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In-situ ultrasonic calibrations of pressure and temperature in a
hinge-type double-stage cubic large volume press

Qingze Li(ZH ), Xiping Chen([%=F), Lei Xie(#H),
Tiexin Han(#%k%), Jiacheng Sun(#/32f%), and Leiming Fang(}5 M)

Key Laboratory for Neutron Physics, Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621900, China

(Received 2 November 2021; revised manuscript received 27 December 2021; accepted manuscript online 7 January 2022)

Here, simultaneous in-situ calibration of pressures and temperatures was performed in a hinge-type second-stage cubic
large volume press (LVP) up to 15 GPa and 1400 K by an acoustic travel-time approach. Based on the recently reported
P—tg and P-T—tp—tg equations for Al,O3 buffer rod, the cell pressures and temperatures in the chamber of LVP were in-
situ determined, in comparison with those by conventional off-line (or fixed-points) pressure calibration method and direct
thermocouple measurement, respectively. It is found that the cell pressures of the LVP chamber are significantly reduced
after annealing at simultaneous high pressures and high temperatures, owing to the stress relaxation as accumulate in the
LVP chamber. This acoustic travel-time method is verified to be a good way for precise determination of thermal (cell)
pressures at high temperature conditions, and is of great importance and necessity to conduct in-situ physical property
measurements under extreme high P-T conditions, especially when the precious synchrotron x-ray/neutron diffraction

beams are not available.

Keywords: cubic press, simultaneous in-situ calibration of pressures and temperatures, acoustic travel-time,

high pressure and high temperature
PACS: 07.35.+k, 91.60.Gf, 91.60.Lj, 43.35.Yb

1. Introduction

Pressure (P) and temperature (7") are important thermo-
dynamic parameters to modulate structures or physical prop-
erties of materials and provide new insights into the nature of
matter under extreme P-T conditions.!"2! To date, large vol-
ume press (LVP) has been widely used in industrial applica-
tions and scientific research owing to their unique advantages
such as large sample volume, precise high-temperature con-

[3-9T However, only few LVP are installed at

trol, and low costs.
synchrotron/neutron sources beamline stations, i.e., beamline-
based LVP, and the corresponding cell pressures can be in-situ
determined by using the equation-of-state (EOS) of pressure
markers, such as Au, Pt, MgO, and NaCl.[10-13]

In terms of in-house (laboratory setup) LVP, the LVP cell
pressures are usually off-line calibrated at room temperature
as a function of ram load, which inevitably yields relatively
large errors especially for the simultaneous high P-T calibra-
tions. Cell pressures at room temperature are usually cali-
brated by the electrical resistance method, based on the well-
known fixed-points phase transition of some typical materials
upon compression (e.g., Bi, Tl, Ba, ZnTe, and ZnS).[5’8’14’15]
By contrast, the cell pressures at high temperatures are usu-
ally calibrated by the recovered minerals/material subjected to
olivine-to-wadsleyite or quartz-to-coesite phase transitions at
high pressure and high temperature, which are usually iden-
tified using x-ray diffraction measurements and/or scanning

16,171 or by the melt-

18]

electron imaging (SEM) observations,|
ing curve of metals (i.e., Cu and Al) at high pressure.!

fCorresponding author. E-mail: fimyaya2008@ 163.com
© 2022 Chinese Physical Society and IOP Publishing Ltd
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For conventional/off-line pressure calibration methods, how-
ever, the high-pressure cell assembly is needed to put pres-
sure marks/materials, so those methods are not suitable to de-
termine cell pressures at simultaneous high-temperature and
high-pressure conditions. As a result, those traditional off-
line pressure calibration methods are not suitable or precise
enough for in-situ physical property measurements (i.e., elec-
trical resistivity measurements, and ultrasonic measurements),
owing to relatively larger errors in the calibrated cell pres-
sures at simultaneous high-pressure and high-temperature con-
ditions. Thus, precise calibrations of cell pressures and/or
temperatures are of necessity and importance for carrying out
high-pressure and/or high-temperature experiments when syn-
chrotron x-ray/neutron diffraction beams are not available.
Recently, new methods for in-situ pressure calibration
by using an acoustic travel-time approach have been further
developed by some groups. Wang et al.!!! firstly reported
that the shear wave travel-times of Al,O3 buffer rod can be
utilized for in-situ determination of pressures and tempera-
tures in a LVP chamber up to 15 GPa and 900 °C. Higo et
al.’?%! and Song et al.! have also performed the cell pres-
sure calibration in a large volume press by calibrating the
travel-times of Al,O3 buffer rod at pressures up to 12 GPa
and room temperature. The previous results from acoustic-
calibration method are in good agreement with those by fixed-
points room-temperature pressure calibration results. On the
other hand, temperatures in LVP are usually directly mea-
sured by using thermocouples (e.g., PtosRhg/Pt;9Rh3p, and

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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W3Reg7/WjsReys). During LVP-based high P-T experiments,
an additional electromotive force (EMF) can be induced by
many factors such as pressures, and thermocouple position,
resulting in inaccuracy of measurements.!!! In this method,
thermocouples are usually placed on the surface of tungsten
carbide anvils to reduce the deformation upon compression,
but still have a risk to breakdown the thermocouples at high
pressure, and should destroy the integrity of the heater and
chamber when the thermocouple was placed on the cell as-
sembly.

The hinge-type cubic large volume press, also called
China-type cubic large volume press, as a type of important
high-pressure device, has been widely used in industrial syn-
thesis and high pressure scientific research both in China and
world.[>8] On the basis of the previous study on the ultra-
sonic travel-time of polycrystalline Al,O3z versus pressures
and temperatures,!'”l we have performed simultaneous in-

situ calibration of pressures and temperatures in the hinge-

type second-stage cubic large volume press up to 15 GPa and
1400 K. The pressures and temperatures in a LVP chamber are
in-situ and simultaneous determined to be independent of syn-
chrotron x-ray/neutron diffraction beams, as compared with
those by conventional/offline pressure calibration method and
direct thermocouple measurements, respectively. The precise
calibration of pressures at variously high temperatures in a
LVP is reported.

2. Experimental methods

High pressure ultrasonic measurement experiments were
conducted in a newly designed hinge-type cubic large volume
press (6 x 14 MN) with second-stage, which was installed at
the high-pressure laboratory of China Mianyang Research Re-
actor (CMRR) neutron scattering facility, China Academy of
Engineering Physics.!?>2] The schematic experimental setup
for the newly designed hinge-type cubic LVP, and the high-
pressure ultrasonic measurement system is shown in Fig. 1.

=

nm

The second-stage assembly

The first-stage assembly

Chl Trigger
()
—C 2,
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Fig. 1. The schematic experimental setup for the hinge-type cubic LVP-based high pressure ultrasonic measurement system.

The corresponding cell assemblies for the current LVP-
based ultrasonic measurement at high P and high/room T are
shown in Fig. 2. The 14/8 cell assembly, an MgO octahe-
dron with the edge length of 14 mm as a pressure medium
and eight cubic WC anvils with the truncation edge length
of 8 mm as the second-stage anvils, is used. A high-density
double-side polished of polycrystalline Al,O3 and WC are
served as acoustic buffer rod and the sample respectively. For
simultaneously high P-T ultrasonic measurements, the sam-
ple is usually surrounded by a mixture of NaCl and hexago-

nal boron nitride (h-BN) (4:1 by weight), which can provide

a quasi-hydrostatic pressure environment around the sample.
The quasi-hydrostatic environment of the cell has been verified
in previous h-AIN compression experiments.>3! A gold foil
with 2 pwm thickness is inserted between the buffer rod and the
sample to enhance their mechanical coupling. In terms of high
temperature experiments, a rhenium foil with 50 um thick-
ness is used as a furnace/heater to generate high temperatures.
A W3Reg7;—-W»rsRes thermocouple is placed near the sample
side for direct measurements of the cell temperatures. The
acoustic signals are excited by a dual mode LiNbOj3 transducer

(10-degree Y-cut), serving as both a transmitter and receiver,
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which is mounted on the back corner of one WC cube. Dur-
ing the current ultrasonic measurements, the compressional
(P) and shear (S) wave travel-times are derived by using the
pulse echo overlap (PEO) technique,”’! and the travel-times
inside the Al,O3 buffer rod and the sample were obtained by
overlapping the echoes reflected from the anvil and the buffer

rod with a precision better than 0.2%.[28-30]

Input
Signal

Transducer Transducer

D WC Anvil |:| ZrOs I:l Sample
- Buffer road - NaCl+BN - Pyrophyllite

Fig. 2. Schematic cross-section cell assemblies for the current LVP-
based ultrasonic measurements at (a) high-P and room 7'; (b) and at the
simultaneous HP and HT conditions.

3. Results and discussion

In this experiment, we have performed five heating-
cooling cycles at ram loads up to 3.46 MN and temperatures
up to 1400 K. In the current high P-T acoustic experiments,
all the data are collected along cooling during decompres-
sion. The as-measured sample is annealed at the peak pres-
sures and temperatures for several minutes to release nonhy-
drostatic stress accumulated in the sample upon compression.
Figure 3 shows the typical acoustic echoes at the peak pressure
and temperature of ~ 15 GPa and ~ 1400 K from the current
LVP-based ultrasonic measurements at high pressure and high
temperature. The high signal-to-noise ratio and the clear sepa-
ration of reflections from the buffer rod and the sample ensure
a precise determination of travel-times of the sample.

20 ~15 GPa and ~1400 K
16} Anvil
1oL Anvil Sample
S 8f I Sample
E L |
[
T oo # K
=
N
< —8r
12 Buffer rod Buffer rod
_16F P wave S wave
-— —_—
2067 T8 9 10 1l 12 13 14 15
Time (us)

Fig. 3. Typical acoustic echoes of the interfaces between the WC anvil,
Al, O3 buffer rod, and a typical WC sample at ~ 15 GPa and ~ 1400 K.

3.1. In-situ calibration of pressures at room temperature

As shown in Table 1, the shear waves travel-times (fg)
for Al,O3 buffer rod at different ram loads from the ultrasonic
measurements at high pressure and room temperature (runs 1
and 2) are summarized. The cell pressures as a function of ram
loads can be derived, based on the previously reported P—fg re-
lation of Al,O3 buffer rod[!*]

P(GPa) = 249.7(7) x (1 —ts /ts0), (1)

where fg and tgo are the S wave travel-times at high pressure
and zero pressure, respectively. fgo is derived from a least
square fit of fg in this study. Although the Al,O3 buffer rod
is not located at the center of the high P-T cell assembly
which may cause nonnegligible nonhydrostatic stress accumu-
lated in the buffer rod, by using the current acoustic pressure—
temperature calibration method, the accumulated stress in the
buffer rod will have no effect on the calibrated pressure and
temperature results. Because we have used the same high P-T
cell assembly as Wang et al.,l'! where the P—t5 and P-T—tp—
ts equations are derived based on the measured travel-times for
Al,O3 buffer rod, and the cell pressures from the synchrotron
x-ray diffraction date of pressure markers for NaCl or Au (lo-
cated at the center of the chamber). Details can be found else-
where in Ref. [19].

Table 1. Shear wave travel-times of Al,O3 buffer rod at various ram
loads from the current high-pressure ultrasonic measurements for runs
1 and 2.

Run 1 Run 2

F (MN) 2tg (ps) F (MN) 2ts (us)
0.0 1.2256(2) 0.0 1.2460(2)
0.43 1.2130(2) 0.69 1.2256(2)
0.98 1.1960(2) 0.97 1.2162(2)
1.21 1.1886(2) 1.66 1.1998(2)
1.48 1.1828(2) 1.94 1.1948(2)
1.69 1.1772(2) 2.22 1.1888(2)
1.94 1.1732(2) 2.59 1.1838(2)
2.19 1.1692(2) 2.77 1.1812(2)
2.49 1.1634(2) 3.05 1.1774(2)
2.77 1.1604(2) 3.39 1.1736(2)
2.94 1.1578(2) 3.60 1.1716(2)
3.19 1.1554(2) 3.88 1.1688(2)
3.46 1.1528(2)

For comparison, the corresponding room temperature cell
pressures are also calibrated by using the well-known phase
transition of some typical materials (e.g., Bi: I-II at 2.55 GPa;
ZnTe: I-II at 5 GPa, II-III at 9-9.5 GPa, semi/metal at 11.5—
13 GPa; ZnS: semi/metal at 15.6 GPa), i.e., fixed-point pres-
sure calibration method. For good understanding, the cell
pressures as determined by our measured shear wave travel-
times for Al,O3 buffer rod are plotted as a function of ram
load in Fig. 4, as compared with those by the conventional
off-line pressure calibration method. It can be seen, the cell
pressures as in-situ determined from the acoustic travel-time
method are in good agreement with those by the conventional
fixed-point method within mutual uncertainties.
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Fig. 4. In-situ ultrasonic calibration of pressures at room temperature in

a hinge-type LVP, the gray line is a guide to the eye.

3.2. In-situ calibrations of temperatures and pressures

As reported in Ref. [19], the cell pressure and tempera-
ture can both be determined by P and S wave travel-times (¢p
and zg), profit from the P and S waves can be measured simul-
taneously by the state-of-the-art ultrasonic measurement tech-
nique, and the P—tp—ts and T—tp—ts equations can be expressed
as

P(GPa) = 2454 (:|:3.4) X (1 —ts/ts())
+402.7(2.1) x (1 —tp/tpy), )

T (K) = 300 —44278.2 (+353.6) x (1 — 15 /1s0)
+36496.0(+2.1) x (1 —1p/tpo), 3)

where fg /1p is the measured S/P wave travel-time at high pres-
sure, and 5o /fpg is at zero pressure. Since both P and S waves
are simultaneously measured in the current study, and the in-
trinsic difference between P and S waves in their respective
pressure and temperature dependences warrants a unique so-
lution for pressure and temperature. The measured fs/tp and
the determined pressure and temperature at various high P-T
are summarized in Table 2. For comparison, temperatures di-
rectly measured by thermocouples are also included. g9 and
tpp were derived from a least square fit of s and #p at high
pressure of various ram load and the temperature annealing
to ambient, and yield to 0.6882 pus and 1.1806 us, respec-
tively. What is noteworthy is that, in some cases, the buffer
rod may experience plastic deformation if the stress exceeds
the yield strength of polycrystalline Al,O3 during heating to
the peak pressure and temperature conditions of the experi-
ment in the first heating cycle. However, if the subsequent
heating along decompression is not above the peak tempera-
ture, the cell assembly is expected to experience only elastic
deformation, thus the results of pressure and temperature cali-
bration are also believable.

Table 2. Summary of acoustic travel-times (tp and fs ), ram load, electric power, temperatures, and pressures as calibrated by acoustic travel-time

method and direct thermocouple measurements.

F (MN) Power (W) tp (1) s (1s) T2 (K) T e PS viie (GPa)
3.46 500 0.6692(2) 1.1858(2) 1358 1390 11.8(2)
3.46 450 0.6680(2) 1.1770(2) 1182 1197 11.2(2)
3.46 400 0.6662(2) 1.1684(2) 1048 1061 10.9(2)
3.46 300 0.6634(2) 1.1580(2) 806 813 10.4(2)
3.46 200 0.6610(2) 1.1488(2) 603 609 9.9(2)
3.46 0.6576(2) 1.1376(2) 300 300 9.2(2)
277 500 0.6720(2) 1.1892(2) 1364 1407 11.2(2)
277 450 0.6702(2) 1.1810(2) 1197 1225 10.6(2)
277 400 0.6686(2) 1.1730(2) 1061 1064 10.02)
2.77 300 0.6660(2) 1.1608(2) 813 821 9.8(2)
277 200 0.6636(2) 1.1532(2) 609 619 9.12)
2.77 0.6601(2) 1.1402(2) 300 300 8.7(2)
2.08 500 0.6754(2) 1.1942(2) 1375 1420 10.3(2)
2.08 450 0.6738(2) 1.1858(2) 1224 1246 9.8(2)
2.08 400 0.6722(2) 1.1786(2) 1064 1081 9.1(2)
2.08 300 0.6694(2) 1.1656(2) 829 837 9.02)
2.08 200 0.6672(2) 1.1582(2) 621 629 8.2(2)
2.08 0.6634(2) 1.1446(2) 300 300 7.7(2)
1.38 450 0.6782(2) 1.1926(2) 1244 1261 8.6(2)
1.38 400 0.6760(2) 1.1848(2) 1098 1110 8.2(2)
1.38 300 0.6734(2) 1.1724(2) 842 856 7.9(2)
1.38 200 0.6708(2) 1.1640(2) 631 633 7.102)
1.38 0.6668(2) 1.1506(2) 300 300 6.4(2)
0.69 450 0.6908(2) 1.2104(2) 1268 1290 5.0(2)
0.69 400 0.6892(2) 1.2042(2) 1120 1139 4.6(2)
0.69 300 0.6860(2) 1.1928(2) 864 885 42(2)
0.69 200 0.6828(2) 1.1824(2) 655 668 3.8(2)
0.69 0.6780(2) 1.1654(2) 300 300 3.5(2)

2The temperatures were measured directly by thermocouple.

®The temperatures were determined by acoustic travel-time method.

“The pressures were determined by acoustic travel-time method.
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To further confirm the validation of acoustic high P-T
calibration approach, the temperatures versus powers at differ-
ent ram load are plotted in Fig. 5(a), as compared with those by
direct thermocouple measurements. Obviously, the tempera-
tures obtained from the acoustic travel-time approach are gen-
erally consistent with those by direct thermocouple measure-
ments. However, the temperatures measured by thermocou-
ples are slightly lower than those calibrated by acoustic travel-
time method, especially at high temperature region. This dis-
crepancy may be due to the effects of pressure and temperature
on the electromotive force (EMF) when performing direct tem-
perature measurements by using thermocouples. This behav-
ior has been reported where the difference between the nomi-
nal and real temperatures was ~ 29 K at 16 GPa and 1173 K,
and this difference will become much more pronounced at
higher temperatures and pressures. 311

To clarify the effects of various pressures on temperatures
at a certain electric power, various temperatures as a function
of ram loads at electric powers of 300 W and 450 W are shown
in Fig. 5(b), which is in situ calibrated by acoustic travel-time
approach. It is easy to see that the pressure effects on the tem-
perature cannot be ignored, due to the cell assembly/heater is
deformation and shrink during the compression. The tempera-
tures are ~ 20 °C/MN drops when the ram loads increase from
0.5 MN to 3.5 MN.

1600

(a)
1400F * Tacoustic /
v Tre /'

< 1200~ P~ curve (0.69 MN) A
~ P—T curve (2.08 MN)

® — P—T curve (3.46 MN)

2 1000f

[}

g

2 800F

8

= 600}

4001
0 100

300 400 500 600
Power (W)

200
1320
1280t
1240t

1200t
1160

(b) 450 W

300 W
880

Temperature (K)

840
Thacoustic
Trc

0.5 1.0

800

1.5 2.0 25 3.0 3.5
Load (MN)

Fig. 5. (a) Temperatures versus powers at various load. (b) Pressure ef-
fect on the temperature as calibrated by acoustic travel-time approach,
in comparison with those by direct thermocouple measurements.

To know deeply about stress accumulated in high-
pressure cell assembly during cold compression, the in-situ

calibration of cell pressures before- and after-annealing are
plotted in Fig. 6(a) for comparison. It is found that the cell
pressure drops about 30% (from ~ 14 GPa to ~ 10 GPa) at the
same load of 3.5 MN just after annealing at ~ 1400 K, owing
to the stress relaxation at high temperature. In order to further
know how temperature affects the cell pressures after anneal-
ing in the LVP-based high P-T experiments, the cell pressures
are plotted as a function of temperature and load in Fig. 6(b).
It finds that the cell pressures show an increase of ~ 0.2 GPa
with the increase of temperatures by 100 K after annealing. To
conclude, at a certain load, the cell assembly up to a maximum
pressure before annealing at maximum temperature, and then
the pressure will decrease with the temperature anneal, and
the pressure reach a minimum when the temperature anneal to
ambient.

16

(a)
14f

—_ —
[e=] [ V)
T T

Cell pressure (GPa)
o

2F ¥ Pressure after annealing
B Pressure at room temperature
1 1

00 05 1.0 15 20 25 3.0 3.5

Load (MN)

Cell pressure (GPa)

= Ot O 3 o ©

%600 1400 1200 1000 800 600 400 200
Temperature (K)

Fig. 6. (a) Ambient-temperature cell pressures versus load after an-
nealing, as compared with those before heating; (b) cell pressures as a
function of temperature and load.

Based on the current ultrasonic travel-time calibrations
of P-T results, an empirical formula to determining the cell
pressures (P) by a two-dimensional temperature—load (T-F)

can be yielded,
P (GPa) =5.60 x F —0.80 x F?40.002 x (T —300), (4)

where F' is the load in MN, and 7 is the temperature in K.
The obtained empirical formula is helpful to understand
the rear pressure of the cell assembly in LVP high P-T ex-
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periments. Indeed, this empirical formula cannot be com-
monly used in all cell assembly, because the formula should be
changed by the change of cell assembly materials and P-T ex-
periment region. However, its significance is to know how the
cell pressure changes and in-situ determine the pressure and
temperature in LVP high P-T experiments by acoustic travel-

time method.

4. Conclusion

In this study, ultrasonic interferometry measurement sys-
tem has been performed into a hinge-type second-stage cubic
large volume press (LVP), in order to in-situ simultaneous
calibration of pressures and temperatures up to 15 GPa and
1400 K by using acoustic travel-time approach. The results
show that the acoustic travel-time in-sifu pressure-calibration
approach is much more convenient and reliable and can be
used for both room-temperature pressure calibration and si-
multaneous high P-T calibration, and the calibrated temper-
atures by acoustic travel-time approach agree well with those
by direct thermocouple measurements. An empirical formula
for pressure is presented to understand the rear pressure of
the cell assembly in LVP high P-T experiments. The signif-
icance of acoustic travel-time P-T calibration approach is to
know how the cell pressure changes and in-sitfu determine the
pressure and temperature in LVP high P-T experiments. This
method can be conducted in-situ physical property measure-
ments under extreme high P-T environments and can be used
in different type of LVP, especially when the rare synchrotron
x-ray/neutron diffraction beams are not available.
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