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High-pressure and temperature generations are the
st essential importance in the experimental study of the
th’s interior. In this context, the Kawai-type multianvil
aratus (KMA) has been widely used as well as the

mond anvil cell (DAC) (cf. Ito, 2015). The conspicuous
antages of the KMA over the DAC are the capability to

compress a large volume sample, �1000 times larger than
that of DAC, and create a quasi-hydrostatic environment
owing to squeezing an octahedral pressure medium by
eight cubic anvils (Kawai and Endo, 1970). Moreover, it is
possible to keep the specimen in homogeneous and stable
conditions at high temperature by adopting an internal
heating system. These advantages make it possible to
measure the physicochemical properties of the Earth’s
minerals precisely under high pressure and temperature
conditions (e.g., Nishiyama et al., 2004).

In the KMA, the sample is compressed by concentrating
the force produced by the hydraulic press to a small area of
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A B S T R A C T

We extended the attainable pressure of the Kawai-type multianvil apparatus to 71.3 GPa

and 120.3 GPa at room temperature by equipping it with tungsten carbide (WC) and

sintered diamond (SD) cubic anvils, respectively. In the experiments with WC anvils,

pressure decreased largely, DP ��20 GPa, on heating from room temperature to 1500 K. In

the experiments with SD anvils, pressure also dropped to 105 GPa from 120 GPa at 1673 K.

In order to generate higher pressure and temperatures, therefore, innovation of SD

material in both quality and size are essential, together with improvements of cell

assembly. Besides pressure generation, we conducted in situ energy-dispersive X-ray

diffraction observations on CaSnO3 and (Mg,Fe)SiO3 in the experiments with WC and SD

anvils, respectively. We observed the growth of new peaks, which can be assigned to the

post-perovskite phase, transformed from a starting material of CaSnO3 perovskite at

48.4 GPa and 1500 K, although they are not clearly identified. In contrast, we could not

observe the post-perovskite phase of (Mg,Fe)SiO3 in the present P–T conditions generated

by experiments with SD anvils.
�C 2018 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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the sample via cubic anvils. Therefore, the mechanical
strength of the anvil material, such as tungsten carbide
(WC) and sintered diamond (SD), is key to generating high
pressures.

The generated pressure in the KMA with WC anvils had
been limited to �25 GPa (e.g., Keppler and Frost, 2005) for
a long time. However, recent development of harder WC
material, TJS01 (Fuji Die Co., Ltd.) containing a small
amount of Ni binder (< 0.2%), opened a new era to attain
pressures much higher than 25 GPa. Kunimoto et al. (2016)
generated pressures up to 50 GPa at room temperature,
using TJS01 anvils 14 mm in edge length. Later, Ishii et al.
(2017) generated pressures up to 65 GPa at room
temperature and 48 GPa at 2000 K, using anvils 26 mm
in edge length, applying a higher press load.

On the other hand, the attainable pressure with SD
anvils has been gradually extended from 1998 to present
as shown in Fig. 1. In 1998, SD anvils with a large edge
length of 14 mm were introduced, making it possible to
apply press loads as high as twice those applied in the
previous experiments using 10-mm SD anvils (Ito et al.,
1998). The installation of a new DIA-type press (SPEED-
Mk.II) (Katsura et al., 2004) enables us to compress the
Kawai-type cell more precisely than in experiments using
the press installed earlier (SPEED-1500). As a result, the
attainable pressure has been extended to �95 GPa by
optimizing the pressure medium and gasket (Ito et al.,
2005, 2010; Tange et al., 2008). In our previous study
(Yamazaki et al., 2014), we used a new type of SD anvil,
‘‘C2-grade’’, which contains less Co binder of 6–7.5% than
the previous type of ‘‘C-grade’’ of 7–8% (Sumitomo Electric
Industries, Ltd.). The strength of the ‘‘C2-grade’’’ is slightly
higher than that of the ‘‘C-grade’’. The transverse rupture
strength (TRS) and Young’s modulus of the ‘‘C2-grade’’ are
reported to be 1.25 GPa and 940 GPa, respectively, whereas
those of the ‘‘C-grade’’ are 1.1 GPa and 920 GPa,
respectively (Toda, 2018). Therefore, we could extend

the generated pressure to 109 GPa, adopting the ‘‘C2-
grade’’ SD anvils.

In this paper, we report on the recent progress of high-
pressure generation in the KMA with WC (TJS01) and SD
(‘‘C2-grade’’) anvils with in-situ X-ray diffraction observa-
tions for CaSnO3 perovskite and (Mg,Fe)SiO3 bridgmanite
using WC and SD anvils, respectively. In the experiments
with WC anvils, we focused on obtaining an intense
diffraction pattern at high pressure, as well as on
generating pressure. In the in-situ X-ray experiments with
WC anvils in the KMA, the incident and diffracted X-rays
are passed through the gap between anvils (Fig. 2), and
hence it is important to keep the gap large enough to
acquire the diffraction pattern efficiently. Therefore, in this
study, we tested the four types of shapes of WC anvils as
described below in details.

2. Experimental procedure

In the experiments using WC anvils (TJS01), we used
four types of second-stage ‘‘cubic’’ anvils with an edge
length of 14 mm and a truncated edge length of 1.0 mm
(Fig. 2): (1) an anvil without any shape-processing
(hereafter we call ‘‘flat anvil’’) (Fig. 2B), (2) an anvil with
a 128 fan-shaped groove from the truncation corner with a
depth of 40 mm on one surface (we will call it hereafter
‘‘grooved anvil’’) (Fig. 2C), (3) an anvil with one tapered
surface of 18 (we will call it hereafter ‘‘tapered anvil’’)
(Fig. 2D), and (4) an anvil with one ‘‘partially’’ tapered
surface of 18 (we will call it hereafter ‘‘partially tapered
anvil’’) (Fig. 2E). The main purpose of these different
shapes is to acquire diffracted X-ray photons efficiently.
Therefore, four anvils of eight cubes composing the Kawai-
type cell were shape-processed, and the shape-processed
surface was only used to secure the X-ray path (Fig. 2A).
The starting material was a powdered mixture of CaSnO3

perovskite, which was synthesized by heating a mixture of
CaCO3 and SnO2 at 1300 K in air for 24 h and Au with a
weight ratio of 8:1.

In the experiments using SD anvils, we used 0.38
tapered anvils with a truncated edge length of 1.0 mm and
an edge length of 14 mm. Three surfaces of the anvil were
tapered for all eight cubes to obtain higher pressure-
generation efficiency and to keep the anvil gap large
(Fig. 2F and G). For the preparation of the two starting
materials, we synthesized (Mg0.9Fe0.1)2Si2O4-ringwoodite
plus Au (6:1 in weight) for run M1626 and Mg0.9Fe0.1-

SiO3�6 wt % Al2O3 bridgmanite plus Au (8:1 in weight) for
run M2126 at high pressure and temperature using the
KMA at the Institute for Planetary Materials, Okayama
University, Japan. After recovery to the ambient condition,
the sintered mixtures were shaped into discs 0.4 mm in
diameter and 0.3 mm in height to set inside the cylindrical
heater.

For the Kawai-type cell in both the WC and SD
experiments, we used a small cylindrical TiB2 + BN + AlN
heater put in the MgO + 5% Cr2O3 octahedral pressure
medium with an edge length of 4.1 mm, and a pyrophyllite
gasket baked at 1083 K for 24 min. The low X-ray
absorbency of the heater material makes it possible to
observe X-ray diffraction of the sample as well as a

Fig. 1. Evolution of the attainable pressure in the KMA using SD as a

second-stage anvil. Data (solid circles) are selected from (1) Ohtani et al.

(1989), (2) Kondo et al. (1993), (3) Funamori et al. (1996), (4) Ito et al.

(1998), (5) Irifune et al. (2002), (6) Kubo et al. (2003), (7) Ito et al. (2005),

(8) Tange et al. (2008), (9) Ito et al. (2010), (10) Yamazaki et al. (2014) and

(11) this study.
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iographic image of the sample configuration under
pression. The details of cell assembly is shown in Fig. 3,
ged as an X-ray radiography in Fig. 4A and described
where (fig. 2 in Yamazaki et al., 2014). A diamond
der located near the sample may help to generate high

ssure in this cell assembly. Temperature was monitored
a W97%Re3%-W75%Re25% thermocouple with a diameter
.05 mm. The pressure effect on EMF of the thermocou-

ple was ignored. The pressure was determined from the
volume of Au mixed with the sample, based on the
equation of state for Au proposed by Tsuchiya (2003).

In situ X-ray diffraction experiments at high pressure
and temperature were conducted at beamline BL04B1,
SPring-8 synchrotron radiation facility using the DIA-type
press (SPEED-Mk.II) (Katsura et al., 2004). The energy-
dispersive powder X-ray diffraction technique was adop-
ted, with a polychromatic X-ray beam at a diffraction angle
of �68 in conjunction with a germanium solid-state
detector. The sample was irradiated by the collimated
beam with a size of 50 mm horizontally and 100 mm
vertically. A multi-channel analyzer was used to collect the
diffracted photons in a range of 20–140 keV through the
sandwiched gaskets (anvil gaps). The energies of the
photons were calibrated using the characteristic fluores-
cence X-ray lines of Cu, Mo, Ag, Ta, Pt, Ag, and Pb, or
radiation sources of 55Fe, 57Co and 133Ba. The precision in
the energy measurements was approximately 30–100 eV
per channel. During the acquisition of the diffracted
photons, the sample was rotated around the vertical axis
between 08 and 68 with respect to the direction of the
incident X-ray beam by oscillating the press to average the
diffraction profile and to minimize the effect of grain
growth (Katsura et al., 2004).

3. Result and discussion

3.1. Pressure generation and observation of CaSnO3 with WC

anvils

In the pressure-generation tests, we measured the
generated pressure at intervals of 50–100 tons, except for

2. Schematic drawing of shape-processed cubic anvils. The assemblies of eight cubic anvils for WC and SD anvil experiments are shown in (A) and (F),

ectively, where the shaded regions show the shape-processed surfaces. In the experiments with WC anvils, a ‘‘flat anvil’’ (B), a ‘‘grooved anvil’’ (C), a

ered anvil’’ (D), and a ‘‘partially tapered anvil’’ were used. In the experiments using SD anvils, only three surface-tapered anvils (G) were used. In (C)–(E)

 (G), the shaded regions show the shape-processed region. Arrows indicate the incident and diffracted X-rays.

3. Schematic drawing of cell assembly which used in the both of

riments with WC and SD anvils. 1: MgO + 5% Cr2O3 pressure medium,

iamond insulator, 3: TiB2 + BN + AlN heater, 4: sample, 5: W97%Re3%-

%Re25% thermocouple, 6: LaCrO3 thermal insulator, 7: Re electrode.
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runs M2206 and M2243, in which we directly compressed
to higher values than 60 GPa. After compression at room
temperature, we heated the sample up to 1500 K in run
M2345. We conducted several tests for the pressure
generation with WC anvils (Table 1). In Fig. 5, representa-
tive results of the pressures generated are shown as a
function of the press load using WC anvils. Although we
used four types of shape-processed anvils, i.e. ‘‘flat anvil’’ in
run M2206, ‘‘tapered anvil’’ in run M2243, ‘‘partially
tapered anvil’’ in run M2345, and ‘‘grooved anvil’’ in run
M2342, the pressure generation was virtually identical
(within � 5%) up to �70 GPa, suggesting that shape-pro-
cessing of only one surface for an anvil and usage of only four
shape-processing anvils in KMA (Fig. 2) do not significantly
affect pressure generation. In run M2234, the pressure
reached 71.3 GPa at a press load of 7.5 MN at room
temperature. Pressure-generation efficiency against press
load in the present study is higher than that in previous study
by Ishii et al. (2017). They used eight 18-three-surface-
tapered anvils, but with a larger truncated edge length of
1.5 mm.

The anvil gap was observed by X-ray radiography
(Fig. 4A–F). At 6.5 MN, the anvil gap decreased in the order
of the ‘‘tapered anvil’’ (�210 mm, Fig. 4F), ‘‘partially
tapered anvil’’ (�150 mm, Fig. 4E), and ‘‘flat anvil’’
(�30 mm, Fig. 4D). The anvil gap with ‘‘grooved anvil’’ in
run M2342 (Fig. 4C) was similar to that with ‘‘partially
tapered anvil’’ in M2345. Due to the very narrow anvil gap
with the ‘‘flat anvil’’ in run M2206, the diffraction intensity
was very weak. In run 2342 with ‘‘grooved anvil’’, the
horizontal width of the depression in the anvil gap
increased with increasing pressure, i.e. �0.3 mm at
ambient pressure (Fig. 4A), �1.8 mm at 2.0 MN (Fig. 4B)
and �2.7 mm at 6.5 MN (Fig. 4C). Based on this
observation, we consider the deformation of anvils under
high pressure, i.e. the deformation front on the anvil
surface progresses from the center of the Kawai-cell with

Fig. 4. Images of cell assemblies obtained by X-ray radiography via anvil

gaps for the experiments with WC anvils: before compression (A), at

2.0 MN (B) and at 6.5 MN (C) in run M2342 with ‘‘grooved anvils’’, at

6.5 MN in run M2206 with ‘‘flat anvil’’ (D), at 6.5 MN in run M2345 with

‘‘partially tapered anvil’’ (E) and at 6.5 MN in run M2243 with ‘‘tapered

anvil’’ (F). Radiographies of the cell assembly in the experiments with SD

anvils (run M2126) observed via the anvil gap and the SD anvil at 6.0 MN

(G) and 12 MN (H and I) are also shown. In (I), the outline of the pressure

medium is guided by broken lines. Thick arrows in (A) indicate the

grooves on the anvil surfaces. Note the curved edges of anvil gaps in (B)

and (C).

Table 1

Experimental conditions and generated pressures.

Run no. Load P at RTa T P at HTb Anvil type Remarks

(MN) (GPa) (K) (GPa)

Experiments with WC anvils

M2206 6.5 64.7 (0.6) 1400 44.0 (0.4) ‘‘flat’’ Blow-out during decompression

M2342 6.5 67.8 (0.2) 1100 52.8 (0.4) ‘‘grooved’’ At 6.5 MN, blow-out during increasing

temperature at �1150 K

M2345 6.5 68.4 (0.8) 1500c (93)d 48.4 (1.0) ‘‘partially tapered’’ Blow-out during decompression

M2243 7.5 71.3 (0.3) 300 n.d.e ‘‘tapered’’ At 7.5 MN, blow out at �1500 K during

increasing temperature

Experiments with SD anvils

M1626 8.0 112.7 (0.2) 300 n.d.e Three surface-tapered At 8.0 MN, blow out at �600 K during

increasing temperature

M2126 13.0 120.3 (0.2) 1673c (92)f 105.0 (0.9) Three surface-tapered Blow-out during decompression

Numbers in parentheses represent the uncertainties of pressures.
a The highest pressure at room temperature.
b Pressure at high temperature.
c Temperature was estimated from the input power because of thermocouple failure.
d The uncertainty of temperature is derived from the reproducibility of power-temperature relation in the other runs.
e Not determined.

f The uncertainty of temperature is derived from the uncertainty of extrapolation of power-temperature relation at the lower pressure.
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reasing pressure. The deformation front at 6.5 MN is
mated to be �13 mm away from the center because of a
lly 128 fan-shaped groove. The value of �13 mm is
sidered to be much larger than the flow length of gasket

 mm) at 6.5 MN in the present study. Therefore, it is
ly that the plastic deformation of anvils caused by the
pression of the gasket is limited over the area near the

ncation corner, whereas the elastic deformation occurs
r the larger area of the anvil’s surface.
In run M2345, we heated the sample of CaSnO3

ovskite along the path shown in Fig. 6. With increasing
perature, the pressure almost linearly decreased from

4 � 0.8 GPa at 300 K to 48.4 � 1.0 GPa at 1500 � 93 K
ble 1). The drop of �20 GPa in this study is larger than that
he previous study (Ishii et al., 2017) presumably due to
ller cell assembly and lower press load in the present

dy. Fig. 7 shows the representative diffraction patterns
uired at ambient and at high pressure and temperature
ditions. In comparison with diffraction peaks at ambient
ssure, the broad peaks indexed as only perovskite were
erved even at 1300 K. By subsequent heating to 1500 K,
ever, new small peaks appeared. Based on the previous

 experiment on phase boundary between perovskite and
t-perovskite in CaSnO3 (Tateno et al., 2010), it seems that
se peaks are likely to be from the intense (022) and (110)

peaks of the post-perovskite phase. However, these small
peaks did not grow for 30 min at 1500 K after their
appearance, suggesting slow kinetics of transformation into
CaSnO3 consistent with previous studies of the perovskite-to-
post-perovskite transformation in silicates (e.g., Dorfman
et al., 2013). By subsequently heating to higher temperature,
the intensity of diffraction pattern became weak and the
heater finally failed. As a conclusion, we could not resolve
post-perovskite peaks clearly. In order to observe the post-
perovskite phase more definitely, experiments at higher
pressure and temperature are required.

5. Generated pressures versus the press load in runs equipped with

(A) and SD anvils (B). In runs M1626 and M2126, pressure was

sured after annealing, whereas pressure at 8.0 MN in run M1626 was

sured before annealing. Data in runs M2206, M2243, M2342 and

45 were obtained during compression at room temperature.

Fig. 6. Pressure reduction on heating up to 1500 K in run M2345, together

with earlier data by Ishii et al. (2017). The dashed line shows the phase

boundary between perovskite and post-perovskite in CaSnO3 determined

in the DAC experiment (Tateno et al., 2010), in which the Pt pressure scale

(Holmes et al., 1989) was adopted. Solid and open symbols represent the

P–T conditions where only perovskite peaks were observed, and

perovskite peaks with new small peaks were observed (as shown in

Fig. 7), respectively.

Fig. 7. Representative X-ray diffraction patterns of CaSnO3 perovskite

mixed with gold at a press load of 6.5 MN (run M2345). Note that there

are new small peaks at 48.4 GPa and 1500 K, indicated by an arrow.



D. Yamazaki et al. / C. R. Geoscience 351 (2019) 253–259258
3.2. Pressure generation and observation of (Mg,Fe)SiO3 with

SD anvils

During compression, we annealed the sample at every
5–10 GPa interval up to 800–1000 K to relax stress and to
reduce the probability of explosion of the specimen (i.e. so
called ‘‘blow out’’). Representative results of pressure
generation with SD anvils versus the press load are shown
in Fig. 5 (M1626 and 2126), in which pressures were
determined after annealing at 800–1000 K, except for the
pressure at 8.0 MN in run M1626. The pressure reached
112.7 GPa at 8.0 MN and 300 K before annealing in run
M1626 (Table 1). Although the pressure-generation
efficiency of this run is higher than the previous results
shown in the solid line in Fig. 5 due to the usage of smaller
gaskets, the run was terminated by blow-out while
increasing temperature up to �550 K. In run M2126, we
successfully increased the press load up to 13.0 MN despite
the use of 14-mm-edge-length anvils because of the harder
first-stage anvil with the transverse rupture strength (TRS)
of 4410 MPa (F09 grade, Fuji Die Co., Ltd.). In the previous
study (Yamazaki et al., 2014), we used more brittle
materials for the first-stage anvil (F10 grade, Fuji Die
Co., Ltd.) with TRS = 3820 MPa and the maximum press
load was limited to �10 MN. As a result, in this study the
pressure reached 120.3 GPa at room temperature after
annealing at 760 K, although the generation efficiency in
this run was lower than that in M1626 and was virtually
identical (within � 5%) to that in the previous experiment
(Yamazaki et al., 2014).

As mentioned previously, the wide anvil gap is
favorable to acquiring the diffracted X-rays. In run
M2126, the anvil gap at 6.0 MN was wider than the
vertical size of the incident X-ray beam of 100 mm
(Fig. 4G). This anvil gap was also larger than the anvil gap in
the experiment with a WC anvil, even if the taper angle was
smaller in SD anvils (Fig. 4F), suggesting a smaller
deformation of the SD anvils with respect to that of the
WC anvils. At 13.0 MN, the anvil gap was less than 100 mm,
and hence the intensity of the diffracted X-ray was less
than a half of that at 6.0 MN, as shown in Fig. 8. Although
we obtained an X-ray pattern sufficient to determine the
pressure using Au peaks and to identify the phases present,
a more intense X-ray pattern is required to determine
lattice constants of the sample precisely. Observation of
the cell assembly through the SD anvil by radiography
(Fig. 4H) showed that the edge length of the octahedral
space is estimated to be �1.2 mm at 12.0 MN, indicating a
gasket thickness of �0.4 mm that is much larger than the
apparent anvil gap of �80 mm. This discrepancy shows a
large deformation of the anvil at high pressure, even with
SD. Because the plastic deformation of the anvil surface is
negligibly small, as one can judge from the observation of
the recovered SD anvils, elastic deformation dominates the
total deformation of the anvil at high pressure.

In M2126, we re-heated the sample up to 760 � 30 K
and kept the temperature constant for 30 min at
120.4 � 0.4 GPa (Table 1). Under these conditions, the
diffraction peaks can be assigned to bridgmanite although
the P–T conditions seem to be in the stability field of post-

2009) (Fig. 9). This indicates that the temperature is too low
to enhance the phase transformation to the post-perovskite
phase due to slow kinetics (e.g., Dorfman et al., 2013). The
subsequent heating to 1673 � 92 K caused a conspicuous
pressure drop to 105.0 � 0.9 GPa (Table 1), because annealing
temperatures of less than 1000 K during compression were
much lower than 1673 K, which might be out of the stability
field of post-perovskite. In the present study, thus, we could
not observe the silicate post-perovskite phase.

The attainable pressure with the Kawai-type apparatus
equipped with SD anvils has reached �120 GPa, corres-
ponding to the depth of the D’’ layer in the Earth’s mantle,
due to the developments motivated by the discovery of
post-perovskite (Murakami et al., 2004). However, more
improvements of the cell assembly are necessary, includ-

Fig. 9. P–T path in run M2126, showing the attainable pressure and the

temperature range in the KMA over �100 GPa. The dashed line shows the

estimated phase boundary between bridgmanite and post-perovskite in

MgSiO3 by the extrapolation of the results in the DAC experiment (Tateno

et al., 2009), in which the Au pressure scale (Tsuchiya, 2003) was used.

The yellow-color region displays the temperature for annealing during

compression.

Fig. 8. Representative diffraction profiles Mg0.9Fe0.1SiO3 + 6 wt % Al2O3

bridgmanite mixed with gold at 95.8 GPa and 120.3 GPa at room

temperature after annealing in run M2126. Intensity is normalized by

the acquisition time.
ing adopting more effective thermal insulation to allow us
perovskite, inferred from DAC experiments (Tateno et al.,



to 

pos
hea
tha
et a
gen
200
the
har
pre
13.
ma
rou
ma
acq
gen
dev
suc
and
can
gen

Ack

for 

val
con
201
201

Ref

Dor

Fun

Holm

Hua

Irifu

Irifu

Ishii

Ito, 

D. Yamazaki et al. / C. R. Geoscience 351 (2019) 253–259 259
generate higher temperatures and to reduce the
sibility of blow out, which frequently occurs during
ting. Al2O3 may be a more effective pressure medium
n the Cr-doped MgO used in the present study (Tange
l., 2008), and boron-doped diamond may be usable to
erate high temperature over 2000 K (Shatskiy et al.,
9). Furthermore, in order to generate higher pressure,

 development of an SD material, i.e. with a higher
dness and a larger size, is most crucial. The highest
ssure of 120 GPa was obtained by compression until
0 MN in this study, and the larger size of the SD anvils
y enable us to apply a large press load (> 13.0 MN)
tinely. The high-quality harder SD reduces the defor-
tion of anvils at high pressure and enables a better
uisition of the diffracted X-rays as well as the
eration of higher pressures. In addition to the
elopment of SD anvils, binderless sintered diamonds
h as nano-polycrystalline diamond (Irifune et al., 2003)

 nano-twinned diamond (Huang et al., 2014) are good
didates for being the anvil material of the next
eration in the KMA.
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