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ABSTRACT

We attempted to generate ultrahigh pressure and temperature simultaneously using a multi-anvil apparatus by combining the technolo-
gies of ultrahigh-pressure generation using sintered diamond (SD) anvils, which can reach 120 GPa, and ultrahigh-temperature generation
using a boron-doped diamond (BDD) heater, which can reach 4000 K. Along with this strategy, we successfully generated a temperature of
3300 K and a pressure of above 50 GPa simultaneously. Although the high hardness of BDD significantly prevents high-pressure generation
at low temperatures, its high-temperature softening allows for effective pressure generation at temperatures above 1200 K. High tempera-
ture also enhances high-pressure generation because of the thermal pressure. We expect to generate even higher pressure in the future by
combining SD anvils and a BDD heater with advanced multi-anvil technology.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0059279

. INTRODUCTION

The lower mantle occupies 56 vol. % of the whole Earth and
is at high pressures from 23 to 136 GPa' and high temperatures
from 1900 to 3600-5000 K.”~* Therefore, the physicochemical prop-
erties of lower-mantle minerals and rocks have to be determined
under these extreme conditions. Such data help us to interpret
geophysical data and understand the composition, dynamics, and
evolution of the lower mantle. The multi-anvil apparatus, espe-
cially combined with synchrotron x ray, is a powerful tool for such
high-pressure-temperature experiments because of relatively large
sample volumes and a homogeneous pressure-temperature field.”

The pressure and temperature ranges that can be generated
using the multi-anvil apparatus are, however, limited. Conventional
multi-anvil experiments can generate pressures and temperatures

only up to 25 GPa and 2500 K, respectively, which cover just the
topmost part of the lower mantle conditions. Hereafter, we call
higher pressure and temperature generations ultrahigh pressure and
temperature. The pressure is limited mainly by the limited hard-
ness (Vickers hardness < 2000) of a second-stage anvil material,
i.e., conventional tungsten carbide (such as TF08, Fujilloy Co. Ltd.,
Japan). The temperature is limited mainly by the heating elements,
which are LaCrOs and Re at pressures above 10 GPa. In addition,
these heating elements bear another disadvantage of their opacity,
even to high-energy synchrotron x rays, which becomes essential in
identifying phases and measuring sample pressures in situ.

During the last decades, the pressure range generated using
the multi-anvil apparatus has been expanded significantly, e.g.,
Refs. 6-9. The pressure was extended to 65 GPa using hard
tapered WC anvils (TJSO01, Fujilloy Co. Ltd., Japan) at room
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temperatures.'”!! Thanks to the use of sintered diamond (SD),
which has a higher hardness than WC, as an anvil material, pres-
sure generation to 60 GPa was routinely performed.” By the most
advanced technique, the maximum pressure reached 120 GPa,’
which is close to the core-mantle boundary pressure. However, high-
temperature generation has been limited to 1700-2300 K in these
ultrahigh-pressure experiments.'”!*

Recently, a boron-doped diamond (BDD) has been developed
as a new heater material. The BDD heater was originally developed
using a graphite-boron composite as a precursor that converts to
BDD in situ during the heating process.”*'” Later developments
focused on the pre-sintered BDD heater, which has a better heating
performance due to the avoidance of graphite-to-diamond conver-
sion. For example, a BDD heater synthesized at high pressure and
temperature expanded the temperature range to 4000 K at 15 GPa.'®
In addition, the adoption of BDD synthesized by the chemical vapor
deposition (CVD) method'”?" and the development of machinable
BDD block’' made it possible to use BDD as a routine heating ele-
ment in multi-anvil apparatus. Owing to its high x-ray transparency,
BDD also shows a great advantage for in situ multi-anvil experi-
ments. It enables various synchrotron-based studies such as determi-
nations of phase relations and equations of state of minerals by x-ray
diffraction (see the review in Ref. 22), viscosity measurement by
x-ray radiography, e.g., Refs. 23 and 24, and measurement of liquid
density by x-ray absorption, e.g., Refs. 25 and 26.

Simultaneous generation of ultrahigh pressures and tempera-
tures should be one of the future directions of multi-anvil techni-
cal development. One promising idea is to combine the technolo-
gies of SD anvils and BDD heaters. However, there are two major
difficulties in realizing this idea. One is the high thermal conduc-
tivity of SD, which would hinder ultrahigh-temperature generation
because significantly high power supply is necessary. The other is the
pressure support by the high strength of BDD, which may prevent
ultrahigh-pressure generation.

In this study, we overcome the above two difficulties and simul-
taneously generated an ultrahigh pressure of 53 GPa at a tempera-
ture of 3300 K by combining the SD anvils and BDD heaters.

Il. EXPERIMENTAL

In order to measure the pressure in situ with synchrotron
x ray, high-pressure and high-temperature experiments were car-
ried out in the beamline BL04B1 at SPring-8, Japan, and the beam-
line P61B of PETRA-III at DESY, Germany. Ge solid-state detectors
(Ge-SSDs) were used to obtain energy-dispersive x-ray diffraction
patterns of the MgO pressure marker. At the start of each beam
time, the channel to the energy relationship of the Ge-SSDs was
calibrated using y rays of "**Ba (53.16, 79.61, and 81.00 keV), >’ Co
(14.41,122.06 136.47 keV), and *°Fe (5.89 keV, only at SPring 8). The
detector was positioned roughly at 6°. Then, prior to compression
of each experiment, the precise angle (to four decimal places) was
determined by x-ray diffraction on MgO inside the assembly under
ambient conditions of room pressure and temperature. Incident
x rays with the horizontal and vertical widths of 0.05 and 0.1 mm,
respectively, were used to irradiate the pressure marker. Generated
pressures were evaluated using the equation of state of MgO pro-
posed by Ref. 27, which has the total residuals between the calcu-
lated and observed pressures of 0.8 GPa in root mean squares. X-ray
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radiography was adopted to monitor the deformation of the high-
pressure cell and measure the distance between the opposed anvils
using a CCD camera.

The first and second runs were conducted using a uniaxial
Kawai-type multi-anvil press with the Osugi-type guide block*
(SPEED-MKII) installed at beamline BL04B1” and a six-ram press
installed at beamline P61B, respectively. Six first-stage anvils were
made of WC with 27-mm edge length, whereas eight second-stage
anvils were made of SD with 14-mm edge length and 1.5-mm trun-
cation. The grade of SD was “C-grade” by Sumitomo Electric Hard-
metal Co. Ltd., which contains 8 wt. % Co as a binder. Note that the
press loads of the six-ram press shown later in this paper are con-
verted to those equivalent to the uniaxial press with an Osugi-type
guide block.

The first run (M2661) was designed to examine whether
ultrahigh temperature can be generated using a BDD heater
with SD anvils. In order to realize this target more easily, the experi-
ment was conducted at a relatively low pressure of ~25 GPa. We used
a Cr-doped MgO octahedron (OMCR, Mino Ceramic Co., LTD.)
with a 5.7-mm edge length as a pressure medium. To perfectly fit
the edge of the octahedron pressure medium, we adopted sloped
gaskets with a 3-mm width (the longer width), fixed on the eight
anvils using a Tombow MONO MULTI Liquid Glue, for the lateral
support of the pressure medium. The gaskets were made of natu-
ral pyrophyllite baked at a temperature of 1073 K for 30 min after
shaping. Figure 1(a) shows a schematic drawing of the cell assem-
bly for this run. To generate temperature efficiently, we used a
small tubular heater (0.7/0.5 mm in outer/inner diameter), which
was molded from a BDD powder with 3 wt. % boron. The heater
was placed in a face-to-face direction of the octahedron. The BDD
powder was prepared by grinding a high-pressure synthesized BDD
block using a nano-polycrystalline diamond mortar.'® Packed TiC
powders were used as electrodes. ZrO; sleeves were placed above
and below the BDD heater to prevent quick thermal loss through
the tops of SD anvils used as electrodes. A mixture of MgO and
10 wt. % diamond with 1 ym grain size was used as a pressure
marker. MgO and diamond powder were mixed in ethanol using
an agate mortar. The role of the diamond is to suppress the grain
growth of MgO during heating. Because the irradiated length in the
beam direction is larger than the heater diameter. An Al,O3 tube
was set outside the BDD heater to avoid the MgO diffraction out of
the heater (pressure medium) from affecting that within the heater
(pressure marker). A WysRezs—WosRes thermocouple of 0.05 mm
diameter was placed at the sample center to monitor the tempera-
ture. Coils made of W7sRez5-WoyRes thermocouple wires (0.08 mm
in diameter) were used to prevent thermocouple breakage during
compression. WysRes—WozRes thermocouple wires with a diame-
ter of 0.13 mm were used as extension wires. The pressure effect on
EMEF of the thermocouple was ignored. The assembly was first com-
pressed to a press load of 0.5 MN in 40 min and then to 1.0 MN
in 30 min. The sample was pre-heated to 800 K and slowly cooled
to room temperature at these press loads. The assembly was then
compressed to a press load of 3.0 MN in 120 min for heating to
3000 K.

The second run (HH342) was designed to generate an ultra-
high pressure and temperature of 50 GPa and 3300 K simultane-
ously (Table T). One key point is whether ultrahigh pressure can
be generated in the sample within the BDD heater, which has high
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FIG. 1. Cell assemblies for experiments combining SD anvils and the BDD heater. [(a) and (b)] Cell assemblies used in Runs M2661 and HH342, respectively. For the cell
assemblies [(a) and (b)], the BDD powder and CVD-BDD tube were used as heaters, respectively. The red stars in (b) mark the positions of pressure measurement by x-ray

diffraction.

TABLE I. Summary of experiments using SD anvils and BDD heaters. Cell types a and b refer to the assemblies a and b in Fig. 1, respectively.

Maximum Maximum Maximum Maximum
Run No. Press Cell type load (MN) pressure (GPa) power (W) temperature (K)
M2661 SPEED-MKII a 3.0 25 367 3000
HH342 Six-ram press b 6.0 52 1154 3300

strength. To increase the pressure generation efficiency, the edge
lengths of the pressure medium and gasket width were reduced to 5.0
and 1.2 mm, respectively. Figure 1(b) shows a schematic drawing of
the cell assembly for this experiment. Although the pre-synthesized
high-pressure BDD was used in the first run, we used a CVD-
synthesized BDD tube as a heater in this run because this type of
BDD can be purchased commercially.”” A CVD-BDD block with a
boron content of 0.5 wt. % (Changsha 3 Better Ultra-hard Materials
Co. Ltd., China) was shaped into a tube using a green laser by Dutch
Diamond Technologies BV. The heater axis was set in a corner-to-
corner direction of the pressure medium. LaCrO3 lids were placed
on the TiC electrodes for thermal insulation. A mixture of MgO and
10 wt. % diamond (with ~1 ym grain size) was packed inside the
heater as a pressure marker. A W75Rezs—WozRes wire of 0.05 mm
diameter was used as a thermocouple. The assembly was finally com-
pressed to a press load of 6.0 MN. Before reaching this press load,
the sample was pre-heated to 573, 1273, 1373, and 1763 K at press
loads of 1.1, 1.9, 4.0, and 4.8 MN, respectively. To examine the dia-
mond support, pressures were measured using MgO within and out
of the BDD heater. Temperatures of the MgO out of the heater were
assumed to be the same as those indicated by the thermocouple.

Ill. RESULTS AND DISCUSSION

A. Ultrahigh-temperature generation at pressures less
than 30 GPa

Figure 2(a) shows the power—temperature relationship of the
first run (M2661). The sample temperature almost linearly increased
against the supplied power. The thermocouple worked at tempera-
tures up to 2600 K, where the supplied power was 320 W. However,
we were not able to measure temperatures above this temperature
because the temperature indicated by the thermocouple started to

significantly stray away from the power-temperature relationship.
We, therefore, estimated the temperatures above 2600 K by linearly
extrapolating the power—temperature relationship obtained between
1800 and 2600 K. The highest temperature thus estimated was
3000 K at 367 W. It was therefore found that ultrahigh-temperature
generation is possible using a cell assembly with SD anvils.

Figure 2(b) shows the pressure increase with increasing temper-
ature at a press load of 3 MN. The pressure was 20.2 GPa before heat-
ing and increased with a rate of 1.8 MPa/K. The pressure reached
25.2 GPa at a temperature of 3000 K. The thermal pressure thus sig-
nificantly increased sample pressures, which is a great advantage to
use a BDD heater because sample pressures usually decrease with
temperature when using cell assemblies with a LaCrO3 or metal
heater.”"

B. Diamond support of the BDD heater

Figure 3 shows the pressure generation history in run HH342
(the second run). It was found that the pressure generation efficiency
was very low at the press load of 1.1 MN before heating. The pres-
sure even decreased from 3 to 2 GPa by heating the sample to 573 K
[Fig. 4(a)]. The pressure out of the heater was 17 GPa higher than
that of the inside. These observations suggest that the pressure did
not transmit to the inside of the heater due to the high strength
of BDD.

At the load of 1.9 MN, the generated pressure inside the heater
was still low, 6 GPa at ambient temperature (Fig. 3). The pres-
sure difference between the inside and outside was even larger,
20 GPa [Fig. 4(b)]. During heating, the pressure inside increased
non-linearly with a dramatic increase at the temperature range
between 573 and 1173 K. At this temperature range, the pressure
increased from 7.4 to 24.8 GPa, namely, at a rate of 30 MPa/K. At the
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FIG. 2. Power—temperature (a) and temperature—pressure (b) relations in the first run (M2661). The orange arrow with the label “TC failed” marks the thermocouple failure at
a temperature of 2600 K. The maximum heating power was 367 W, corresponding to 3000 K by linear extrapolation. The temperature values of data points with temperatures

over 2600 K in (b) were estimated by their input power.

same time, the pressure difference decreased from 20.3 to 5.2 GPa,
indicating the softening of BDD at high temperatures.

At higher loads, namely, above 3.0 MN, the pressure increased
almost linearly with increasing temperature, at a rate of only
3 MPa/K. Unlike at aload of 1.9 MN, the pressure difference between
the inside and outside increases slightly with increasing tempera-
ture, which may be caused by an increasing temperature difference
between the inside and outside with increasing temperature. There-
fore, the pressure increases by heating are considered to result from
thermal pressure.

60
3300 Ke
50 1 1
1763 Ke 300K
40 1373 K®
©
o
e
£ 30 {
7]
]
o
20 1
10 1
573K
0 ; ; ; ; ; ;
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Load (MN)

FIG. 3. Pressure-load relationship inside the BDD heater in the second run
(HH342). The black line and markers indicate the pressures at 300 K. The colorful
markers indicate the pressures at the highest temperature for each load.

Interestingly, if we assume a thermal pressure of 3 MPa/K,
the pressure increase (17.9 GPa) from 573 to 1173 K at 1.92 MN
equals its decrease in pressure difference (15.1 GPa) plus the ther-
mal pressure (0.003 x 600 = 1.8 GPa) with a difference of 0.5 GPa.
Namely, the dramatic increase in pressure at 1.92 MN should be
caused mainly by the decrease in diamond support and partly by
the thermal pressure. Thus, the BDD heater supported pressures up
to 20 GPa at temperatures lower than 573 K, but the diamond sup-
port became insignificant at temperatures above 1173 K due to the
high-temperature softening.”’

C. Ultrahigh-pressure and -temperature generation

Figure 5 shows the power—temperature relationship of the
last heating in the second run. Unfortunately, we were unable to
read the thermocouple EMF at temperatures above 1800 K dur-
ing heating due to large noises (probably from the heater or reac-
tion between thermocouple and diamond). Interestingly, the ther-
mocouple reading seemed to recover after cooling to 2673 K. The
power—temperature relationships for heating and cooling below
1800 K are consistent with each other. The power-temperature
curve shows a bend during cooling, which is commonly observed
in BDD heaters,'*!*?! but shows approximately a linear shape dur-
ing the heating. For a conservative estimate, we estimated the high-
est temperature at the maximum applied power (1154 W) to be
3300 K by linear extrapolation of the power—temperature relation-
ship obtained up to 1800 K.

We note that the heating efficiency of the second run (2.6 K/W)
was found much lower than that of the first run (10 K/W). This is
probably due to the following two reasons: (1) The thermal insu-
lators above and below the BDD heater were much thicker in the
first run than in the second run, and (2) the anvil tops used as elec-
trodes in the first run were insulated in contrast to the second run
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against temperature at various press loads, in the second run (HH342). The numbers in the legend mark the press loads during heating. The temperature values of data
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due to the difference in the relative directions between the heater and
anvil tops.

At the highest press load of 6 MN, the pressure monotonically
increased with temperature and reached 48.2 GPa at 1773 K before
the thermocouple failure. Based on the temperature estimation from
the power-temperature relations, the pressure is considered to have

3500 T
[ [ ]
k- ,’
3000 | o .
r TC limitin software s
—————————=- - -
5 2500 ¢ TC recovered ?
g
2 2000 f
® [
g r
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£ [
= ! TC failed
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Power (W)

FIG. 5. Power—temperature relationship of the second run (HH342). The blue
arrow with the label “TC failed” indicates the power and temperature at which EMF
became unstable and the temperature reading was failed at about 1800 K. The
orange dashed line marks the temperature reading limit (2673 K), which is the
highest temperature calibrated at atmosphere pressure, in the heating software.
Temperatures over the limit will be indicated as 2673 K. The green arrow with
the label “TC recovered?” indicates that thermal couple reading may be recov-
ered during cooling. The maximum applied power was 1154 W, corresponding to
a temperature of 3300 K by the linear extrapolation (red circle).

reached 50.4 GPa at a temperature of 2400 K. At this temperature,
however, the diffraction peaks of MgO within the heater became
very weak, probably due to the grain growth of MgO. Since we were
still able to obtain diffractions from MgO out of the heater, we esti-
mated the sample pressures at higher temperatures using a linear
extrapolation based on the relationship of the pressures of the out-
side and inside of the heater obtained at lower temperatures (Fig. 6).
This procedure leads to the pressure of 52.4 GPa at a temperature
of 3300 K, which is agreed with the thermal pressure of 3 MPa/K
obtained at lower temperatures [Fig. 4(a)]. Since the anvil gap at

58
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46 - y =0.5679x + 18.105

'S R?=0.8508

44
45 50 55 60 65
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FIG. 6. Relationship between pressures of the inside and outside of the BDD
heater in run HH342. The equation shows the linear fitting of data at tempera-
tures between 300 and 1800 K. The red squares indicate predictions with a 95%
confidential interval.
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this press load is ~100 pm, it is possible to generate higher pressure
using the same assembly by applying a higher press load. Technolo-
gies of the tapered anvil, smaller anvil truncation, and hard SD anvil
(such as “C2-grade,” Sumitomo Electric Hardmetal Co. Ltd.) will
also facilitate high-pressure generation in future developments.

IV. CONCLUSIONS AND PERSPECTIVES

We succeeded in simultaneously generating an ultrahigh pres-
sure and temperature of 50 GPa and 3300 K, respectively, using a
BDD heater in combination with SD anvils in the multi-anvil appa-
ratus. Even though the diamond support of the BDD heater signifi-
cantly suppressed sample pressures at low temperatures, this support
became insignificant at temperatures above 1200 K. This strategy
will enable us to investigate the properties of minerals and rocks
under lower-mantle conditions.
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