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ABSTRACT

Large-volume presses (LVPs) are widely utilized in diverse research fields—including high-pressure physics, chemistry, materials science,
and Earth and planetary sciences—to investigate the physical and chemical properties of materials under extreme high-pressure and high-
temperature conditions. A prerequisite for achieving reproducible property measurements is the determination and control of pressure
within experimental setups. However, the lack of precise pressure calibration in LVPs hinders the broader application of such devices in
ultrahigh-pressure studies. This study employs a suite of standard phase transition-based pressure markers—comprising metallic conductors,
semiconductors, and minerals—through both in situ and ex situ identification approaches, to establish pressure calibration curves ranging
from 0.4 to >30 GPa for various types of LVP installed at the Center for High Pressure Science and Technology Advanced Research (HPSTAR),
Beijing, including piston-cylinder, cubic, and multi-anvil presses. The results provide a unified and traceable pressure reference for high-
pressure experiments conducted at HPSTAR, while also offering technical guidance and calibration standards for other researchers utilizing
similar LVP systems, thereby enabling more consistent comparison between different laboratories. This work facilitates the advancement of
LVP research toward broader applications in higher-pressure regimes.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0289378

I. INTRODUCTION Commonly used LVPs include piston-cylinder presses,”"*’

: . : 3 : . 24-29 .
six-anvil cubic presses,”” and multi-anvil presses, which can
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High-pressure experimentation has opened a new window for
exploring material properties under extreme pressure and tempera-
ture conditions,’ and it continues to yield new discoveries in high-
pressure physics, chemistry, materials science, and Earth and plan-
etary sciences.” '* The synthesis of materials under high-pressure
and high-temperature conditions using large-volume presses (LVPs)
provides a unique way to help identify new phases, structures, and
chemical reactions and to measure their properties.'”*’

generate pressures ranging from below one gigapascal to tens of
gigapascals.”’ ** In geoscience, this is equivalent to conditions from
the crust to the lower mantle in the Earth’s interior.

Pressure determination is an essential step in performing accu-
rate and precise high-pressure experiments. When quantum beams
such as synchrotron X-ray and neutron radiation are available,
sample pressure can be determined during experiments based on
unit cell volume changes of pressure-standard materials such as
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crystalline NaCl, Au, and MgO." "> However, most high-pressure
experiments are performed without quantum beams in a labora-
tory, where pressure against press load needs to be calibrated. This
is necessary because of the complex nonlinear responses of differ-
ent assembly materials to applied pressure and temperature, and
because of differences in the designs of the presses themselves
and the materials used to construct them.*® Pressure calibration
is achieved by identifying changes in the properties of standard
calibration materials that are known to occur at pressures and tem-
peratures determined using an independent technique.’"">***>*/
Precise pressure calibration is important not only for synthesizing
materials in materials science, but also for linking measurements
in experimental setups with “real life” observations of properties at
high pressure (for example, high-pressure phase transitions in plan-
etary science that are observed by seismological studies), and to be
able to quantify targeted improvements to the development of high-
pressure techniques, for example, by aiming to extend techniques to
higher pressures.

Unfortunately, in many cases, primary calibration information
of LVP devices is poorly documented, inaccessible, or altogether
missing from the scientific literature. Here, we provide detailed
information about the structure and materials used in high-pressure
assemblies, the range of pressure calibrants used, and quantitative
descriptions of the resulting pressure calibration curves for nine
LVPs at the Center for High Pressure Science and Technology
Advanced Research (HPSTAR), Beijing, including piston—cylinder
presses, six-anvil cubic presses, and multi-anvil presses. Our aim
is to provide a consistent reference dataset for the use of these

RESEARCH ARTICLE pubs.aip.org/aip/mre

assemblies and devices, as well as a baseline for comparison with
other LVP setups using similar assemblies, and with new assembly
designs replacing the current setups.

Il. OVERVIEW OF EXPERIMENTAL SETUPS

To date, nine high-pressure LVPs of piston-cylinder, cubic,
and multi-anvil designs have been installed and thoroughly
pressure-calibrated at HPSTAR. A summary of these LVPs, includ-
ing their manufacturers, nominal maximum forces, cylinder bore
diameters, and highest pressures calibrated to date, is presented in
Table L.

All of the materials used in the cell assemblies studied here were
obtained from specific suppliers and manufacturers or customized
from various factories in China, as detailed in Table I1. This list facil-
itates future efforts to ensure material consistency and to define the
range of material properties suitable for high-pressure research.

lll. METHODOLOGY: PRESSURE CALIBRATION
STRATEGY

A. Overview

Pressure calibration of high-pressure apparatus relies on
detecting changes in the physical or chemical properties of selected
reference materials under known pressure conditions. Calibration
is often initially performed under room temperature conditions.
Because many studies in materials science and geoscience focus
on high-temperature processes, room-temperature calibrations are

TABLE 1. Summary of calibrated LVPs at HPSTAR. Note: all of these conversions use the relationships 1 ton-force (metric) = 0.009 806 65 MN and 1 bar = 10° Pa.

High-pressure Nominal maximum Cylinder bore

Calibrated pressure

© Author(s) 2025

apparatus force (MN) diameter (mm) Manufacturer range (GPa)
Piston-cylinder press:
RTK-PC-1I 2.5 216 Hubei Rocktek Instrument Co., Ltd. 0.4-3.14
Cubic presses:
MP280 6x6 280 Guilin MPa Machinery Technology Co., Ltd. 2.55-7.6
GY420-A 6x 14 420 Guilin Guiye Machinery Co., Ltd. 2.55-4.5
GY420-B 6 x 14 420 Guilin Guiye Machinery Co., Ltd. 2.55-5.55
GY560 6 x 27 560 Guilin Guiye Machinery Co., Ltd. 2.55-7.6
Multi-anvil presses:
Kawai (split-sphere)-type
RTK-WC1000 10 432 Hubei Rocktek Instrument Co., Ltd. 2.55-29.2
Kawai (split-sphere)-type
LPRU1500 15 600° Max Voggenreiter GmbH 2.55-30.6
Kawai (split-sphere)-type
LPRU2000 20 596" Max Voggenreiter GmbH 2.55-22.2
Osugi (DIA)-type
LPRU1500 15 540° Max Voggenreiter GmbH 2.55-22.2
* Approximate cylinder bore diameter calculated using conversion factor from product manual: 1 ton-force = (oil pressure in bars) x 2.8822.
® Approximate cylinder bore diameter calculated using conversion factor from product manual: 1 ton-force = (oil pressure in bars) x 2.842.
 Approximate cylinder bore diameter calculated using conversion factor from product manual: 1 ton-force = (oil pressure in bars) x 2.334.
Matter Radiat. Extremes 11, 017803 (2026); doi: 10.1063/5.0289378 11, 017803-2
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TABLE II. List of materials for cell assemblies.
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Apparatus Component Material Manufacturer/supplier Product Id.
Piston-cylinder Talc tube Talc
press Glass tube Pyrex glass
Steel cap Steel
Heater Graphite Customized
Pyrophyllite ring South African
black pyrophyllite
Four-hole alumina tube Al, O3 ceramic
Cubic press Pyrophyllite briquetted Mentougou yellow Liaocheng Xinke
pyrophyllite Pyrophyllite Co., Ltd.
Sleeve Semisintered MgO Max Voggenreiter GmbH
Molybdenum disk Molybdenum
Secondary anvil YGS8 tungsten carbide Customized
Heater Graphite
Multi-anvil Octahedron Cr,03-doped sintered MgO OM-CR
ress Octahedron CoO-doped sintered MgO . . OM-CO
P Thermo-insulator CaO—doged sintered Zr%)z Mino Ceramics Co., Ltd. 0Z-8C-HD
Heater Cr,03, AL,O3, and SrO-doped LaCrO; S6
Heater Rhenium China Rhenium Co., Ltd.
Sleeve Semisintered MgO Max Voggenreiter GmbH
Gasket South African black pyrophyllite Customized
TABLE Il Pressure calibration reference points recommended in this study.
P (GPa) Temperature® Material Transition” Refs.
2.55° Bi I-1I 54
4 CdsP, I-1I 55
5.55 Ba I-1I 56
7.6 Bi I-v 57
13.3 R.T. ZnSe ZB-RS 58
13.7° Pb I-1I 59
17.3 GaAs ZB-Cmcm 60
22.2 GaP ZB-Cmcm 61
29.2 Te -V 62
Equations
T(°C) = 800.6 + 21.155P — 0.03736P* — 10.4P°> +2.4P*
(P in kbar) NaCl Melting 63
P(kbar) = 21.945 + 0.006 901[T(°C) + 273] SiO, Qz/Cs 47
P(GPa) = 4.7 + 0.0031[T(°C) + 273] SiO, Cs/St 64
P(GPa) = 0.5 + 0.0034T(K) HT Fe,SiO4 Fa/Ah 65
P(GPa) = 7.8 + 0.004[T(°C) + 273]° o Mg, SiOy4 Fo/Wd 66
P(GPa) = 13.1 + 0.00411[T(°C) + 273] Mg,SiO4 Wd/Rw 67
P(GPa) = 25.01 — 0.000765[T(°C) + 273]' Mg,SiO,4 Rw/Bg + Per 68
Equation (1) EnsoCorso® .. This study

*R.T.: room temperature; H.T.: high temperature.

bZB, zinc blend structure; RS, rock salt structure; Cmcm, orthorhombic structure with space group Cmcm; Qz:, quartz; Cs, coesite; St, stishovite; Fa, fayalite; Ah: ahrensite; Fo,
forsterite; Wd, wadsleyite; Rw, ringwoodite; Bg, bridgmanite; Per, periclase.

“Value recommended by Decker et al.*’
4 Average value of phase transition start and finish.

“Equation was fitted from the data of Katsura et al.”* due to it was not provided in the original paper.
"The equation was fitted from Fig. 2(a) (1700-2040 K) of Chanyshev et al.,** due to it was not provided in the original paper.

8En: enstatite (MgSiO3); Cor: corundum (AL, O3).

Matter Radiat. Extremes 11, 017803 (2026); doi: 10.1063/5.0289378
© Author(s) 2025
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often complemented by high-temperature calibrations. Because of
the different responses of assembly materials to temperature, it
is possible that the room-temperature and high-temperature cali-
brations differ from each other.””* In this overview, we critically
examine historical datasets of widely used room-temperature as
well as high-temperature pressure markers, utilizing a variety of
well-established pressure markers, including the melting points of
alkali halides (e.g., NaCl), phase transitions of selected metals and
semiconductors (e.g., bismuth, barium, lead, tellurium, cadmium
phosphide, zinc selenide, gallium arsenide, and gallium phosphide),
and key mineral phase transitions (e.g., quartz—coesite in the SiO,
system, and forsterite-wadsleyite and wadsleyite-ringwoodite in the
Mg,SiOy4 system). Additionally, the Al,O3 content in bridgmanite
within the MgSiO3-Al, O3 binary system is employed as a geochem-
ically relevant pressure indicator under high-pressure conditions.
We also propose a physically based fitting strategy for pressure
calibration.

B. On pressure reference points

Despite extensive research since the pioneering work of Bridg-
man on the pressure-induced phase transition of solid materials,”
discrepancies still exist in the literature regarding the precise phase
transition pressures of certain pressure calibrants.””** Advances in
experimental techniques have led to more accurate and consistent
determinations of pressure reference points in recent years. We
have updated the common pressure reference points by thoroughly
reviewing all available literature data and incorporating extensive
validation as well as the latest research on phase transitions. This
has resulted in a dataset of recommended phase transition pres-
sures for calibrants, as listed in Table III. A comprehensive dataset
with a compilation of historically reported phase transition pres-
sures for those calibrants, including all available reference points
and their sources, is provided in supplementary material A for future
reference.

C. Identification of pressure reference points

The pressure calibrations described below span a temperature
range from room temperature up to 1727 °C (2000 K), depending on
the specific phase transition considered. Calibrations at room tem-
perature are based on phase transitions in selected metals (Bi, Ba,
Pb, and Te) and semiconductors (Cd;P,, ZnSe, GaAs, and GaP),
which are accompanied by pronounced changes in their electrical
properties. The four-electrode method is a widely adopted tech-
nique for accurate resistance measurement. It eliminates lead and
contact resistance by separating the current-carrying and voltage-
sensing paths.”” This method is suitable for high-pressure appli-
cations requiring precise detection of phase transitions in metal
calibrants. In this setup, two electrodes supply a constant current to
the sample, while the other two measure the resulting voltage across
the sample. The simpler two-probe method is used for resistivity
measurement of semiconductors. Pressure-induced phase transi-
tions in selected metals and semiconductors used for calibration are
shown in Fig. 1. Electrical voltage U or resistance R was continuously
monitored during compression, and the first derivatives dU/dP,; or
dR/dP,; were calculated to accurately identify transition points. The
compression rates for experiments on cubic presses and multi-anvil
presses were 1 MPa/min and 0.3-1 bar/min, respectively.

RESEARCH ARTICLE pubs.aip.org/aip/mre

Calibrations at high temperature were performed using the
quench method, covering the temperature range between 905°C
(1178 K) and 1723 °C (2000 K), depending on the phase transition
considered. Figure 2 shows representative examples of changes in
Raman spectra used to determine the pressure at which a specific
phase transition occurred when the SiO,, Mg,SiO4, and Fe;SiO4
systems were used. The starting materials were amorphous SiO,
powder, Mg,SiO4, and Fe,SiO4 powders, respectively.

The Al,O3 content in bridgmanite increases systematically with
pressure when in equilibrium with corundum and can be used as
a pressure calibrant.””* To investigate this, two experiments were
conducted to synthesize run products from an EnsoCorsy starting
composition (En = enstatite, MgSiOs; Cor = corundum, Al;O3)
at 1723 °C (2000 K), using the Kawai-type LPRU1500 multi-anvil
press. The oil pressure was set to 200 and 250 bars for the perspective
runs. The backscattered electron (BSE) images of the samples exhibit
a fine-grained polycrystalline texture consisting of bridgmanite and
corundum (Fig. 3). Al,O3 contents of bridgmanite can be obtained
using electron microprobe analysis (EMPA).

The relationship between pressure and xAl, O3 (the A, O3 mole
fraction of bridgmanite in MgSiO3-Al;O3 binary end-member sys-
tem) at 2000 K is shown by the best fit to all available experimental
data, which yields the following equation:

P(GPa) = (140.6 + 10.7) - x AL,O3 + (9.7 +2.1) R =0.96. (1)

D. Calibration curve fitting strategy

All components employed in LVP high-pressure experiments
can be approximately treated as cellular solids or bulk solids,
depending on their microstructure and mechanical features.”” "
Under elevated pressures and temperatures, both plastic defor-
mation and creep in such solids exhibit nonlinear viscoplas-
tic stress—strain behavior,””” which is primarily governed by
microstructural and mechanical factors such as frictional resistance,
strain hardening, grain boundary sliding, and constraints imposed
by limited material compressibility.””*""** An accurate description
of this nonlinear behavior would require the construction of a
viscoplastic constitutive model.” ® As an alternative, the Voce
hardening law provides a simplified yet effective presentation that
describes key features of classical viscoplastic behavior, particularly
the observed nonlinear stress—strain response and the asymptotic
approaching to a saturation stress.””**”" In this study, we propose
employing the modified Voce equation to describe the correlations
between loading force and chamber pressure for assemblies with
three or more pressure calibration points:

P(F) = Py + (Pmax — Po)[1 — exp (-F/F.)], (2)

where P is the chamber pressure (sample pressure), F is the exter-
nal loading force, which is equivalent to and can be replaced with
the cylinder oil pressure, the fit parameter Py corresponds to the ini-
tial chamber pressure at F — 0 (i.e., limp_oP = Py), the fit parameter
Prmax characterizes the theoretical maximum attainable chamber
pressure at F — oo (i.e., limpoooP = Pmax), and the fit parameter
F. defines the characteristic loading force (or oil pressure) at which
the chamber pressure transitions toward saturation. At F = F,, the
chamber pressure reaches 63.21% of its maximum value (that is

Matter Radiat. Extremes 11, 017803 (2026); doi: 10.1063/5.0289378
© Author(s) 2025
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FIG. 1. Representative variations of voltage or resistance at room temperature during compression of (a) bismuth, (b) CdsP,, (c) barium, (d) ZnSe, (e) lead, (f) GaAs, (g)
GaP, and (h) ZnS. The phase transition pressure of ZnS remains controversial (see the discussion in Sec. \/ B). Note the derivatives dU/dP,; and dR/dP,; are also given at
the tops of the corresponding panels.
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P, /[~
0 < F » 0
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= FIG. 4. Schematic of the nonlinear Voce relationship between loading force F and
N chamber pressure P.
[0
[=

1 — 1/e of Pax). In this equation, the term Pmax — Py describes the
Fayalite total increment in chamber pressure. A schematic of this descrip-
tion is shown in Fig. 4. Curve fitting can be performed using
Origin or OriginPro software, and the details of the procedure are
provided in supplementary material B. Because we perform both
room-temperature and high-temperature calibrations in this work,
we can assess the extent to which temperature affects the pressure
calibration for each LVP and assembly.

200 300 400 500 600 700 800 900 1000
Raman shift (cm™)

FIG. 2. Representative Raman spectra of (a) quartz, coesite, and stishovite from
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experiments using amorphous SiO; as a pressure calibrant, (b) forsterite, wads- We propose that pressure calibration curves should not be con-

leyite, ringwoodite, and bridgmanite from experiments using Mg,SiO4 powder as strained to pass through the origin (Py = 0, F = 0), on the basis of the

a pressure marker material, and (c) fayalite and ahrensite from experimental run following considerations:

products using Fe,SiO4 powder. Raman spectra were collected at HPSTAR using

a WITec alpha300R Raman imaging microscope equipped with a 532 nm laser 1. In the early stage of loading, the pressure medium may

source, an 1800 grooves/mm grating, and exposure times of 30-50 s. undergo significant volume reduction and deformation due
Matter Radiat. Extremes 11, 017803 (2026); doi: 10.1063/5.0289378 11, 017803-6
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to the differing critical conditions for pore collapse vs plas-
tic flow. This may cause deviations from classical viscoplas-
tic behavior and introduce substantial errors in pressure
estimation.

2. The efficiency of pressure transmission in an LVP is highly
dependent on the geometry of the assembly, leading to
variations in the initial pressure generation.

3. Mechanical friction resistance within the oil cylinder intro-
duces nonlinear resistance, further compromising the uncer-
tainty of pressure measurements at low pressures.

Furthermore, it should be noted that a negative best-fit Py value
in Eq. (2) does not affect the precision within the calibrated pressure
range, but caution is needed when extrapolating the curves.

IV. EXPERIMENTAL ASSEMBLIES AND CALIBRATION
CURVES

A. Piston-cylinder press

A piston-cylinder press consists of a hydraulically driven pis-
ton that compresses a cylindrical sample assembly inside a pressure
vessel. The pressure is applied through hydraulic cylinder, creat-
ing high-pressure conditions in the vessel, as in the two-platten
Boyd-England design (Fig. 5). Such presses are suitable for research
requiring high-temperature and high-pressure environments, with
precise control of chamber temperatures via thermocouple mea-
surements. The piston-cylinder press at HPSTAR can pressurize a
sample from 0.4 to 3.14 GPa, covering conditions from the Earth’s
lower crust to the upper mantle. Two piston sizes are available:
3/4in. (0.4-1.5 GPa) and 1/2 in. (1-3.14 GPa).

The structure and materials of the pressure-calibrated PC
assembly are shown in Fig. 6. The outermost layer is made of
talc, a soft, pressure-transmitting material that provides thermal
insulation and helps distribute the applied pressure evenly. Pyrex

N

FIG. 5. Piston—cylinder press at HPSTAR.
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FIG. 6. The 3/4-in. (19 mm) assembly for the piston—cylinder press shown in a
vertical section.

glass surrounds the inner layers, offering further insulation of the
core sample area. Thermocouple wires are inserted into the mid-
dle section of the assembly through the four-bore alumina (AL, O3)
tube and connected at the interior end of the tube. A thin ceramic
Al, O3 disk is put on the top of sample capsule to prevent reactions
between sample capsule and the type-D (W3Re;s) thermocouple at
high temperature. Samples are heated to high temperatures using
a graphite furnace. A steel cap surrounded by electrically insulat-
ing pyrophyllite is used to seal the assembly and apply pressure
evenly to the sample from the top. The experiments are done using
the piston-in technique, i.e., pressure is increased during heating,
with the targeted pressure achieved as the targeted temperature is
reached.

Pressure calibrations were performed for 3/4-in. (19 mm) and
1/2-in. (12.7 mm) diameter talc-Pyrex cell assemblies, using NaCl
and SiO; as pressure standards in both, with the Bi I-II transition
at room temperature assessed in addition for the 1/2-inch assem-
bly. We use an Au sphere as a sinking marker in the NaCl melting
experiments. Figure 7 illustrates the relationship between the oil
pressure Py in psi and the sample pressure Pgmple in GPa. For
the 3/4-in. diameter assembly, the NaCl melting experiments were
conducted at 940 and 1000 °C, corresponding to melting pressures
of 0.7 and 1 GPa, respectively.”” The pressure calibration used for
the 1/2-in. diameter assembly focused on the melting of NaCl at
1000 °C and the quartz-to-coesite phase transition at 1100 °C.*” The
Bi I-II transition was studied at room temperature. Sample pres-
sure and oil pressure show a linear relationship as is customary
in piston-cylinder assemblies, and the calibration curves for the

Matter Radiat. Extremes 11, 017803 (2026); doi: 10.1063/5.0289378
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FIG. 7. Pressure calibration curves for piston—cylinder press. The blue and orange
curves are for the 3/4-in. (19 mm) and 1/2-in. (12.7 mm) diameter assemblies.
respectively. The dashed lines are extrapolations. The experimental temperature
used to constrain the oil pressure for the quartz—coesite(Qz/Cs) phase transition
is 1373 K (1100 °C). The photographs at the upper left show cross-sections of
the run products from NaCl melting experiments, with yellow circles indicating the
positions of gold spheres.
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3/4-in. (19 mm) and 1/2-in. (12.7 mm) diameter assemblies are
defined as

Psample =8.746 x 10_4P0il ~1.090 x 10—1) (3)

Psample =1.703 x 10_3Poil —6.256 x 10_2; (4)

respectively (with Py in GPa and P,y in psi). Temperature
appears to have no significant effect on the calibration curve for the
1/2-in. assembly (Fig. 7).

B. Cubic press

The four cubic presses at HPSTAR comprise one MPA280 with
a force up to 6 x 6 MN; two GY420 with a force up to 6 x 14 MN,
and one GY560 with a force up to 6 x 27 MN. Each press features
six identical jacks attached to a frame, and their movements are
perpendicular to one another. These jacks are driven by a computer-
controlled hydraulic system. A linear sensor system surrounding the
central cubic space precisely monitors the relative positions of the
six anvils (Fig. 8). The anvil top edge lengths are 18 mm (MPA280),
27.5 mm (both GY420 devices), and 42.5 mm (GY560).

The primary components of the assembly include a cubic block
of natural pyrophyllite briquettes (produced from the Mentougou
region, China, with an edge length of 28 mm for the MPA280,

FIG. 8. (a)—(c) Photographs of MPA280,
GY420, and GY560 cubic presses,
respectively. (d) Photograph of six tung-
sten carbide (WC) anvils and a com-
pressed cubic assembly inside the
GY560 cubic press.
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FIG. 9. Overview of experimental assembly designs for MPA280 cubic presses. (a) Traditional assembly; (b) traditional assembly with a pair of 4 mm thick YG8 anvils (HRA
~88); (c) traditional assembly with a pair of 6 mm thick YG8 anvils; (d) rapid cooling assembly. Modified after Wu et al.%

38.5 mm for the GY420, and 52.5 mm for the GY560), sintered MgO
sleeves, steel cap, molybdenum disk, and graphite furnace (Fig. 9).
The natural pyrophyllite was stored in a furnace at 120 °C until use.

Four widely used types of assembly blocks are shown in Fig. 9.
The traditional assembly graphite furnace is tube-shaped with two
lids at the top and bottom. An MgO rod is inserted into the tubu-
lar graphite furnace to support the sample capsule and help retain
heat [Fig. 9(a)]. This design can achieve pressures up to ~5.55 GPa.
If higher chamber pressures are required, a pair of secondary YG8
(Rockwell hardness HRA ~88) tungsten carbide anvils can be added
at the top and bottom of the block [Figs. 9(b) and 9(c)]. A recently
developed rapid cooling assembly is shown in Fig. 9(d). Instead
of a tubular graphite furnace, a slim graphite rod is placed verti-
cally in the center, and sample capsules are inserted into this rod,
which can significantly increase the cooling rate.”” If it is desired to
attain a higher chamber pressure with a high cooling rate, secondary
tungsten carbide anvils can also be used in combination with this
setup.

In the traditional assembly [Figs. 9(a)-9(c)], temperatures are
measured using tungsten-rhenium thermocouple wire pairs that are
radially inserted and wrapped around the sample capsule, with the
junction positioned at the center of the assembly without insula-
tion. For the rapid cooling assembly [Fig. 9(d)], the thermocouple
wires are wrapped at the center of the graphite rod, with the sample
capsules inserted adjacent to the thermocouple junction.

The above experimental setup can generate pressures up to 5.55
and 7.6 GPa in the MPA280 cubic press (Fig. 10) by using low-
pressure and high-pressure assemblies with different thicknesses of
secondary anvils, respectively. They are calibrated by the room-
temperature Bi I-II phase transition, Cd3P, I-II phase transition,
Ba I-II phase transition, Bi III-V phase transition, and the high-
temperature fayalite-ahrensite phase transition at 1473 K (1200 °C).
The relationships between P,; and Py are derived from best
fits of the room-temperature calibration data to the Voce equation
[Eq. (2), with Pyt in GPa and P,; in MPa]:

Pyample = —0.418 + (7.100 + 0.418)[1 - exp (~P,1/46.803)],  (5)

Poampie = ~1.008 + (7.258 + 1.008)[ 1 — exp (~P,1/30.376)],  (6)

Pyample = 0.489 + (11.283 — 0.489)[1 — exp (~P,1/63.703)].  (7)

Figure 10 shows that the room-temperature calibration curve
agrees very well with the location of the 1200 °C fayalite-ahrensite
transition, suggesting that the temperature effect on the pressure
calibration curve for this setup is insignificant.

Pressures as high as 5.55 GPa can be generated on the GY420
cubic press (Fig. 11), depending on whether a secondary anvil is
used in the assembly block (Fig. 9). Using observations of the
room-temperature Bi I-II, Cd;P, I-II, and Ba I-II phase tran-
sitions, the quartz-coesite transition at 1273 K (1000 °C), and

Force (MN)
05 1 15 2 25 3 35 4 45
8 . . . .
75 E[MPA280 O Bi lll-V
7 b
6.5 F
6 JBal-
55 F
Cus f
H
o 4 Cd,P, Il
35 F
3 f
25 E Bi I-Il
o F
15 F

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
P.,(MPa)

FIG. 10. Pressure calibration curves for the MPA280 cubic press. The blue curve
is calibrated using the low-pressure assembly [Figs. 9(a) and 9(d)], the green and
orange curves are for high-pressure assemblies [Figs. 9(b) and 9(c)] with a pair
of 4 and 6 mm secondary YG8 anvils, respectively. The anvil grade is ZK20A, the
anvil top edge length is 18 mm, and the dimensions of the pressure medium are 28
x 28 x 28 mm?. Fa, fayalite; Ah, ahrensite; open diamonds, Fa only; half-colored
diamond, Fa and Ah coexisting.

Matter Radiat. Extremes 11, 017803 (2026); doi: 10.1063/5.0289378
© Author(s) 2025

11,017803-9

20°1G°€1 G202 JOGWBNON 92


https://pubs.aip.org/aip/mre

Matter and
Radiation at Extremes

Force (MN)

55 F SAGel Bal-lI

4 f Cd,P, I-II

Pomere (GPa)
w
53}

25 Bil-ll

10 15 20 25 30 35 40 45 50
P, (MPa)

FIG. 11. Pressure calibration curve for the GY420 cubic press. The blue curve is
calibrated using room-temperature Cd;P, phase transition data, while the orange
curve is calibrated using high-temperature fayalite—ahrensite phase transition data
with the traditional assembly [Fig. 9(a)]. The purple curve is calibrated for the
high-pressure assembly with 5 mm thick YG8 secondary anvils. The blue solid
diamond indicates the presence of coesite, and half-filled diamonds indicate the
coexistence of fayalite and ahrensite phases. The anvil grade is JN8, the anvil
top edge length is 27.5 mm, and the dimensions of the pressure medium are
38.5 x 38.5 x 38.5 mm®.

the fayalite-ahrensite transition at 1178 K (905 °C), the pressure
calibration curves are given by

Poample = —4.217 + (5.215 + 4.217)[1 — exp (—Pi/19.227)],  (8)
Pyample = —2.180 + (6.906 + 2.180)[1 — exp (-P,;/33.051)],  (9)

Pyample = —1.021 + (7.803 + 1.021)[1 — exp (~P,/31.713)]  (10)

(with Pggmpie in GPa and P, in MPa). The high-temperature cal-
ibration curve [Eq. (9)] lies slightly above the room-temperature
curve [Eq. (8)], but this small effect is only seen at high pressure,
consistent with previous comparisons between low-temperature and
high-temperature calibration curves.’””

The GY560 cubic press has a similar pressure capacity as the
GY420 device (Fig. 12). Based on room-temperature phase tran-
sitions of Bi and Cd3P,, the pressure calibration curves are given

by

Poample = =2.329 + (6.339 + 2.329)[1 — exp (—P,;/40.844)], (11)

Poampie = 0.297 + (14.309 — 0.297)[1 — exp (~P,;/87.850)]  (12)

(with Pggppre in GPa and P,; in MPa). It should be noted that
although the Bi II-III transition was used in fitting Eq. (11), it is not
recommended as a calibration reference point, owing to its proxim-
ity to the Bi I-II transition, which probably introduces significant
distortion in the fitting curve. Here, we adopt the newly reported Bi
I1-I1I phase transition pressure of 2.75 GPa.””
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FIG. 12. Pressure calibration curves for the GY560 cubic press. The blue and
orange curves are for the traditional assembly [Fig. 9(a)] and the high-pressure
assembly with 14 mm thick YG8 secondary anvils [Fig. 9(d)], respectively. The
anvil grade is GF35H, the anvil top edge length is 42 mm, and the dimensions of
the pressure medium are 52.5 x 52.5 x 52.5 mm®.

C. Multi-anvil press

HPSTAR Beijing has three Kawai-type multi-anvil presses
(KMAPs) with a split-sphere-type guide block [RTK-WC1000,
LPRU1500, and LPRU2000; Figs. 13(a)-13(c)] and one with an
Osugi-type (DIA-type) guide block [LPRU1500; Fig. 13(d)]. The
maximum loads of RTK-WC1000, LPRU1500, and LPRU2000 are
1000 ton-force (»10 MN), 1500 ton-force (~15 MN), and 2000
ton-force (20 MN), respectively.

Depending on the choice of assembly, anvil truncated edge
length (TEL), and anvil material, the pressures that can be routinely
generated by these multi-anvil presses range from 2.55 to 30.6 (+2.6)
GPa, with temperatures exceeding 2300 °C. This is equivalent to
the pressure-temperature conditions from the top of Earth’s upper
mantle to the top of the lower mantle.

Cross-sections of the cell assemblies for the multi-anvil presses
are shown in Fig. 14. The primary components of the assem-
blies include an octahedron of magnesium oxide (MgO) doped
with 5 wt. % chromium oxide (Cr;O3). Rhenium foil or lanthanum
chromite (LaCrO3) is used as a furnace, surrounded by thermal insu-
lation material, normally a zirconium oxide (ZrO;) and LaCrO3
tube. Sample capsules are placed at the center of a MgO sleeve. The
widths of the pyrophyllite gaskets used with these assemblies are 4.5,
3, and 2 mm for the 14/8, 7/3, and 5.7/1.5 assemblies, respectively.

Depending on the specific experimental requirements, two
types of thermocouple arrangements are employed. In the first
configuration applied to 14 mm edge length octahedra, the thermo-
couple passes through a four-bore Al,O3 tube and is bent to fit into
a shallow groove at the top of the octahedron [Fig. 14(a)]. In the
second configuration, the thermocouple wires are inserted horizon-
tally, passing through the middle of the rhenium or LaCrOs3 heater
[Figs. 14(b) and 14(c)]. The latter is usually employed in the smallest
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FIG. 13. Photographs of the multi-
anvil presses at HPSTAR: (a) Kawai-
type model RTK-WC1000; (b) Kawai-
type model LPRU1500; (c) Kawai-type
model LPRU2000; (d) Osugi-type model
LPRU1500.

(a) OEL/TEL=14/8 (b) OEL/TEL=7/3 (c) OEL/TEL=5.7/1.5

Q FIG. 14. Cross-sections of cell assem-
LI blies used in multi-anvil presses: (a) rhe-
nium heater assembly for 14 mm edge
length octahedron; (b) rhenium heater
assembly with LaCrO3 thermal insula-
tor for 7 mm edge length octahedron;
= 1mm —Tmm — M (c) LaCrOj heater assembly for 5.7 mm
edge length octahedron. The pyrophyl-
) lite gaskets used in these assemblies
[ ] mgo B Rnenium B Lacro, ===== Thermocouple (+) are trapezoidal plates. Detailed size

parameters are shown in Table |V.

[ zro, ] Ao, [ ] sample === Thermocouple (-)

|:| Cr,0,-doped MgO octahedron |:] high-temperature ceramic adhesive

assemblies with an octahedron edge length (OEL) of 7 or 5.7 mm.
Sample capsules can be placed on one side or both sides of the
thermocouple junction, depending on experimental requirements.

1. Kawai-type multi-anvil press
with a split-sphere-type guide block

The pressure calibration curves for the Kawai-type RTK-
WC1000 press are based on phase transitions of Bi, GaAs, GaP, Te,

SiO;, and Mg,SiOy4, and are shown in Fig. 15. The blue, orange,
purple, and green pressure curves are for Cr,O3-doped MgO octa-
hedra with octahedral edge length/truncated edge length ratios
(OEL/TEL) of 14/8 (using ZK10 anvils), 7/3 (using ZKO01 anvils),
7/3 (using FO5 anvils), and 5.7/1.5 (using ZKO01 anvils), respectively.
The gray curve for a 14/8 assembly labeled “Eq. (13)” is cali-
brated with CoO-doped MgO octahedra. The calibration curves are
given by

Matter Radiat. Extremes 11, 017803 (2026); doi: 10.1063/5.0289378
© Author(s) 2025

11, 017803-11

20°1G°€1 G202 JOGWBNON 92


https://pubs.aip.org/aip/mre

0 50 100 150 200 250 300 350 400 450 500
P., (Bar)

Poample = —9.811 + (16.241 + 9.811)[1 — exp ( - P,;/164.916) ],
(13)

Poampie = —0.292 + (33.993 +0.292)[1 - exp (~P,/581.277)], (14)
Poample = 4.052 + (25.095 — 4.052)[ 1 — exp (~P,;/140.729)], (15)

Poample = 4.678 + (27.723 — 4.678)[1 — exp (~P,1/163.180)], (16)

Poample = 11102 + (55.992 — 11.102)[1 — exp (~P,1/639.402)]
17)
(with Pggpple in GPa and P, in bars). Because the room-temperature
and high-temperature experiments in Fig. 15 were performed with
different octahedron materials, it is not possible to independently
assess the effect of temperature on the location of the calibration
curves.
The pressure calibration curves for the Kawai-type LPRU1500
press are shown in Fig. 16 and cover the phase transitions of Bi, Pb,
GaAs, GaP, Mg,S5i04, and AL, O3 solubility in bridgmanite. The blue

curve corresponds to an OEL/TEL ratio of 14/8 at room tempera-
ture. To account for the large uncertainty in the bridgmanite-derived
pressure data, the orange and green curves in Fig. 16 show cali-
brations with and without the bridgmanite-based high-temperature
data points, respectively. The corresponding equations are

Pample = —0.126 + (39.633 + 0.126) [1 — exp (~P,1/430.590)], (18)

Poample = ~11.512 + (23.767 + 11.512)[1 — exp (~P,;1/47.846)],
(19)

Poample = (1.71 £ 4.30) + (33.98 £ 5.92)
x {1 — exp [~Poi/(134.42 + 50.42)]} (20)

(with Pgmple in GPa and Py in bars). The high-temperature
forsterite-wadsleyite phase transition data points for the 14/8 assem-
bly are located to the right of the room-temperature calibration
curve (Fig. 16). However, as was the case in the calibrations shown
in Fig. 15, the high-temperature 14/8 experiments were performed
using a different octahedron composition to that used in the
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TABLE IV. Size parameters of trapezoidal pyrophyllite gasket plates.
Assembly Thickness Width Front Back
(OEL/TEL)" Gasket (mm) (mm) length (mm) length (mm)
14/8 Long 2.83 4.5 14 23
Short 2.83 4.5 10 19
713 Long 1.88 3 7 13
Short 1.88 3 4.33 10.33
Long 1.98 2 5.7 9.7
57115 Short 1.98 2 2.9 6.9
*OEL, octahedron edge length; TEL, truncated edge length.
Force (MN)
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Rw/Bg+Per(1600°C) FIG. 15. Pressure calibration curves for
GaP Semi-metal the Kawai-type RTK-WC1000 multi-anvil
20 [ Wd/Rw(1600°C) press. Different grades of anvils are used
for different TEL setups. Owing to the
© GaAs Semi-metal limited quality of the Te phase transition
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Bg Al,0,=14.87(+1.81) mol% FIG. 16. Pressure calibration curves
for the Kawai-type LPRU1500 press.
Bridgmanite (Bg) contains 12.80 + 2.15
mol. % Al,O; at 200 bars, and 14.87
+ 1.81 mol. % Al,O; at 250 bars in
the MgSiO3-Al,03 binary end-member

Bg Al,0,=12.80(+2.15) mol%
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g system. Equation (1) is used here to
o GaAs Semi-metal calculate the sample pressure: P(GPa)
£15 o Lo 1] = (140.6 + 10.7) - XAlLO3 + (9.7 £ 2.1).
o O OO 9 The GaP data are excluded in Eq. (20),
“Fo/Wd(1200°C) owing to the temperature effect at
10 | higher pressure. The phase transition
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low-temperature experiments. It is therefore not possible to ascribe Pyampie = —0.549 + (32.606 + 0.549)[1 — exp (—P,1/295.520)], (21)
this apparent shift in calibration curve to temperature. The high-

te@perature calibration curve for the 7/3 assembly [Eq. (2?))] lie?s Prampic = ~10.401 + (23.602 + 10.401)[1 — exp (~P,/75.881)],
slightly above the room-temperature curve [Eq. (19)]. Again, this (22)
effect is only seen at high pressure, consistent with previous compar-
isons between low-temperature and high-temperature calibration Peample = 0.982 + (25.906 — 0.982)[1 — exp (-P,;/71.884)], (23)
curves. 32

The pressure calibration curves for the Kawai-type LPRU2000 Poample = 9-674 + (40.199 — 9.674)[1 — exp (~P,/226.225)]  (24)

press are constructed using the phase transitions of Bi, Pb, ZnSe,
ZnS, GaAs, GaP, forsterite-wadsleyite, and wadsleyite-ringwoodite (with Pggpie in GPa and P,y in bars). There are insufficient data
phase transitions (Fig. 17) and are given by points to provide calibration curves for the 7/3 assembly with ZK01
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GaP Semi-metal FIG. 17. Pressure calibration curves

for the Kawai-type LPRU2000 press.
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GaAs Semi-metal tions and a GaP phase transition, which
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J<7ZnS Semi-metal from the fitting owing to uncertainties

~ZnSe Semi-metal regarding the temperature effect at high

pressure. The gray band in Eq. (22)

calibration curve indicates the uncer-

tainty propagated from the uncertain

Billl-v phase transition pressure of ZnS, which
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cubes, but for completeness we report the transition points that we
obtained (one at room temperature and two at high temperature).

2. Kawai-type multi-anvil press with an Osugi
(DIA)-type guide block

The pressure calibration curve for the Osugi-type LPRU1500
press is based on observations of the Bi, Pb, GaAs, and GaP phase
transitions (Fig. 18). Two curves are determined by an OEL/TEL
ratio of 14/8 and 7/3 with grade ZK10 and FO05 anvils, respectively,
and are given by

Pyample = —0.731 + (34.269 + 0.731)[1 — exp (~P,1/76.190)], (25)

Poample = —1.234 + (27.770 + 1.234)[1 — exp (-P,y/16.727)] (26)

(with Pggppre in GPa and P,;; in MPa).

V. DISCUSSION
A. Comparison between different devices

Directly comparing the pressure generation efficiency among
different cubic presses is challenging, owing to variations in cylinder
bore diameters, anvil top edge lengths, and cell assembly configura-
tions. Instead of performing complex mechanical calculations, here
we propose the cylinder bore area to anvil top area (CBA/ATA) ratio
as an empirical parameter for evaluating pressure generation effi-
ciency for cell assemblies without secondary anvils, which can be
used to predict the attainable sample pressure during press design
and optimization. The CBA/ATA ratio can be calculated by the
following equation:

D/2)*
CBA/ATA = M (27)
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FIG. 18. Pressure calibration curves for
Osugi-type LPRU1500 press.
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where D is the cylinder bore diameter in m and L is the anvil top edge
length in m. The pressure generation efficiency is inversely corre-
lated with the CBA/ATA ratio, which means that a cubic press with
lower CBA/ATA ratio requires a higher oil pressure to achieve the
same sample pressure (Fig. 19), yielding the following relationships
at 2.55 and 4.0 GPa, respectively:

P,;(MPa) = (62.2 + 1.9) — (0.205 + 0.011) (CBA/ATA), R* = 0.99,
(28)

P,y(MPa) = (91 + 12) — (0.27 = 0.07) (CBA/ATA), R* = 0.88.
(29)

For Kawai-type and Osugi-type multi-anvil presses, in princi-
ple, when the anvil material, truncation length, and assembly con-
figuration are identical, different multi-anvil presses should yield the
same loading force vs sample pressure curves. However, in practice,
differences in mechanical rigidity, frame deformation, alignment
precision, component wear, and friction between moving compo-
nents, as well as error propagation during unit conversion and
calculation often result in distinct loading force vs sample pressure
relationships among different multi-anvil presses.

Significant differences are observed between Kawai (split-
sphere)-type and Osugi (DIA)-type multi-anvil presses. The split-
sphere design generally exhibits a steeper loading force vs sam-
ple pressure curve. Notably, the Kawai-type MAP RTK-WC1000,
LPRU1500 and LPRU2000 presses display similar slopes of loading
force vs sample pressure relationships, demonstrating the repro-
ducibility attainable with a unified design and manufacturing pro-
cess [Fig. 20(a)]. The RTK-WC1000 press achieves slightly higher
sample pressures for a given applied force, reflecting differences
in press design and mechanical efficiency [Figs. 20(a)-20(c)]. By
comparison, the Osugi (DIA)-type press, with its substantially dif-
ferent geometry and compression style, needs more force than the
split-sphere type to obtain an identical sample pressure, as reflected
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FIG. 19. Correlations of cylinder bore area to anvil top area (CBA/ATA) ratio with
oil pressure at sample pressures of (a) 2.55 and (b) 4.0 GPa for cubic presses.
Shaded regions indicate the +1¢ confidence interval.

by its considerably lower slope of loading force vs sample pres-
sure curves [Figs. 20(a) and 20(b)]. From a geometric perspective,
to reach the same sample pressure, an Osugi-type press must sup-
ply v/3 (~1.732) times more loading force than a split-sphere-type
press.”"”* However, our calibration data indicate that for experimen-
tal setups using the 14/8 and 7/3 assemblies, the Osugi-type press
requires ~1.5-2.3 times the loading force of the Kawai-type press to
achieve the same sample pressure (Fig. 20). All the above factors and
observations complicate direct comparisons between presses. This
systematic variability reflects the impact of press design and force
transmission mechanisms on calibration curves, and highlights the
necessity of independent pressure calibration for each multi-anvil
press.

B. Unsuitable and imperfect pressure calibrants

In previous pressure calibration studies, the room-
temperature semiconductor-to-metal transition of ZnS and the
room-temperature phase transitions of ZnTe have also been utilized,
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FIG. 20. Voce-fitted curves between loading force and sample pressure.

in addition to the calibrants listed in Table III. However, previ-
ously reported transition pressures for ZnS show extremely large
variations from 12.2 to 25 GPa.”* ” In addition to the significant
overestimation of transition pressure in early studies caused by
the imperfect pressure scales before the ruby fluorescence pressure
scale was established and differences in pressure determination
methods, this wide range can be primarily attributed to two factors:
(i) the pressure-induced semiconductor-to-metal transition in ZnS
is highly sensitive to grain size, and uncontrolled or variable particle
sizes can introduce substantial errors in pressure determination”””*
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and (ii) significant hysteresis is associated with the phase transition
of ZnS at temperatures below 500 K.”> These issues together
indicate that ZnS may not suitable as a pressure calibrant at room
temperature. The phase transition pressure range of 12.2-15.5 GPa
used in Eq. (22) (Fig. 17) encompasses all newer values reported
since the 1990s (see supplementary material A).

Previous calibration studies usually interpreted a resistance
change observed around 6.6 GPa in ZnTe as a structural phase tran-
sition from phase I to phase I1.”"**"*?"'°" Actually, no transition
has been detected in this pressure range on the basis of X-ray diffrac-
tion (XRD) or Raman spectroscopy methods. The phase transitions
of ZnTe-I to ZnTe-II (zinc blende-type to cinnabar-type structure)
and ZnTe-II to ZnTe-III (cinnabar-type to Cmcm-type phase) occur
over broad pressure ranges of 9-and 10.7-13 GPa, respectively.'”
This oft-cited resistance anomaly is related to a deep-to-shallow
transition of acceptor levels, rather than a structural phase tran-
sition.'”” Although ZnTe exhibits a notable U-shaped resistivity
change around 5-7 GPa, this transition does not show a sharp turn-
ing point,'’ and a similar pattern of variation of resistivity was not
observed in measurements by Cui et al.'”® In addition, the resis-
tance changes occasionally significantly lag behind or precede the
structural phase transitions for both ZnTe-I to ZnTe-II and ZnTe-

RESEARCH ARTICLE pubs.aip.org/aip/mre

calibrant. Instead, the zinc blende to rock salt structural transition of
ZnSe is recommended for pressure calibration at 13.3 GPa, owing to
the associated abrupt drop in resistance and the consistent transition
pressure reported in the literature.”'"

The pressure dependence of the aluminum concentration in
bridgmanite coexisting with corundum has recently been used
to calibrate pressures above 26.5 GPa in multi-anvil presses.””"’
However, the term “solubility of Al,O3 in bridgmanite” in the
original papers can be ambiguous.””'""'"® Here, we clarify that
it refers specifically to the mole fraction of Al,O3 in bridgman-
ite within the MgSiO3-ALO3 binary end-member system [i.e.,
MgSiO3(1-x)—Al2O3(x)] when in equilibrium with corundum phase.

We have reevaluated all published data’'”""'" and have
established a correlation for the Al,O3 mole percent (i.e., ALLOs
mol. %, defined as xALOs x 100) in bridgmanite within the
MgSiO3-Al, O3 binary end-member system as a function of pres-
sure (26.6-51.8 GPa) and temperature (1673-3000 K), yielding the
following relationship:

ALOs(mol. % ) = (0.675 + 0.047)P(GPa)
+(0.016 19 = 0.000 81) T(K)

- 2
11 to ZnTe-IIL.'% Therefore, ZnTe is of limited utility as a pressure -(37.9+26), R =093 (30)
TABLE V. Mechanical properties of WC anvils used in this study.
Rockwell Vickers hardness Vickers hardness Young’s
Grade hardness HRA HV (kgf/mmz) HV (GPa)* modulus (GPa)
ZK20A" 92.5° 1670° 16.4
INES 91.5° 1550¢ 15.2
GF35H' 91.2° 1520° 14.9
b 93.0° 1730° 17
ZK10 93.0¢ 1800° 17.7
. 93.5° 1820 17.8
ZKo1 93.5° 1900° 18.6
95.5' 2350’ 23 600’
. 1 2]\
24.1 618 =
FO5" 600
s 2200" 21.6 610"
95.1" 2140° 21
95.0° 2400° 23.5

*HV(GPa) = HV (kgf/mm?) x 0.009 806 65.
®Manufacturer: Heyuan Zhengxin Hardmetal Carbide Co., Ltd.
“Data from manufacturer’s product manual.

dThe HV value is derived from the conversion tables provided in DIN 50150:2000-10. For HRA values higher than 93.2,
the corresponding HV value was estimated by extrapolation from the conversion table using the relationship HV (kgf/mm?)

=200xHRA-16880.

“Manufacturer: Jinan Metallurgical Science Research Institute Co., Ltd.

‘Manufacturer: Luoyang Golden Egret Geotools Co., Ltd.
$Data from Ref. 39.

b Manufacturer: Fuji Die Co., Ltd.

iData from C006-3-23 (C-209CH) product manual.
IData from Ref. 112.

Data obtained by strain gauge method from Ref. 112.
!Data obtained by ultrasonic method from Ref. 112.

" Data from Ref. 33.

"Data from J006-17-22 (C-209) product manual.
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This method requires careful control of starting materials, such
as using reactive glass and adjusting compositions for limited bridg-
manite grain growth. Further development of pressure calibrants
above 26.5 GPa is needed for better constraints. Our run prod-
ucts show that the A, O; content in bridgmanite varies with grain
size (Fig. 3), with a systematic decrease in aluminum as the grain
size increases, likely due to sluggish intergranular diffusion or local
disequilibrium. Brightness differences in BSE images exclude con-
tamination from corundum during electron probe microanalysis
(Fig. 3). For pressure calculations, we used compositions from the
smallest, most equilibrium-like grains (<3 ym), which generally have
comparably high Al,Os; contents, suggesting that our calculated
pressures might be still underestimated.

VI. RECOMMENDATIONS FOR FUTURE EXPERIMENTS

Pressure calibration experiments on the large-volume presses
at HPSTAR were conducted using a range of tungsten carbide anvil
grades, including ZK20A, JN8, GF35H, ZK10, ZKO1F, and F05, the
hardness data for which are presented in Table V. These grades dif-
fer in mechanical properties such as hardness and Young’s modulus.
Even minor variations in anvil hardness can cause significant dif-
ferences in the pressures generated for Kawai-type and Osugi-type
multi-anvil presses,””''” leading to notable uncertainties. Accord-
ingly, we strongly recommend that the equations presented above
be applied only with the specific anvil grade for which they were
developed.

Magnesium oxide (MgO) octahedra doped with 5 wt. % Cr,Os
(brown in color) were used for most of the pressure calibrations of
the HPSTAR LVPs. Two other types of octahedra, pure MgO (white)
and MgO doped with CoO (pink), are increasingly being adopted in
different laboratories. While the limited data from this study indi-
cate slightly lower pressure generation with the CoO-doped MgO
octahedron, this is insufficient to clarify the detailed differences
in performance among the three types. Therefore, we recommend
avoiding their mixed use. Further studies are needed to evaluate the
effects of different octahedron compositions on pressure generation.

Any changes to the materials used in a given assembly can
influence pressure generation,”"'” including variations in spacer
and sleeve materials, each of which possesses distinct thermal
and mechanical properties. For instance, sintered aluminum oxide
(AL,O3) is sometimes used as a substitute for MgO in sleeves;
however, the significant difference in bulk modulus between these
materials may lead to variations in the pressure applied to samples
in an LVP.””'"* Additionally, the width of the pyrophyllite gaskets
and their hydration state, whether fully or partially dehydroxy-
lated, can also affect the pressure generated on the sample.'' "'
We therefore recommend using the assembly configurations given
by Eqgs. (13)-(26) exclusively with such gaskets to avoid significant
deviations from the pressure calibration curves established in this
study.

VIil. CONCLUSION

We have established pressure calibration curves for nine LVPs
at HPSTAR, encompassing piston—cylinder, cubic, and multi-anvil
presses. By utilizing a range of well-characterized phase transitions
and an empirical viscoplastic equation, we have achieved consistent

RESEARCH ARTICLE pubs.aip.org/aip/mre

and precise correlations between oil pressure and sample pressure.
Our results have also revealed the factors that potentially influence
calibration precision, including anvil properties, pressure transmis-
sion medium, and assembly design. This work thus provides a
foundational reference for high-pressure experiments using LVPs
at HPSTAR and offers practical guidance for similar experimental
setups elsewhere, thereby enabling more consistent comparison of
experimental results between different laboratories. This supports
reproducible studies under extreme conditions relevant to Earth and
planetary sciences, as well as advanced materials research.

SUPPLEMENTARY MATERIAL

Supplementary material A provides a compilation of published
phase transition pressure data for the pressure markers used in this
study. Supplementary material B details the procedures for data
fitting with the Voce equation using Origin or OriginPro software.
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