the powder sample.
After quenching to room temperature, the sample is
further compressed to a higher pressure followed by
a second heating. A total of four heating cycles are
conducted, each at a higher pressure with respect to
previous heating. The sample length is measured di-
rectly from the distance between two strain marks at
each side of the sample on the X-ray radiograph im-
age of the high pressure cell. The change in sample
length during the experiment is shown inFig. 8. Accu-
racy of the absolute sample length is influenced by the

Fig. 8. Change in sample length during the experiment. Pressure
and temperature are as indicated. The shaded areas indicate com-
pression periods.
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clearness and thickness of the strain mark image (usu-
ally in the order of microns). However, a technique of
correlating the same strain mark in two consecutive
images (Li et al., 2003) increases the accuracy of rel-
ative displacement of the strain mark to a fraction of
one micron. Therefore, for a sample with about 1 mm
length, the strain measurement is accurate to 10−4 and
strain rate is accurate to 10−7–10−6 depending on the
time interval between two measurements. As shown in
Fig. 8, each heating cycle generates about 10% total
plastic strain.

In calculation the stress of olivine phase, we use
the elastic constants of single crystal fayalite and
their pressure and temperature dependencies reported
by Graham et al. (1988). Single crystal elastic con-
stants and their pressure/temperature dependencies of
Fe2SiO4 spinel phase are not available. We, therefore,
useEq. (13) to derive the stress in the spinel phase
using the shear modulus and its pressure dependence
values (87.5 GPa and 0.44) suggested by Hofmeister
and Mao (Hofmeister and Mao, 2001). In most cases,
diffraction peaks (0 3 1), (2 2 0), (1 3 1), (2 1 1), (0 4 1),
(3 1 1), (1 5 1) and (2 2 2) are used in the stress calcu-
lation for olivine phase, and diffraction peaks (2 2 0),
(3 1 1), (2 2 2), (4 0 0), (3 3 1), (5 1 1) and (4 4 0) are
used for spinel phase.Fig. 9 shows the calculated
apparent pressures based the diffraction in vertical
plane (ψ = 3.2◦) and in horizontal plane (ψ = 90◦),
the derived effective hydrostatic pressure and the
differential stress during the first annealing process.
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Fig. 9. Apparent pressures calculated from X-ray diffraction atψ = 3.2◦ (vertical diffraction) andψ = 90◦ (horizontal diffraction), derived
hydrostatic pressure and differential stress during first compression, heating at constant load, and continuing compression.

Because of the hard pistons in the high pressure cell,
the apparent pressure along the piston axis increases
dramatically whereas that along the direction perpen-
dicular to this axis barely increases during the initial
compression. This indicates that huge differential
stress builds up in the sample. Clearly, none of these
apparent pressures represent the true pressure in the
sample. The effective hydrostatic pressure lies be-
tween the two apparent pressures. Upon heating, the
apparent pressure along the piston decreases whereas
that along the direction perpendicular to the piston
increases, indicating a relaxation of the differential
stress. At 873 K, the two apparent pressures merge
to the value of the effective hydrostatic pressure, and
the differential stress is completely relaxed. Further
compression after quenching yields a departure of
the two apparent pressures from each other indicating
rise of the differential stress as well as the effective
hydrostatic pressure in the sample.

Table 1lists the derived stress (t), parameterα and
effective hydrostatic pressure (σp) of the sample dur-
ing the second heating cycle. We notice that theα pa-
rameter increases with temperature and becomes >1 at
773 K. This indicates that when large plastic strain ac-
cumulates in the sample, Reuss and Voigt limits may
not be valid in the polycrystal. A similar phenomenon
has been also observed in deformation experiments
using neutron diffraction due to different elastic and
plastic anisotropy (Daymond et al., 1999). So far, there
are very limited experimental data on determining the
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Table 1
Observed stress (t), parameter (α) and effective hydrostatic pressure
(σP) of fayalite sample during the second heating cycle

T (K) Pattern # Time
(ks)

t (GPa) � σP (GPa)

573 (5) 69 25.662 2.7 (1) 0.8 (3) 4.8 (2)
70 25.877 2.3 (1) 0.7 (3) 4.9 (2)
71 26.198 2.6 (1) 0.9 (2) 4.9 (2)
72 28.865 2.2 (1) 0.5 (4) 4.7 (2)

673 (5) 73 29.150 1.9 (1) 0.7 (3) 5.0 (2)
74 29.426 1.95 (10) 1.0 (2) 4.7 (2)
75 29.726 2.0 (1) 1.1 (2) 4.5 (2)
76 30.106 2.0 (1) 1.0 (2) 4.5 (2)
77 30.340 2.0 (1) 1.0 (2) 4.5 (2)
78 30.528 1.8 (1) 1.3 (2) 4.6 (2)

773 (5) 79 30.799 1.8 (1) 1.3 (2) 4.4 (2)
80 30.999 1.7 (1) 1.3 (2) 4.6 (2)
81 31.199 1.3 (1) 1.3 (2) 4.6 (2)

Note: numbers in parenthesis indicate the experimental uncertainty.

α parameter.Funamori et al. (1994)pioneered such an
experiment in a modified Drickamer-type apparatus,
and found a decrease of theα parameter from 1 to 0.5
with pressure in NaCl sample. Their experiment was
conducted at room temperature. It has not been inves-
tigated how theα parameter changes at high temper-
ature when large plastic strain accumulates. In plastic
regime, there are also two simplified models, Sachs
model (Leffers, 1995; Sachs, 1928) and Taylor model
(Bishop and Hill, 1951; Taylor, 1938), describing the
coupling between grains in a polycrystal. Similar to
Reuss and Voigt models in elastic regime, Sachs and
Taylor models assume all the grains in the polycrys-
tal are subjected to the same stress and strain, respec-
tively. However, these models are strongly dependent
on the slip systems in each crystal structure, and mod-
eling for olivine phase is not currently available to our
knowledge. Data with theα parameter significantly
>1 at higher temperature need to be processed with an
improved model.

Strain rate versus stress data at 573 and 673 K
during the second heating are plotted inFig. 10. Be-
cause deriving strain rate requires two X-ray images
taken at a time interval, we use an average of stress
over this time period in the plot. Deformation at
these low temperatures is dominated by the disloca-
tion glide that is controlled by lattice resistance, and
described by Peierls plasticity flow law (Evans and
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Fig. 10. Strain rate vs. stress of the Fe2SiO4 olivine sample
at 4.8 GPa, 573 K (solid diamonds) and 4.6 GPa, 673 K (solid
squares). Bars attached to the symbols indicate the errors. Solid
lines represent the fit lines to the Peierls plasticity flow law (see
text) for each data set.

Kohlstedt, 1995)

ε̇ = ε̇0 exp

(
− Q

RT

(
1 − σ

τ

)2
)

(16)

whereε̇ is strain rate,̇ε0 pre-exponential factor (initial
strain rate, may be a function of temperature),R the gas
constant,T the temperature in Kelvin,Q the activation
energy,τ the Peierls stress (lattice friction stress at ab-
solute zero) andσ the stress (the same ast; for consis-
tency with the literature, we useσ to represent stress
in the flow law expression). Fitting the experimental
data into this equation, we getQ = 480± 20 kJ/mol,
τ = 6.7± 0.5 GPa aṫε0 = 1.81011 s−1 for T = 573 K
and ε̇0 = 2.3 × 1012 s−1 for T = 673 K. The pres-
sure difference between the two temperature data sets
is not taken into account during the fitting. Com-
pared with San Carlos olivine data (Q = 498 kJ/mol,
τ = 9.1 GPa) reported by Evans and Goetze (Evans
and Goetze, 1979), our result indicates a weaken-
ing by an increase of iron partitioning in olivine
structure.

During the third heating cycle, the sample trans-
forms from the olivine to the spinel structure. In-
terpretation of the X-ray diffraction data from two
coexisting phases is in progress.Fig. 11 shows the
strain rate versus stress for spinel phase at 873 and
1073 K during the fourth heating cycle. Fitting these
data intoEq. (16)yieldsQ = 460± 20 kJ/mol,τ =
6.5 ± 0.5 GPa aṫε0 = 8.1 × 1013 s−1 for T = 873 K
and ε̇0 = 5.3 × 1015 s−1 for T = 1073 K.
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Fig. 11. Strain ratevs. stress of the Fe2SiO4 spinel sample at 873 K
(solid diamonds) and 1073 K (solid squares) under the pressure
of 9 GPa. Bars attached to the symbols indicate the errors. Solid
lines represent the fit lines to the Peierls plasticity flow law (see
text) for each data set.

Uncertainty in the derived stress relies on the res-
olution of the X-ray diffraction. In general, the reso-
lution of an energy dispersive diffraction is between
10−4 and 10−3, which represents the uncertainty of
the experimental lattice elastic strain for stress deriva-
tion. Therefore, for the materials with elastic modulus
in the order of 102 GPa, the uncertainty of stress
measurement is about 10–100 MPa. However, another
source of uncertainty that can not be quantitatively
determined is the inadequacy of the model used to
describe the coupling between grains in a real poly-
crystal. Taking this fact into account, the accuracy of
the experimental data might be worse than that dis-
cussed here. Uncertainties of the derived parameters
by fitting experimental data into an empirical equation
are estimated through least square fitting process.

5. Remarks

This study demonstrates that the essential compo-
nents for constructing a deformation flow law, stress
and strain rate, can be attained at high pressure up
to 10 GPa and temperature beyond 1000◦C by using
multi-anvil apparatus in conjunction with synchrotron
X-rays. Direct measurements of the strain and stress
through sample imaging and X-ray diffraction elim-
inate the uncertainty introduced in the modeling of
indirect measurements at high pressures (e.g. defor-
mation and friction of the pistons that pass the force

to the sample). The X-ray techniques are the criti-
cal experimental tools which enable the conventional
stress–strain rate deformation experiments at pressures
beyond the typical pressure limit of 3 GPa. In addi-
tion, the multiple X-ray diffractions as a function of
ψ supply very important information for understand-
ing the behavior of high pressure cells in terms of
stress distribution in the cell and the response of the
cell components to the annealing temperatures. In this
study, we find that use of hard pistons to sandwich the
sample can generate significant differential stress even
after an annealing cycle, and therefore the apparent
pressure derived from X-ray diffraction at a givenψ
angle (i.e. a common high pressure X-ray diffraction
setup) is most likely discrepant from the real pressure.
The stress and strain measurement reported here is re-
stricted to a relaxation process. Therefore, the flow law
for fayalite derived from the experimental data may
not perfectly describe a steady-state flow in the sam-
ple. Combined with the developing deformation-DIA
type apparatus (Wang et al., 2004), the stress and strain
can be measured at a controlled strain rate. One should
be able to develop the deformation flow law at a near
steady-state.
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