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A massive cubic press, with a maximum load of 1400 tons on every WC anvil, has been installed at the High
Pressure Laboratory of Peking University. High-P experiments have been conducted to examine the per-
formance of the conventional experimental setup and some newly developed assemblies adopting the
anvil-preformed gasket system. The experimental results suggest that (1) the conventional experimental
setup (assembly BJC2-0) can reach pressures up to about 6 GPa with a large cell volume of 34.33 cm?; (2)
the anvil-preformed gasket system, despite decreasing the P-generating efficiency, extends the P-generating
capability up to about 8 GPa at the expense of reducing the cell volume down to 8.62 cm? (assembly BIC2-
6); (3) due to the large cell volume, it is possible to make further modifications to extend the pressure
range, as readily demonstrated, to about 10 GPa (assembly BJC5-7); (4) the effect of high temperature on
the pressure generation of the press is not significant. It follows that this cubic press can be very useful
in synthesizing materials of large volume at high pressures and to the studies such as high-P phase equi-
librium, trace element partitioning and isotope fractionation in the research fields of Earth and planetary
sciences.

Keywords: cubic press; large volume; P-generating capability; P-generating efficiency

1. Introduction

Simulating the high-P and high-T conditions of the deep interiors of the Earth and other planetary
bodies is crucial for the studies of Earth and planetary sciences, which has been a constant
driving force in developing new high-P experimental techniques. Nowadays the routinely used
high-P equipments include cold-seal pressure vessel [1,2], internally heated gas vessel [3,4],
piston—cylinder apparatus [5-7], multi-anvil press [8—10] and diamond-anvil cell [11-13]. The
application of the cold-seal pressure vessel and internally heated gas vessel is usually limited to
low pressures (<1 GPa). The piston—cylinder apparatus has a similar problem, a low P-generating
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capability, which is often less than 3 GPa [6,14], and only occasionally up to 5 GPa [7]. Taking
into account the vast pressure ranges encountered in the interiors of the Earth and other planetary
bodies (e.g. about 23 GPa at the upper mantle—lower mantle boundary of the Earth), other high-P
experimental techniques are apparently needed. No doubt that the diamond-anvil cell can generate
extremely high pressures (~550 GPa [15]) and has been widely used in the investigations of phase
transition [16], equation of state [13], electrical impedance [17], etc. Its extremely small sample
size, however, limits its application in the Earth and planetary sciences, so that studies in the
research fields such as phase equilibrium and element partitioning have been rarely carried out
with the diamond-anvil cell [18,19].

The multi-anvil press is well known as the high-P equipment which can maintain a reasonably
large sample size and achieve relatively high pressures at the same time. The generation of high
pressure in the multi-anvil press is very complicated and largely dependent on the factors such as
the material of the second-stage anvils (WC or sintered diamond), the truncation edge length of
the second-stage anvils, the size of the octahedral pressure medium, and the dimensional specifics
of the pyrophyllite gaskets. With WC as its second-stage anvils, the maximum achievable pressure
by the multi-anvil press is about 30 GPa [20,21]; with sintered diamond as the second-stage anvils,
much higher pressure can be obtained, and the present record is about 100 GPa [22]. The volume
of the sample from the multi-anvil press is primarily decided by the truncation edge length and
the octahedral pressure medium, which are unfavourably inversely correlated to pressure. If we
use WC cubes as the second-stage anvils of a normally sized multi-anvil press (1000-2000 ton;
metric tons are used in this investigation), the volume of the sample is typically in the ranges
of 12mm? at 4-10 GPa, 5-8 mm?> at 11-16 GPa, 3 mm? at 17-21 GPa, and 1 mm?> at 22-26 GPa
[23]. Compared to the size of the samples from the cold-seal pressure vessel, internally heated
gas vessel and piston—cylinder apparatus, the size of the sample from the multi-anvil press is
very small, so that some experimental techniques such as the standard oxygen fugacity-buffering
technique with double capsules is not applicable to most multi-anvil presses. Also a large sample
size can help to reduce the thermal gradient which might be vital to some research fields such

1

Figure 1. Sketch of the pressurizing system of the CS-IV 6 x 14 MN cubic press. To generate high pressure, six WC
anvils driven by a computer-controlled hydraulic system press the central cube from three dimensions. The maximum load
on every WC anvil is approximately 1400 tons (the maximum oil pressure is 100 MPa while the diameter of the individual
ram is 0.42 m), which equals to a load of 4200 tons in the uniaxial press system commonly adopted by the multi-anvil
press. The six rams, supporting the WC anvils, can either be operated simultaneously or individually.
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as isotope fractionation [24]. In addition, many modern analysis techniques such as neutron
diffraction, calorimetry measurement and nuclear magnetic resonance require large sample size,
which can only be produced by duplicated experiments with the normally sized multi-anvil press
or by experimenting with the overwhelming USSA-5000 press at the Institute for Study of the
Earth’s Interior (Okayama University, Japan) and the 5000t hydraulic press at the Bayerisches
Geoinstitut, Germany [25].

Another less well-known high-P equipment is the cubic press, which is usually used to syn-
thesize materials of large volume at pressures up to about 10 GPa [26-29]. Compared to the
multi-anvil press, the cubic press has some advantages: the fast rate of increasing and decreasing
pressure [30], the relatively simple experimental assembly arrangement, and the relatively large
sample volume [31]. In contrast to its rarity in other countries, the cubic press is very popular in
China and is actually the main working horse of the synthetic diamond industry which presently
produces synthetic diamonds of about 1000 tons annually [30].

In 2010, the High Pressure Laboratory of Peking University installed a massive cubic press
with a maximum load of about 1400 tons on every WC anvil (CS-IV 6 x 14 MN; Figure 1),
which equals to a press load of 4200 tons in the common uniaxial press system adopted by most
multi-anvil presses. Here, we report our progress in the new cell design, pressure calibration, and
P-generating efficiency investigation.

2. Experiments

In the original design of the CS-IV 6 x 14 MN cubic press, the square-shaped tip of the WC anvil
is of 23.5 x 23.5 mm?, the maximum oil pressure is 100 MPa and the central pyrophyllite block
is of 32.5 x 32.5 x 32.5mm?>. The pyrophyllite block serves as both pressure medium and gasket
material. According to the practice in [31], this conventional experimental setup can successfully
generate a cell pressure of 5.5 GPa at a press load of about 5.5 MN (i.e. 560 tons), but cannot
go to much higher pressure since the correlation curve of cell pressure and press load quickly
levels off thereafter. On the other hand, a finite element calculation [32] suggested that the von
Mises stress along the bevel of the anvil reaches about 11 GPa when the cell pressure is 5.6 GPa,
indicating that most loading force is actually consumed by the pyrophyllite gasket. If higher cell
pressure is the target, then much higher press load is necessary, which unfortunately increases the
potentiality in breaking the whole WC anvils and subsequently increases the experimental cost.
To increase the P-generating capability of the cubic press and decrease the experimental cost
at the same time, an anvil-preformed gasket system has been developed [31]. The strategy in
the anvil-preformed gasket system is that we add six WC pressure-enhancing blocks (WC-PEBs;
Figure 2(a) and (b)) to the pyrophyllite block, as shown in Figure 2(c). As the WC-PEBs are getting
thicker, their square-shaped tips are getting smaller (from 5.52 to 3.57, 2.04 and 0.94 cm?), so
that much lower press load is needed for generating similar cell pressures, or similar press loads
can generate much higher cell pressure. Since the six WC main anvils do not bear any extreme
pressure, they are generally risk-free, leading to a low experimental cost. During an experiment
at very high pressures, the WC-PEBs might break; since they are very small in volume and low
in cost, this is unimportant. One apparent disadvantage with the anvil-preformed gasket system
is the sacrifice of some cell volume, now occupied by the WC-PEBs, which is not critical, thanks
to the massive size of our cubic press. In addition, the anvil-preformed gasket system introduces
some extra pyrophyllite gasket material (Figure 2(c)), which helps us to align the WC-PEBs
but certainly consumes some press load. As the thickness of WC-PEBs increases from O to 2, 4
and 6 mm, the volume of the extra pyrophyllite gasket material increases from 0 to 6.00, 11.11
and 15.45 cm?. Correspondingly, the volume of the conventional pyrophyllite cube (cell volume)
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Figure 2. Drawings of the WC-PEB ((a) view from the top; (b) side view) and the central composite cube mainly
consisting of six WC-PEBs and one pre-formed pyrophyllite block which serves as pressure medium and gasket (c).
Numbers in (a) and (b) are the sizes of three kinds of WC-PEBs with their thickness as 2, 4 and 6 mm, respectively. In
(c), part 1 is the WC-PEBs, part 2 the pyrophyllite block, and part 3 the inner cylindrical experimental unit which is
enlarged and detailed in Figure 3. The pyrophyllite block consists of two components as divided by the broken square,
with the inner component as the conventional pyrophyllite cube used in the original design of the cubic press and the
outer component as an extra gasket material which hosts and aligns the WC-PEBs.

decreases from 34.33 to 23.15, 14.71 and 8.62cm?, which is still very large, compared to the
octahedral pressure cell used in the multi-anvil press.

The inner cylindrical experimental unit of the assembly (part 3 in Figure 2(c)) is detailed in
Figure 3. Factors here which may significantly affect the P-generating capability are related
to the pressure-enhancing plugs (PEPs): their presence or not, their material properties and
their size.

Four sets of assemblies have been developed and experimentally examined at ambient temper-
ature to investigate the factors which potentially affect the P-generating efficiency of the cubic
press (Table 1). The first set of assemblies is used to illustrate the effect of the different sizes of
the WC-PEBs without using PEPs of any kind; these assemblies are termed as BJC2-0, BJC2-2,
BJC2-4 and BJC2-6, with the second digit indicating the thickness of the WC-PEBs. The second
set of assemblies is used to demonstrate the effect of the different sizes of the WC-PEBs with the
presence of a 5 mm thick steel PEPs; these assemblies are termed as BJC3-0, BJC3-2, BJC3-4
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Figure 3. Schematic illustration of the inner cylindrical experimental unit. Its small components are 1, PEPs made of
either steel 55 or WC (grade K30-08); 2, MgO sleeve; 3, graphite heater; 4, noble capsule with experimental charge; 5,
disc of graphite or zirconia; 6, MgO spacer; 7, MgO or hBN cup; 8, MgO or Al; O3 tubing; 9, T/C wires. The shown sizes
of the components are for the second set of assemblies and third set of assemblies only. For the first set of assemblies
without the PEPs, the length of the MgO sleeve, graphite heater and MgO spacer is correspondingly adjusted (Table 1).
For the fourth set of assemblies with the WC-PEPs of various sizes, modification is also required.

Table 1. Assemblies examined in this investigation.

PEPs? Size of WC-PEBs® (mm)
Assembly set Type Size (mm) 0 2 4 6
First set - - BIJC2-0 BIC2-2 BIC2-4 BJC2-6°
Second set Steeld 5 BIC3-0 BIC3-2 BIC3-4 BIC3-6
Third set wce 5 BJC4-0 BJC4-2 BJC4-4 BIC4-6f
Fourth set - - - - - BJCs-0°
wcC 3 - - - BJCS-3
wC 5 - - - BICS-5t
wC 7 - - - BJCS-7

4Pressure-enhancing plugs with size characterized by their thickness.
bPressure-enhancing blocks with size characterized by their thickness.
¢Assemblies BJC2-6 and BJCS-0 are identical.

dSteel 55.

WC K30-08.

f Assemblies BJC4-6 and BJC5-5 are identical.

and BJC3-6, with the second digit similarly indicating the thickness of the WC-PEBs. The third
set of assemblies is used to explore the effect of the different sizes of the WC-PEBs with the
presence of a S mm thick WC-PEPs; these assemblies are termed as BJC4-0, BJC4-2, BJC4-4
and BJC4-6, with the second digit again indicating the thickness of the WC-PEBs. Putting these
three sets of assemblies together, we can tell whether the PEPs affect the cell pressure or not, and
how their material properties function. The fourth set of assemblies is used to clarify the effect of
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the size of the WC-PEPs with the presence of a 6 mm thick WC-PEBs; the assemblies are termed
as BJC5-0, BJC5-3, BJC5-5 and BJC5-7, with the second digit indicating the thickness of the
WC-PEPs, instead of the thickness of the WC-PEBs.

In the experiments mentioned above, the cell pressures were determined by using the phase
transitions of Bi (I-1I transition at 2.55 GPa, I and III transition at 2.69 GPa and III-V transition at
7.7 GPa), Ba (I-1I transition at 5.5 GPa) and ZnTe (band gap change at 6.6 GPa and I-II transition
at 8.9 GPa) [33-36]. The phase transitions were detected using the resistance measurement method
described in [37].

Additionally, the assembly BJC2-0 was used to assess the effect of temperature on its pressure
generation. We conducted extensive high-P and high-T experiments about the phase boundary
between quartz (Qtz) and coesite (Coe). In every experiment, two samples, with the starting
material of one sample being quartz and that of the other being coesite previously synthesized
at 4 GPa and 1000°C using the assembly BJC-1 [38], were run simultaneously, so that the phase
boundary was reversed. Arc-welded Pt capsules, approximately 2 mm long, were used to host
the experimental charges. The traditional quenching method was adopted here, with press load
increased first, temperature then increased to a target value with the control of a type B thermo-
couple and experiment finally quenched quickly by turning off the electric power supply and then
decompressed to ambient temperature. After the experimentation, the Pt capsules were manually
opened, and the experimental charges were analysed by using a micro-Raman system (Renishaw
system RM-1000 [39]).

3. Results

The experimental details are summarized in Tables 2—6, and the results are graphically shown
in Figures 4-8. The ideal cell pressure (P;) shown in the tables was calculated by assuming no
loading force consumed by the pyrophyllite block and by assuming the WC-PEBs and WC anvils

Table 2. Efficiency of pressure generation of the first set of assemblies (BJC2-0, -2, -4 and -6).

QOil P (MPa) Load (ton)? PEB® (mm) P, (GPa) P; (GPa) Efficiency (%)
Assembly BJC2-0

16.66 236 23.5 2.55 4.18 61.0
18.31 259 23.5 2.69 4.59 58.6
58.71 830 235 5.5 14.73 37.3
Assembly BJC2-2

12.55 177 18.9 2.55 4.87 52.4
14.26 202 18.9 2.69 5.53 48.6
40.61 574 18.9 5.5 15.75 349
Assembly BJC2-4

9.94 141 14.3 2.55 6.73 37.9
10.96 155 14.3 2.69 7.43 36.2
36.84 521 14.3 5.5 24.96 22.0
Assembly BJC2-6

9.32 132 9.7 2.55 13.72 18.6
10.64 150 9.7 2.69 15.67 17.2
33.92 480 9.7 5.5 49.95 11.0
57.95 819 9.7 7.7 85.33 9.0

Note: PEB, pressure-enhancing block.

#Press load on every WC anvil with the orthogonal pressing geometry. To transfer to the press load with the uniaxial pressing
geometry adopted by the multi-anvil press, it should be multiplied by a factor of 3.

YPEBs characterized by the edge length of the square-shaped top face.
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Table 3. Efficiency of pressure generation of the second set of assemblies (BJC3-0, -2, -4 and -6).

QOil P (MPa) Load? (ton) PEB® (mm) P, (GPa) P; (GPa) Efficiency (%)
Assembly BJC3-0

16.18 229 23.5 2.55 4.06 62.8
18.89 267 23.5 2.69 4.74 56.8
50.47 714 235 5.5 12.55 434
Assembly BJC3-2

13.06 185 18.9 2.55 5.07 50.3
15.22 215 18.9 2.69 5.90 45.6
44.45 628 18.9 5.5 17.24 31.9
Assembly BJC3-4

10.66 151 14.3 2.55 7.22 353
12.37 175 14.3 2.69 8.38 32.1
40.78 577 14.3 5.5 27.63 19.9
Assembly BJC3-6

9.14 129 9.7 2.55 13.46 19.0
10.46 148 9.7 2.69 15.40 17.5
30.6 433 9.7 5.5 45.06 12.2
59.16 836 9.7 7.7 87.11 8.80

2Press load on every WC anvil with the orthogonal pressing geometry. To transfer to the press load with the uniaxial pressing
geometry adopted by the multi-anvil press, it should be multiplied by a factor of 3.
YPEBs characterized by the edge length of the square-shaped top face.

Table 4. Efficiency of pressure generation of the third set of assemblies (BJC4-0, -2, -4 and -6).

Oil P (MPa) Load? (ton) PEB® (mm) Py, (GPa) P; (GPa) Efficiency (%)
Assembly BJC4-0

12.84 182 235 2.55 3.22 79.2
14.18 200 235 2.69 3.56 75.6
44.47 629 235 55 11.16 49.3
Assembly BJC4-2

11.26 159 18.9 2.55 437 58.4
13.2 187 18.9 2.69 5.12 52.5
40.12 567 18.9 55 15.56 354
Assembly BJC4-4

8.85 125 14.3 2.55 6.00 425
10.09 143 14.3 2.69 6.84 39.4
31.4 444 14.3 55 21.27 259
Assembly BJC4-6

5.35 76 9.7 2.55 7.88 324
6.01 85 9.7 2.69 8.85 30.4
18.58 263 9.7 55 27.36 20.1
375 530 9.7 7.7 55.22 13.9

#Press load on every WC anvil with the orthogonal pressing geometry. To transfer to the press load with the uniaxial pressing
geometry adopted by the multi-anvil press, it should be multiplied by a factor of 3.
YPEBs characterized by the edge length of the square-shaped top face.

behaving mechanically ideally. Subsequently, the P-generating efficiency was derived from the
experimentally measured pressure (Py,) and the calculated ideal pressure.

3.1. First set of assemblies: BJC2-0, BJC2-2, BJC2-4 and BJC2-6

For every assembly, as the oil pressure increases, the cell load increases (Table 2), the mea-
sured pressure increases (Figure 4(a)), but the P-generating efficiency decreases (Figure 4(b)).
The decreasing P-generating efficiency may partially reflect the increasing non-ideal mechanical
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Table 5. Efficiency of pressure generation of the 4™ set of assemblies (BJC5-0, -3, -5 and -7).

QOil P (MPa) Load? (ton) PEB® (mm) P, (GPa) P; (GPa) Efficiency (%)
Assembly BJC5-0

9.32 132 9.7 2.55 13.72 18.6
10.64 150 9.7 2.69 15.67 17.2
33.92 480 9.7 5.5 49.95 11.0
57.95 819 9.7 7.7 85.33 9.0
Assembly BJC5-3

8.5 120 9.7 2.55 12.52 20.4
9.42 133 9.7 2.69 13.87 19.4
26.56 375 9.7 5.5 39.11 14.1
50.28 711 9.7 7.7 74.04 104
Assembly BJC5-5

5.35 76 9.7 2.55 7.88 324
6.01 85 9.7 2.69 8.85 30.4
18.58 263 9.7 5.5 27.36 20.1
37.5 530 9.7 7.7 55.22 13.9
Assembly BJC5-7

4.21 60 9.7 2.55 6.20 41.1
13.76 195 9.7 5.5 20.26 27.2
19.18 271 9.7 6.6 28.24 23.4
23.87 337 9.7 7.7 35.15 21.9
33.8 478 9.7 8.9 49.77 17.9

#Press load on every WC anvil with the orthogonal pressing geometry. To transfer to the press load with the uniaxial pressing
geometry adopted by the multi-anvil press, it should be multiplied by a factor of 3.
YPEBs characterized by the edge length of the square-shaped top face.

Table 6. Phase transition between quartz (Qtz) and coesite (Coe) determined by using the assembly BJC2-0.

Phase identified by Raman spectroscopy?

Run # Oil P (MPa) Load (ton) T (°C) t (h) Sample 1° Sample 2¢
LMDO027 15 212 300 5 Qtz Qtz
LMDO033 20 283 700 10 Qtz, Coe (minor) Coe
LMDO025 20 283 800 5 Qtz Coe, Qtz (minor)
LMDO029 20 283 9004 5 Qtz Qtz, Coe (minor)
LMDO023 20 283 1000 5 Qtz Qtz
LMDO022 25 353 1000 5 Coe Coe
LMDO024 25 353 1100 5 Coe Coe
LMD028 25 353 12004 4 Coe Coe
LMDO035 25 353 1400 5 Coe Coe
LMDO034 25 353 1500 5 Qtz Coe, Qtz (minor)
LMDO039 25 353 1600 2.5 Qtz Qtz, Coe (minor)

*Typically 15 analyses were performed on every sample.

bThe starting material was quartz.

¢The starting material was coesite.

dTemperature was estimated using electrical power due to thermocouple failure.

behaviour of the WC material under higher pressure and partially reflect the increasing amount of
gasket material extruded out from the pressure medium. As a consequence of the decreasing P-
generating efficiency, the correlation curve between the press load and the cell pressure gradually
levels off (Figure 4(a)) in good agreement with Wang et al. [31].

As the WC-PEBs increase their thickness, the size of their square-shaped tips shrinks from 5.52
to 3.57, 2.04 and 0.94 cm? (c. 5.9:3.8:2.2:1), which results in higher cell pressure (Figure 4(a));
for example, at the press load of about 825 tons, the cell pressure of the BJC2-0 assembly is just
about 5.5 GPa, whereas that of the BJC2-6 assembly is about 7.7 GPa. The increasing rate of the
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Figure 4. Cell pressure—press load relation (a) and P-generating efficiency (b) of the first set of assemblies (BJC2-0,
BJC2-2, BJC2-4 and BJC2-6). As the WC-PEBs increase their thickness from O to 2, 4 and 6 mm, higher cell pressure
is generated whereas the P-generating efficiency is decreased. The empty symbols are for the experiments at ambient

temperatures, whereas those filled symbols are for the results obtained from the phase transition study between quartz
and coesite at high temperatures (more discussion later). Curves are fitted by eye.

cell pressure, however, apparently does not match the decreasing rate of the area of the square-
shaped tips of the WC-PEBs, suggesting increasing amount of loading force is consumed by the
pyrophyllite gasket. This phenomenon is well understood by the increasing volume of the extra
pyrophyllite gasket which accommodates and aligns the WC-PEBs (from O to 6.00, 11.11 and
15.45 cm®). In order to increase the P-generating efficiency, therefore, the size of the pyrophyllite
block must be reduced (more discussion later).

3.2. Second set of assemblies: BJC3-0, BJC3-2, BJC3-4 and BJC3-6

Very similar results of cell pressure and P-generating efficiency to those for the first set of assem-
blies have been observed for the second set of assemblies, suggesting that the S mm thick steel
PEPs are not very useful (Figure 5).

3.3. Third set of assemblies: BJC4-0, BJC4-2, BJC4-4 and BJC4-6

With the 5 mm think WC PEPs, the P-generating capability of the third set of assemblies is
substantially enhanced: for example, reaching a cell pressure of 7.7 GPa in the BJC4-6 assembly
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Figure 5. Cell pressure—press load relation (a) and P-generating efficiency (b) of the second set of assemblies (BJC3-0,
BJC3-2, BJC3-4 and BJC3-6). As the WC-PEBs increase their thickness from 0 to 2, 4 and 6 mm, higher cell pressure is
generated, whereas the P-generating efficiency is decreased. Curves are fitted by eye.

only requires a press load of about 530 tons compared to the press load of about 828 tons in both
the BJC2-6 assembly and the BJC3-6 assembly (Figures 4-6). The P-generating efficiency is also
increased significantly (c. 10%; compared the data in Table 4 to those in Table 3). The reason is
that WC is much harder than steel.

3.4. Fourth set of assemblies: BJC5-0, BJC5-3, BJC5-5 and BJC5-7

Since the experiments with the third set of assemblies suggested that the WC-PEPs are able to
enhance the P-generating capability and increase the P-generating efficiency, it is desirable to see
how their sizes play their role.

Figure 7(a) shows that the press loads for generating similar cell pressures are significantly
reduced as the thickness of the WC-PEPs increases from 0 to 3, 5, and 7 mm. Taking the cell
pressure of 5.5 GPa as an example, the press load decreases from about 480 tons with the 0 mm
thick WC-PEPs to 375 tons with the 3 mm thick WC-PEPs, 263 tons with the 5 mm thick WC-
PEPs and 195 tons with 7mm thick WC-PEPs. Correspondingly, the P-generating efficiency
increases from 11.0% to 14.1%, 20.1% and 27.2% (Table 5). The phenomenon is well explained
by the increasing composite bulk modulus of the assembly as the thickness of the WC-PEPs
increases [31].
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BJC4-2, BJC4-4 and BJC4-6). As the WC-PEBs increase their thickness from 0 to 2, 4 and 6 mm, higher cell pressure is
generated, whereas the P-generating efficiency is decreased. Curves are fitted by eye.

The highest cell pressure, 8.9 GPa (the transition pressure between ZnTe-1 and ZnTe-II), was
obtained with the assembly BJCS5-7 at the press load of 478 tons, which is approximately one-third
the maximum press load of our cubic press. It should be noted that this phase transition pressure
has not been well established and ranges from 8.9 to 9.6 GPa [34-36]. Since Figure 7(a) shows
that the correlation curve of the cell pressure and press load in the press load range of 0—478 tons
is still generally linear, reaching with this assembly a cell pressure such as 10 GPa or even higher
appears possible.

3.5. Effect of high temperature on pressure generation (assembly BJC2-0)

The experimental conditions and results about the phase transition between Qtz and Coe have been
summarized in Table 6 and shown in Figure 8. The bracketed transition temperatures at the press
loads of 283 and 353 tons are approximately 750°C and 1450°C, respectively. According to the
latest experimental result about the phase transition between Qtz and Coe [40], these temperatures
lead to the transition pressures (or cell pressure) of 2.9 and 3.4 GPa, respectively. When plotted in
Figure 4, these press load—cell pressure data determined at high temperatures fall closely to the
correlation curve between press load and cell pressure established at room temperature, suggesting
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Figure 7. Cell pressure—press load relation (a) and P-generating efficiency (b) of the fourth set of assemblies (BJCS5-0,
BJC5-3, BJC5-5 and BJCS5-7). In this set of assemblies, the thickness of the WC-PEBs is fixed as 6 mm, whereas the
thickness of the WC-PEPs is 0, 3, 5, or 7mm. Apparently, the WC-PEPs with increasing sizes can generate higher cell
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that the effect of high temperature on the pressure generation of the assembly BJC2-0 is by no
means significant.

4. Discussion

It is well known that generating high pressures with the equipments using solid pressure medium,
such as the cubic press and multi-anvil press, is a very complicated process. For the conventional
anvil-gasket system used in the cubic press [31], the size and mechanical properties of the WC
anvils, and pyrophyllite pressure medium, and gasket all play roles, which leads to the levelling-off
of the correlation curve of the cell pressure and press load at high pressures. In order to generate
higher pressures, the most straightforward movement is to use either smaller WC anvils or larger
press load, which, however, results in unbearable pressure on the WC anvils and causes a high
breakage rate to them and then leads to high experimental cost [31]. With the adoption of the
anvil-preformed gasket system, the damage at very high-P conditions is mostly done to the WC-
PEBs of small volume, so that the experimental cost is substantially lowered. It is on this ground
that the anvil-preformed gasket system is very successful.

However, there are disadvantages with the anvil-preformed gasket system. The adoption of
the anvil-preformed gasket system obviously shrinks the volume of the conventional pyrophyllite
cube; in other words, it reduces the cell volume while it increases the cell pressure. Due to the
overwhelming size of our cubic press, high pressures up to about 8 GPa are readily achieved at
the cell volume at least as large as 8.62cm?’ though (the assemblage BJC2-6; Figure 4(a)). In
addition, the adoption of the anvil-preformed gasket system introduces some extra pyrophyllite
gasket material to the cell, which certainly consumes some press load and decreases the P-
generating efficiency, as illustrated in Figure 9 (the first set of assemblies). If possible, therefore,
the extra pyrophyllite gasket material should be reduced or even removed, as demonstrated by
recent high-P experiments [41,42].

One potential factor which can substantially improve the P-generating capability and P-
generating efficiency of the tested assemblies is to replace the WC-PEBs with the sintered diamond
pressure-enhancing blocks (SD-PEBs). The Knoop hardness of the sintered diamond is about twice
of that of WC [43], so that the SD-PEBs should behave more ideally than the WC-PEBs. In recent

80
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Figure 9. Effect of extra pyrophyllite gasket and pressure on P-generating efficiency. At low cell pressure, the influence
of the extra pyrophyllite gasket on the P-generating efficiency is very large, but it decreases as the cell pressure increases.
See Figure 2(c) for the definition of the extra pyrophyllite gasket. Curves are fitted by eye.
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years, sintered diamond anvils have been tested with both the multi-anvil press and the cubic
press, and much higher pressures have been obtained [22,44,45]. The sintered diamond anvils are
currently very expensive though, which eventually limits their wide application.

With the large cell volume attained by the anvil-preformed gasket system, PEPs of different
materials (second set of assemblies and third set of assemblies) and different sizes (fourth set of
assemblies) can be employed to increase the P-generating capability or the P-generating efficiency
(Figures 5-7). Recently, for example, we successfully synthesized stishovite at 800°C by using the
assembly BJCS5-7 (unpublished data), suggesting an experimental pressure of about 10 GPa [46].
Additionally, the large cell volume not only means large experimental samples which are crucial for
the analyses of NMR, neutron diffraction, ICP-MS and so on, but also means more homogeneous
temperature distribution in the sample, simply because more thermal insulating material can be
employed to reduce the thermal gradient while a reasonable sample size is maintained. The early
multi-anvil experiments were subjected to a temperature gradient as large as 200°C/mm along
the sample length [47], and the recent ones were experienced temperature gradients in the range
of 30-60°C/mm [25,48-50]. Our preliminary result suggests that the temperature gradient in our
tested assemblies can be reduced down to about 15°C/mm (in preparation).
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