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Dramatic technical progress seen over the past decade now allows the plastic
properties of materials to be investigated under extreme pressure and
temperature conditions. Coupling of high-pressure apparatuses with synchro-
tron radiation significantly improves the quantification of differential stress and
specimen textures from X-ray diffraction data, as well as specimen strains and
strain rates by radiography. This contribution briefly reviews the recent
developments in the field and describes state-of-the-art extreme-pressure
deformation devices and analytical techniques available today. The focus here is
on apparatuses promoting deformation at pressures largely in excess of 3 GPa,
namely the diamond anvil cell, the deformation-DIA apparatus and the
rotational Drickamer apparatus, as well as on the methods used to carry out
controlled deformation experiments while quantifying X-ray data in terms of
materials rheological parameters. It is shown that these new techniques open the
new field of in situ investigation of materials rheology at extreme conditions,
which already finds multiple fundamental applications in the understanding of

the dynamics of Earth-like planet interior.
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1. Introduction

Recent technical advances in high-pressure devices coupled
with synchrotron radiation allow investigation of materials
rheology at pressure (P) and temperature (7)) in excess of
135 GPa and 1870 K, respectively. Specimens of a few cubic
millimeters in multi-anvil apparatuses, or of thousands of
cubic micrometers in the diamond-anvil cell, can now be
deformed at pressures corresponding to those existing
hundreds or thousands of kilometers within Earth-like planets.
During deformation, the applied differential stress (f) and
resulting specimen strain (¢) and strain rate (¢) are quantified
in situ by time-resolved X-ray diffraction and radiography.
Although the basic principles of these measurements are
straightforward, i.e. ¢ is deduced from diffraction peak shifts
arising from polycrystalline materials within the cell, and ¢ is
measured optically on a fluorescent YAG crystal placed
downstream with respect to the specimen, carrying out these
measurements at extreme conditions has been challenging.
This has required adapting the high-pressure devices to allow
deformation of specimens and collection of the diffracted
beams in specific orientations with respect to the principal
stress directions, as well as developing the tools to quantify the
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stress tensor from small d-spacing variations between different
populations of grains within deforming aggregates.

These new techniques renewed interest in research invol-
ving the in situ investigation of materials rheological proper-
ties at extreme conditions. They have multiple potential
applications in Earth sciences when investigating the dynamics
of planet interiors, as well as in materials science for the search
for new super-hard materials or for quantifying armor resis-
tance during shell explosions. Here we review the state-of-the-
art of the high-pressure devices available today for these types
of measurements, the techniques involved, and their resolu-
tions to quantify stress, texture, specimen strain and strain
rate, whether using a monochromatic or a white X-ray beam to
collect the data.

2. Extreme-pressure deformation devices

We focus here on apparatuses which allow deforming mate-
rials at pressure largely in excess of 3 GPa. Until recent years,
controlled deformation experiments in Paterson-type gas
medium apparatuses or Griggs-type solid medium apparatuses
(e.g. Bistricky et al, 2000; Jung & Green, 2009) were limited to
typically 3 GPa pressure. Previous attempts to use the
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diamond anvil cell (DAC) or the multi-anvil large-volume
press to quantitatively deform specimens at higher pressure,
by using specific cell assembly geometry (e.g. Bussod et al.,
1993; Zhang & Karato, 1995; Karato & Rubie, 1997; Cordier et
al., 2003; Raterron et al., 2004), were limited to relaxation
deformation upon heating and often ‘cook and look’-type
experiments, i.e. without in situ rheological measurements [see
Durham & Rubie (1998) for a review]. In the DAC, rheolo-
gical parameters, such as the applied stress, could not be
quantified since only axial diffraction (along the compression
axis) was available. Over recent years, the development of
radial diffraction in the DAC and the Drickamer press, as well
as the parallel developments of the deformation-DIA appa-
ratus and the rotational Drickamer apparatus, drastically
changed this picture.

2.1. Radial diffraction in the DAC

DAC experiments allow experimental investigations in the
whole pressure range typical of the Earth’s lower mantle, i.e.
at P in excess of 135 GPa which is far beyond the range
accessible with other static devices. The use of uniaxial loading
results in significant pressure gradients and differential
stresses, despite the efforts devoted to reduce this effect.
Nevertheless, one can take advantage of this situation to
achieve plastic deformation. For deformation experiments,
measurements are performed in the radial geometry (Fig. 1).
In this geometry, the X-ray beam passes through the DAC
perpendicular to the axis and, in this case, Debye rings in
diffraction patterns record a whole range of orientations, with
lattice planes from parallel to almost perpendicular to the
DAC and deformation axis. The diffraction pattern illustrates
elastic deformation effects expressed in elliptical distortions of
Debye rings and intensity variations that signify texture.

The confining gasket must thus be made of a material
transparent to X-rays. In the first DAC deformation experi-
ments (Kinsland & Bassett, 1976), no gasket was used and the
sample was simply compressed between the two diamond
anvils. This limited greatly the pressure range, resulted in
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Experimental set-up for diamond anvils experiments. The sample is confined between two opposed
anvils (diamond single crystals). In radial diffraction geometry, the direction of the monochromatic
X-ray beam is perpendicular to the anvil axis and the data are collected on an area detector
orthogonal to the incoming beam. The position and intensity of the diffraction lines are analyzed as

a function of the azimuthal angle 8.

Diffraction image —~

radial flow of the sample towards the edges of the diamond
anvils, and introduced tremendous pressure gradients. Later,
other approaches were introduced for gaskets, such as the use
of a mixture of amorphous boron and epoxy, a low-Z material
such as beryllium, or a proper combination of kapton sheet
and boron epoxy. Nowadays, the most convenient techniques
involve the use of Be gaskets for pressures above 80 GPa and
up to multi-megabar pressures (Hemley et al., 1997; Mao et al.,
1998) and combinations of kapton sheets, amorphous boron
and epoxy for pressures below 60 GPa (Merkel & Yagi, 2005).
High-temperature experiments have been performed up to
1700 K using laser-heating techniques (Kunz et al, 2007;
Miyagi, Kunz et al., 2008). However, temperature gradients in
samples of those experiments were tremendous and this limits
the applicability of the technique for deformation experi-
ments. External heating techniques are also being developed
for working up to temperatures of 1300 K with a much better
control of temperature within the sample. This technique is
under development and should become usable in routine in
the near future (Liermann et al., 2009).

In the DAC, deformation geometry is purely axial, with no
decoupling between pressure increase and plastic deforma-
tion, and very limited control of strain rate. Finite-element
modeling indicates that, at best, plastic strain is of the order of
20% in the DAC (Merkel et al., 2000).

2.2. Deformation-DIA apparatus

The DIA apparatus is a multi-anvil apparatus consisting of
six anvils squeezing a cubic pressure medium. The top and
bottom anvils are mounted onto symmetrical upper and lower
guide blocks, while the four lateral anvils are mounted on the
side faces of four wedge-shaped thrust blocks. Moving the
guide blocks forward (towards each other) promotes the
forward motion of the lateral anvils, hence symmetrical
compression of all six faces of the cube at the center of the
apparatus. The DIA apparatus has been modified to accom-
modate deformation at high pressure, and became the defor-
mation-DIA apparatus [see Durham et al. (2002) and Wang et

al. (2003)]. In the D-DIA, deformation

\ of the cubic medium is promoted at a

’ given pressure by moving top and

0 bottom anvils forward, both mounted
on small individual inner rams, while
maintaining constant the oil pressure in
the apparatus main ram. This allows the
lateral anvils to slowly retract in
compensation of the forward motion of
the top and bottom anvils, hence main-
taining constant the medium volume
gy and pressure.

B Such geometry allows deforming in
axisymmetric compression at constant P

and 7 samples of a few cubic milli-
meters in dimension, with a maximum
strain of about 40%. Cycling deforma-
tion by moving top and bottom anvils

]. Synchrotron Rad. (2009). 16, 748-756

749

Raterron and Merkel + Rheological measurements



high pressure

alternatively forward and backward
(e.g. Li et al., 2006a) is also possible in
the D-DIA, which allows for instance
investigating materials strain hardening.
One of the remarkable features of the
D-DIA is its ability to promote constant
specimen strain rate usually corre-
sponding at high temperature to
constant applied stress (within uncer-
tainties), iLe. steady-state deformation
conditions, which is critical when
investigating materials deformation
laws. The typical P and T ranges acces-
sible in the D-DIA at control conditions
are, respectively, 2 to 19 GPa and room-
T to 1873 K, for steady-state strain rates
typically in the range 10 ° to 10 *s™".
For on-line experiments, the back
lateral anvils of the D-DIA must be
transparent to the X-ray beam, i.e. made of sintered diamond
or cubic boron nitride (cBN), in order to allow lateral
diffraction (see §3).

Incident |
X rays

Figure 2

2.3. Rotational Drickamer apparatus

The Drickamer apparatus consists of two opposed anvils
contained in a cylindrical sleeve. The anvil ends facing each
other are cut at a low angle (20°) to form a conical surface
which is supported by gasket material, while the flat tips of the
anvils define the top and bottom surface of the confined
medium. This apparatus can reach pressures and temperatures
of 30 GPa and 1700 K, respectively (Gotou et al., 2006). It has
been used for axial deformation of samples under high pres-
sure and measurements with polychromatic beam (Funamori
et al., 1994; Uchida et al, 1996), and recently adapted for
monochromatic beam and X-ray radiography (Nishiyama et
al., 2009). It was also modified (Yamazaki & Karato, 2001; Xu
et al., 2005) in order to accommodate shear deformation of the
confined medium, and became the rotational Drickamer
apparatus (RDA, Fig. 2). Shearing of the confined material is
promoted by rotating the bottom anvil (connected to a
servomotor and a gear box) relative to the top anvil.

Such geometry allows near simple shear deformation of disc
-shaped samples less than 1 mm thick and ~4 mm in diameter.
In the RDA, samples also undergo some uniaxial compression
and its component increases with the sample thickness. In
order to avoid the radial pressure gradient present within disc-
shape samples, and to promote homogeneous deformation of
the specimen, ring-shape samples are usually used in the
RDA. The remarkable feature of the RDA is its ability to
allow specimen large strain deformation (exceeding y =~ 6).
The typical P and T accessible in the RDA are, respectively,
16 GPa and 1873 K, for steady-state equivalent strain rates of
the order of 5 x 107> s™" (e.g. Nishihara et al., 2008).

Cylindrical
sleeve

Pyrophyllite
Wttt

Schematic cross section of a typical cell assembly in the rotational Drickamer apparatus (RDA,
after Nishihara et al., 2008). Dimensions are approximate. The outer cylindrical sleeve, made of a
hard Al-alloy almost transparent to high-energy X rays, is not represented. Gasket materials consist
of polyether ether ketone (PEEK), which has low X-ray absorption, and pyrophyllite (dark hatched
when fired). The white rectangle in between top and bottom anvils shows the disc-shape pressure
medium (~1 mm thick), while the black rectangle at its center represents a disc-shape sample. In
the RDA, rotation of the bottom anvil with respect to the top anvil promotes shear deformation of
the sample. See text for more explanations and for details: Yamazaki & Karato (2001), Xu et al.
(2005) and Nishihara et al. (2008).

3. Stress, texture and strain measurements
3.1. Stress measurement with a monochromatic beam

In diffraction, polycrystalline samples subjected to stress
show distortions of Debye rings. For instance, Fig. 3 presents
the unrolled diffraction image obtained for a sample of h.c.p.-
Co at 42.6 GPa in the DAC (Merkel et al., 2006b). Stress
appears as sinusoidal variations in d-spacings that are smaller
(and correspondingly diffraction angles 6 are larger) perpen-
dicular to the compression direction (dark arrows). The
changes in d-spacings depend upon the applied compressive
stress, elastic properties and the plastic deformation of the
sample. Plastic deformation is also expressed in intensity
variations that signify preferred orientation, attained, for
example, through dislocation glide, and can be fully inter-
preted based on microscopic deformation mechanisms (Wenk
et al., 2006).

Interpretation of the sinusoidal variations in d-spacings
(lattice strains) has been a matter of debate. Elastic theories
have been developed to relate the measured lattice strains to
stress and elastic properties (Singh et al, 1998). In axial
geometry, the stress applied to the sample can be expressed as

P 0 0 —t/3 0 0
o=l0 P of|+| 0 =3 o |, @
0 0 P 0 0 2¢/3

where P is the hydrostatic pressure and ¢ = 033 — oy is the
differential stress. For a polycrystal, a diffraction line is the
sum of the contribution of all crystallites in the condition of
diffraction: crystallites whose normal to the diffracting plane
(hkl) is parallel to the scattering vector. Their d-spacings
depend on the local environment and their elastic properties.
The measured value is then the arithmetic average of all those
individual d-spacings.

In the elastic model, one can show that, for a polycrystal
free of lattice preferred orientations, the measured d-spacings
can be expressed as
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Figure 3

(a) Example of an unrolled radial diffraction image for a sample of h.c.p.-
Co at 42.6 GPa in the diamond anvil cell. The image shows the diffraction
as a function of the Bragg angle 26 and the azimuth angle on the image
plate § (Fig. 2). The sinusoidal variations in positions of the diffraction
lines are due to elastic deformation and stress in the sample; intensity
differences along lines indicate preferred orientation caused by plastic
deformation. The compression direction is indicated by the dark arrows.
(b) Average stress (thick solid lines) and local stress components in single
grains (thin dashed lines) versus pressure for a Co polycrystal plastically
deformed in the diamond anvil cell. Results of EPSC calculations
optimized to lattice strains measured experimentally (Merkel ez al., 2009).

dy(hkl, ) = dp(hkD)[1 4+ Q(hkl)(1 —3cos* ¥)],  (2)

where d,, is the measured d-spacing of the Akl line, dp is the d-
spacing of the Akl line under hydrostatic pressure P, i is the
angle between the diffracting plane normal and the maximum
stress direction, and Q(hkl) is the lattice strain parameter.
Q(hkl) is a measure of the amplitude of the sinusoidal varia-
tions in d-spacings for the hkl diffraction line (Fig. 3) and, in
this model, is a function of the single-crystal elastic moduli and
the differential stress ¢ For materials with known elastic
properties, the lattice strain parameters Q(hkl) fitted to the
measured d-spacings can be used to evaluate the differential
stress 7 using the mathematic expressions of Singh et al. (1998).

Elastic theories that include effects of lattice preferred
orientations have also been developed (Matthies et al., 2001).
In this case, the measured d-spacings are not linear with (1 —
3cos” 1), but one can still find a relation between the differ-
ential stress, measured d-spacings and single-crystal elastic
moduli. It should be noted, however, that, in the elastic theory,
effects of lattice preferred orientations on the measured lattice

strains are small and can be difficult to distinguish experi-
mentally.

However, elastic theories are based on lower or upper
bound assumptions and have shown severe limitations. In
particular, it was shown that stresses deduced from diffraction
images on h.c.p.-Co (Fig. 3a) were inconsistent, ranging from
1.7 to 4.3 GPa depending on the diffraction line used for the
analysis (Merkel et al., 2006b). This issue was also previously
observed on MgO (Weidner et al., 2004) and was recently
solved by introducing elastoplastic self-consistent (EPSC)
models for the analysis (Li et al., 2004a; Burnley & Zhang,
2008; Merkel et al., 2009). EPSC models represent the aggre-
gate by a discrete number of orientations with associated
volume fractions. The latter are chosen such as to reproduce
the initial texture of the aggregate. EPSC treats each grain
as an ellipsoidal elastoplastic inclusion embedded within a
homogeneous elastoplastic effective medium with anisotropic
properties characteristic of the textured aggregate. The
external boundary conditions of stress and strain are fulfilled
on average by the elastic and plastic deformations at the grain
level. The self-consistent approach explicitly captures the fact
that soft-oriented grains tend to yield at lower stresses and
transfer load to plastically hard-oriented grains, which remain
elastic up to rather large stress. The model uses known values
of single-crystal elastic moduli and parameters associated with
each active plastic deformation. The simulated internal strains
are compared with experimental data by identifying the grain
orientations which, in the model aggregate, contribute to the
experimental signal associated with each diffracting vector.
Parameters controlling the nature of the plastic behavior of
the polycrystal (choice of deformation mechanisms, their
strength, and hardening parameters) are optimized to repro-
duce the measured d-spacings in the calculation.

For instance, Fig. 3(b) presents the average stress versus
pressure in a Co polycrystal plastically deformed in the DAC
obtained by adjusting EPSC calculations to experimental
lattice strain measurements (Merkel et al., 2009). The average
differential stress and ¢ = 033 — o is well constrained. Fig. 3(b)
also presents the local stress for eight randomly selected
orientations in the polycrystal. Although the average stress in
the polycrystal follows the symmetry expected for DAC
experiments (0; = 02, and o033 > 07;), stresses in individual
grains do not agree with this geometry and show considerable
heterogeneities. Elastic models completely overlook this
phenomenon and, therefore, should be avoided for data
interpretation.

EPSC models treat each orientation as an ellipsoidal elas-
toplastic inclusion embedded within a homogeneous elasto-
plastic effective medium. As such, local interactions from
grain to grain and heterogeneities within the grains themselves
are not accounted for. Three-dimensional full-field poly-
crystalline models can predict local-field variations (e.g.
Castelnau et al., 2008). These calculations show important
heterogeneities within grains and a strong localization of stress
and strain near the grain boundaries. However, the precision
of those models comes with large computational cost and
complexity, and they cannot be systematically applied for
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interpreting experimental results. Moreover, input parameters
are not always known for high-pressure materials. Self-
consistent models such as EPSC could also be improved to
account for grain rotations and viscous relaxation, which could
influence the interpretation of high-pressure experiments.
Those are under development and should be available in the
near future.

3.2. Stress measurement with a white beam

The principle of this measurement is identical to that
described in the previous section. The differential stress ¢ is
deduced from d-spacing variations among different popula-
tions of grains of a given aggregate (often the specimen),
which translates into shifting of X-ray diffraction peaks,
measured here using energy-dispersive X-ray (EDX) spec-
trometry. This requires using a conical back slit which imposes
the diffraction angle (e.g. 260 >~ 6°), and behind the conical slit
a multi-detector (Fig. 4). The position of a given EDX detector
along a section of the diffraction cone defines the azimuthal
angle § of the corresponding spectrum (see Fig. 2), which is
related to the angle ¥ between the diffracting plane normal
and the maximum stress direction. Hence, using equation (2),
the lattice strain parameters Q(hkl) fitted to the measured d-
spacings can be used to evaluate the differential stress ¢ in
materials with known elastic properties (e.g. Funamori et al.,
1994; Uchida et al., 1996; Chen et al., 2004; Li et al., 2004b;
Weidner et al., 2005; Burnley & Zhang, 2008).

In reality, the number of EDX detectors along the diffrac-
tion cone is limited (Fig. 4), which limits the accuracy on the
determination of ¢ in the case of complex stress field, e.g. with
unknown principal directions and/or with radial stress
gradient within the aggregate. Using a white beam is, however,
well adapted for determining stress in simple geometry
experiments (e.g. uniaxial compression in the D-DIA). The
conical slit also defines the diffracting volume as the inter-

EDX detector 1

Principal stress
direction

Conical slit

Specimen
Incident
Xrays
Figure 4
Experimental set-up for measuring the differential stress using a white
X-ray beam. Diffraction at fixed angle (20 ~ 6°) is obtained using a
conical slit with the specimen placed at the tip of the cone. Energy-
dispersive spectra are recorded using a multi-detector placed behind the
conical slit. Approximate detector positions which define the azimuthal
angles & (see Fig. 1) are indicated by small circles (not to scale). During
uniaxial compression, a measure of the differential stress ¢ can be
obtained using only two detectors (e.g. detectors 1 and 3, or 1 and 4),
although four detectors (1 to 4) are often used. Specimen images are
collected on the fluorescent YAG, magnified and recorded using a CCD
camera.

section between the diffraction cone and the incident X-ray
beam. Therefore, when the specimen is properly centered at
the tip of the cone, this allows filtering of unwanted contri-
butions to the EDX spectra, as for instance that of the
confining medium. This characteristic is particularly useful for
experiments in a large-volume press (D-DIA and RDA),
where the specimen is often buried under layers of diffracting
materials which constitute the confining medium.

Using this technique, for each set of diffraction spectra (one
spectrum per EDX detector) one can deduce the hydrostatic
pressure P, calculated from the average volume of the material
unit cell at run 7 using the corresponding equation of state,
and a set of stress values (using the material known elastic
constants) arising from the measured d-spacing of the obser-
vable hkl peaks (Fig. 5). Part of the discrepancy on stress
values within each set arises from the accuracy on d-spacing
measurement, which depends on both diffraction-angle and
spectrum-energy resolutions. Yet, a significant part of stress
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(a) Differential stress versus time as measured with a white X-ray beam
within the alumina pistons compressing a forsterite sample in the D-DIA
at the indicated P and T conditions. Exploitable alumina ikl peaks are
indicated. Discrepancy in stress measurements at a given time results
from both accuracy on the measurement and the properties of the
stressed alumina polycrystal. Average differential stress ¢ values are
indicated for each steady-state regime of deformation. (b) Corresponding
strain versus time plots as measured by X-ray radiography (§3.4) of the
forsterite sample. Steady-state deformation translates here by constant
strain rates (indicated slopes).
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discrepancy arises from stress heterogeneity between different
populations of grains within the aggregate, as explained above
(§3.1). If enough hkl peaks are exploitable (typically more
than ten peaks), it is assumed that a reasonable value for the
differential stress ¢ is obtained by averaging the stress values of
a given data set; EPSC modeling (see above) is a more accu-
rate way of deducing the actual differential stress (Burnley &
Zhang, 2008) and should be used more routinely in the future.
As of today, the reported uncertainties on ¢ values measured
at high P by X-ray diffraction are still large, ie. typically
450 MPa for low applied stress (e.g. Fig. 5) and as high as
hundreds of MPa for high stress levels.

3.3. Lattice preferred orientation and texture

Lattice preferred orientation (LPO) can be quantified with
the intensity variations along the Debye rings. Information can
be extracted from either monochromatic or white beam
measurements if enough orientations have been measured (i.e.
with enough azimuthal angles §), although monochromatic
data are in practice more adapted for quantifying LPO.
Typically, it is assumed that measurements every 5 or 10° in ¥
are sufficient for the analysis.

LPO arises from the plastic deformation of the sample. The
observed LPO can be compared with polycrystal plasticity
simulations to obtain information about slip systems operating
in the sample. This is particularly relevant for mineral physics
since seismic anisotropy in the deep Earth arises from the
LPO of minerals owing to the convection flow. The first in situ
LPO measurements at high pressure using synchrotron
radiation were performed on the h.c.p. phase of Fe (Wenk et
al., 2000). Since then, the technique has been applied
numerous times, both on metals and minerals [see Wenk et al.,
(20006) for a review].

The LPO can be represented by an orientation distribution
function (ODF). The ODF is required to estimate anisotropic
physical properties of polycrystals such as elasticity or plasti-
city (Kocks et al., 1998). The ODF represents the probability of
finding a crystal orientation, and it is normalized such that an
aggregate with a random orientation distribution has a prob-
ability of 1 for all orientations. If LPOs are present, some
orientations have probabilities higher than 1 and others lower
than 1. The ODF can be calculated using the variation in
diffraction intensity with orientation using tomographic
algorithms such as WIMV (Matthies & Vinel, 1982) as
implemented in the BEARTEX package (Wenk et al., 1998) or
in the Maud Rietveld refinement program (Lutterotti ez al.,
1999). This technique has been successfully applied to
measure textures and deduce active high-pressure deforma-
tion mechanisms (Wenk et al., 2006).

3.4. Strain measurements

For large-volume apparatuses (e.g. D-DIA and RDA),
specimen plastic strain is measured in situ on time-resolved
X-ray radiographs (absorption contrast imaging) collected on
a fluorescent YAG crystal placed downstream with respect to
the cell assembly (e.g. Vaughan er al., 2000; Raterron et al.,

2007). For this measurement the X-ray front slits are removed,
which in the RDA results in exposing the whole section of the
cell assembly to the beam. In the D-DIA, the sample is usually
only visible through the gap in between the front lateral anvils
(Fig. 6), classically made of tungsten carbide (WC); for on-line
D-DIA, X-ray-transparent lateral anvils (sintered diamond or
cBN) are thus preferred. With dense specimens promoting
enough contrast, images can be directly observable on the
YAG crystal and ultimately recorded on a CCD camera after
magnification. In case of insufficient contrast, strain markers
(e.g. thin X-ray absorbent metal foils which appear as dark
lines on the radiographs) are placed within the cell in order to
visualize sample strain during deformation. In the D-DIA,
strain markers are placed horizontally at sample ends (Fig. 6),
while in the RDA one vertical strain marker is placed within
the disc- or ring-shaped sample (e.g. Nishihara et al., 2008).
For a large enough strain, specimen images are treated with
commercial software to measure strain and strain rate. This
operation can be performed live, i.e. during the experiment. In
the D-DIA, sample strain &(¢) can be deduced from sample
length /(f) using the well known relationship: e(f) = Inly/I(t)
[here in compression &(f) > 0], where /; is the initial length of
the specimen at given conditions. Strain rates (&) and their
uncertainties are then deduced from &(z) versus time plots
(Fig. 5b). Given the resolution of the image (one pixel
corresponds to a few micrometers), the size of the specimen
and the usual strain rate condition, and taking into account the
limited amount of beam time for each experimental point (a
few hours), uncertainty is about 10 °s™' or better on the
strain rate. In the RDA, sample equivalent strain is deduced
from the rotation of the vertical strain marker during defor-

Figure 6

Two radiographs of an Mg,SiO, forsterite sample taken at different times
during deformation at 7 GPa pressure and 1673 K, as obtained through
the gap in between the lateral anvils of the D-DIA that equips beamline
X17-B2 of the NSLS (Upton, NY, USA). The black horizontal lines are
the image of thin Re foils placed at sample ends and used as strain
markers. White arrows indicate the sample shortening (~10% strain).
Note the anvil gap opening during deformation while lateral anvils are
moving backwards.
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mation. This rotation is a function of both specimen shear
strain and uniaxial compression (details in Nishihara et al.,
2008). Conversion of the marker rotation to specimen
equivalent strain and strain rate is not straightforward.
Consequently, the uncertainty on the absolute equivalent
strain rate can be fairly large in the RDA, i.e. about 40% of the
strain rate.

In the DAC, samples are less than 30 pm thick and typically
too small for recording X-ray radiograph images. In this case,
samples dimensions are estimated by moving the DAC in front
of the incident X-ray beam and analyzing the transmitted
intensity. High-density samples such as Co or Fe have a high
contrast compared with their environment (diamonds and
gaskets) and their dimensions can be measured (e.g. Merkel &
Yagi, 2005). Low-density samples cannot be distinguished
from their environment. In this case, sample strain cannot be
evaluated. Besides, steady-state strain rate conditions at
constant P are not achievable in the DAC since increasing
strain also results in increasing P. In the DAC, the imaging
system is, thus, mostly used to evaluate the sample strain
during deformation (and not to quantify the strain rate).

4. Applications and concluding remarks

These recent technical developments in on-line high-pressure
deformation apparatus have been largely driven by the Earth
sciences community, with the aim to better understand the
dynamics of planet interiors where extreme conditions of P
and T are prevailing. Consequently, a large majority of the
studies published so far find applications in the mineral
physics field. Drickamer presses under uniaxial loading have
been used to study the mechanical properties of NaCl
(Funamori et al., 1994), MgO and Mg,SiO, (Uchida et al.,
1996). The DAC in a radial diffraction geometry has been used
to investigate the plastic properties of common metals such as
iron and tungsten (Hemley ef al, 1997), gold, rhenium and
molybdenum (Duffy et al, 1999a,b), platinum (Kavner &
Duffy, 2003), copper (Speziale et al., 2006a), h.c.p.-cobalt
(Merkel et al., 2006b) or osmium (Weinberger et al., 2008),
core and mantle phases such as h.c.p.-Fe (Wenk et al., 2000;
Merkel et al., 2004; Miyagi, Kunz et al., 2008), olivine (Wenk et
al., 2004), hydrous and anhydrous ringwoodite (Kavner &
Duffy, 2001; Kavner, 2003; Wenk et al., 2004), stishovite (Shieh
et al., 2002), MgO (Merkel et al., 2002), silicate perovskite
(Merkel et al., 2003; Wenk et al., 2004), calcium silicate
perovskite (Shieh et al., 2004; Miyagi et al., 2009), magnesio-
wustite (Tommaseo et al., 2006), calcium oxide (Speziale et al.,
2006b), garnet (Kavner, 2007) and silicate post-perovskite
(Merkel et al., 2007), as well as other materials such as boron
suboxide (He et al., 2004), cubic silicon nitride (Kiefer ef al.,
2005), argon (Mao et al., 2006), MgGeO; post-perovskite
(Merkel et al., 2006a) or calcium fluorite (Kavner, 2008). The
D-DIA has been used to investigate the plasticity of Earth
mantle minerals such as olivine and its high-pressure poly-
morph ringwoodite (Wenk et al., 2005; Li et al., 2006b; Nish-
iyama et al., 2005; Raterron et al., 2007, 2009; Durham et al.,
2009), pyrope garnet and diopside (Li et al., 2006a; Amiguet et

al., 2009), serpentine (Hilairet et al., 2007) which forms in
subduction zones by oceanic lithosphere alteration, the
CalrO; analogue of silicate post-perovskite (Miyagi, Nish-
iyama et al., 2008; Walte et al., 2009), as well as MgO, quartz
and iron (Uchida et al., 2004; Nishiyama et al., 2007; Burnley &
Zhang, 2008; Mei et al., 2008), three materials which have long
received attention in both earth sciences and materials
science. The D-DIA has also been used to quantify energy
dissipation induced by high-pressure phase transformation in
materials, and its implication for seismic wave dissipation in
the Earth’s mantle (Li & Weidner, 2007, 2008). The RDA, to
our knowledge, has so far been used to investigate the plastic
properties of olivine and its high-pressure polymorph
wadsleyite (Nishihara et al., 2008; Kawazoe et al., 2009).

Recent efforts have been devoted to improving the accu-
racy and relevance of the measurement: external heating in
the DAC (Liermann et al, 2009), specific conical slits and
multi-detector to improve the diffraction angle resolution for
the D-DIA and the RDA at the NSLS and the APS, and
numerical modeling of stress and strain in polycrystalline
samples (Burnley & Zhang, 2008; Merkel et al., 2009). In the
near future, a new D-DIA system will be available at the
ESRF, while new apparatuses are being developed such as the
future deformation-TCup, a Kawai-type multi-anvil press with
deformation capability up to 20 GPa pressure (see Wang et al.,
2007). These improvements will allow exciting new experi-
ments, and a better understanding of the effect of pressure on
materials plastic properties, with likely more fundamental
implications in both deep earth minerals physics and material
sciences.
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materials rheological properties at extreme P and T condi-
tions. This work was supported by the French ANR Grants
‘Jeunes Chercheurs DiUP’ and ‘Mantle Rheology’ (No.
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