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Deformation can change the transition pathway of materials under high pressure, thus significantly affects physical
and chemical properties of matters. However, accurate pressure calibration under deformation is challenging and thereby
causes relatively large pressure uncertainties in deformation experiments, resulting in the synthesis of complex multiphase
materials. Here, pressure generations of three types of deformation assemblies were well calibrated in a Walker-type large-
volume press (LVP) by electrical resistance measurements combined with finite element simulations (FESs). Hard Al,O3
or diamond pistons in shear and uniaxial deformation assemblies significantly increase the efficiency of pressure generation
compared with the conventional quasi-hydrostatic assembly. The uniaxial deformation assembly using flat diamond pistons
possesses the highest efficiency in these deformation assemblies. This finding is further confirmed by stress distribution
analysis based on FESs. With this deformation assembly, we found shear can effectively promote the transformation of
Cgp into diamond under high pressure and realized the synthesis of phase-pure diamond at relatively moderate pressure and
temperature conditions. The present developed techniques will help improve pressure efficiencies in LVP and explore the
new physical and chemical properties of materials under deformation in both science and technology.

Keywords: shear/uniaxial deformation, pressure calibration, finite element simulations, large-volume press,

high pressure
PACS: 81.40.Lm, 07.35.+k, 62.50.—p, 81.40.Vw

1. Introduction

Deformation such as shear and uniaxial compressions can
change transition pathway of materials under high pressure,
thus significantly affecting the physical and chemical prop-
erties of materials.!'>! A typical example is fullerenes and
graphite are extremely stable under hydrostatic pressure at
room temperature, but could transform into diamond when
large shear stress was applied. "> Study on the transformation
of minerals under high pressure with shear deformation also
helps understanding of mineral rheology and thereby mass
transport processes of the Earth’s interior.[67]

Deformation at high pressure has been realized in non-
hydrostatic devices such as the rotational diamond anvil cell,
Rotational-Drickamer, and D-DIA apparatus.®-1? Tt can also
be generated via a simple shear geometry in an octahedral as-
sembly in the most common and user-friendly Kawai-type and
Walker-type large-volume press (LVP), which are used to cre-
ate hydrostatic pressures. Precise pressure generation upon
deformation can only be conducted in those apparatus when
combined with in-sifu synchrotron radiation or acoustic travel-
time method.['>!%l Most deformation experiments under high
pressure for in-house laboratories are generally based on pres-
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sure calibrations derived from those under quasi-hydrostatic

(15,161 Consequently, the effect of deformation on

conditions.
pressure generation is often ignored for in-house LVP exper-
iments. This oversight leads to relatively large pressure un-
certainties in high-pressure in-house deformation experiments,
thereby always resulting in the synthesis of complex multi-
phase materials. It also keeps unclear about pressure gener-
ation owing to applied different stress distributions in differ-
ent types of deformation. Therefore, it hinders us to precisely
study the variations of physical and rheological properties of
materials such as phase transition, creep strength, and crystal-
lographic preferred orientation induced by deformation at high
pressures. [6-7:15-221

In this study, pressure generations under a simple shear
and uniaxial deformation were conducted in a Walker-type
LVP by using the Al,Os/diamond pistons coated with cop-
per/molybdenum thin films. The electrical conductance of the
hard pistons in these assemblies enables the detection of resis-
tance discontinuities associated with pressure standard phase
transitions. As a result, we can investigate the efficiency of
three types of deformation cell assemblies upon compression
in LVP. Finite element simulations (FESs) were further em-
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ployed to analyze the stress distribution within these deforma-
tion cell assemblies, thereby constraining pressure behavior in
the LVP. Finally, the effect of deformation on phase transi-
tion from Cg to diamond is discussed based on our developed
techniques.

2. Experiment methods

In our study, high pressure experiments were conducted
using tungsten carbide (WC) anvils in the JLUHC-1000
Walker-type LVP with a maximum load of 10 MN. More
detailed information of this LVP can refer to our previous
study.[>3] Eight inner second-stage WC anvils produced by
Chengdu Jinwu Hardsteel Carbide Co. LTD., specifically
named HXR, were used for generating high pressure. These
anvils have an edge length of 25.4 mm and a truncated edge
length (TEL) of 5 mm. The Vickers hardness of these anvils
is about 18.3 GPa (see Fig. S1(a) of supporting information).
Semi-sintered CoO-doped (10 wt%) MgO octahedron (Vick-
ers hardness: 0.6 GPa) was used as the pressure medium. Ma-
terials of molybdenum (Mo) and hard Al,O3z/diamond were
used as the pistons for quasi-hydrostatic and deformation high-
pressure assembly, respectively.

(a) (b)

1 mm 1 mm

Quasi-hydrostatic pressure calibration experiments were
conducted by using a conventional 10/5 assembly equipped
with Mo rods as electrodes. The Vickers hardness of the Mo
rods is 3.2 GPa, as shown in Fig. S1(b) of the supporting in-
formation, which is not much different from that of the CoO-
doped MgO pressure medium (Fig. 1(a)). Samples with a
height of ~ 1 mm were loaded into the cell and placed be-
tween the upper and lower Mo electrodes. For the shear defor-
mation assemblies (SDAs) used in pressure calibration, dense
Al,O3 or diamond rods were employed as pistons. Their Vick-
ers hardness values are approximately 14.1 GPa and 128 GPa,
respectively (Figs. S1(b)-S1(d)), which are much harder than
the MgO pressure medium. Shear deformation under com-
pression is induced by adopting 45° slanted Al,O3 and dia-
mond as pistons, the schematic diagram is shown in Fig. 1(b).
Additionally, flat diamond pistons with a height of 1.0 mm
were adopted as the pistons in the uniaxial deformation assem-
bly (UDA) (Fig. 1(c)). Pressures generated using these newly
designed assemblies are compared by detecting the electrical
resistance changes associated with the I-II (6.6 GPa), II-1II
(8.9 GPa), and III-IV (12.9 GPa) phase transitions of ZnTe
and semiconductor—-metal transitions of ZnS (15.6 GPa).

(c)
= MgO (10% CoO)
I — Diamond/Al,O3
mm Diamond
— Mo

mm Sample

1 mm

Fig. 1. Schematic diagram of conventional quasi-hydrostatic assembly (QHA) with Mo rods (a), shear deformation assemblies with 45° slanted
Al>O3/diamond pistons (b), and uniaxial deformation assembly with flat diamond pistons (c).

@ (b)

Diamond
|

Fig. 2. Micrographs of Cu plated on a silicon sheet, which is correspond-
ing to the thickness of Cu plated on Al,O3/diamond pistons (a). 45° slanted
Al,O3/diamond and flat diamond pistons before and after coating metal thin
films (b).

To realize the resistance measurement of pressure stan-
dards in the deformation assemblies, thin Cu or Mo films
were deposited on the entire surfaces of the hard alumina and
diamond pistons by using the magnetron sputtering method.
The sputtering power, time, and heating temperature are about
100 W, 10 min, and 600 K respectively. During the deposition
process, a silicon sheet was placed together with the Al,O3
and diamond pistons. This allowed us to directly observe the
thickness of the Cu or Mo thin film on the silicon sheet, which

was identical to that on the Al,O3 and diamond pistons. Scan-
ning electron microscope (SEM) observation shows that the
thickness of these films was approximately 1.6 pm (Fig. 2(a)).
Such a thin metal film can make diamond and Al,O3 pistons
electroconductive without losing its macroscopic mechanical
properties, enabling the detection of sample resistance during
compression in the Walker-type LVP. This approach ensures
accurate resistance measurements even under high pressure
conditions.

FESs were performed by using a commercial software
OPTISTRUCT, which showed the stress distribution in the
octahedron under compression. Figure 3 shows the designed
octahedron models for calculation, in which the mesh size is
0.1 mm. Table S1 summarizes the mechanical property param-
eters of materials employed in the simulation. In addition, to
simplify the model, a metal cylinder made of aluminum (Al)
was used as the sample. During simulation the same load was
exerted on each equilateral triangular face of the octahedron,

consistent with actual experiments.
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Fig. 3. FESs models for QHA (a), SDAs with Al,Os/diamond (b), and UDA (c).

The Cg samples recovered from the HPHT experiments
were polished with a diamond grinding disc, and then ultrason-
ically cleaned with acetone for half an hour. The phase compo-
sition of the samples was identified using an x-ray diffractome-
ter (R-AXIS RAPID II, Rigaku, Japan) with Cu Ko radiation
(wavelength, 1.5418 A) at 40 kV and 30 mA.

3. Results and discussion

Coating Cu or Mo on the entire surfaces of Al,O3 or
diamond pistons allows for precise detection of resistance
variations using the deformed assemblies. Pressure gener-
ation efficiency in the four cell assemblies were compared
by exploiting the phase transitions of ZnTe and ZnS associ-
ated with variations in electrical resistance. Figure 4(a) illus-
trates the electrical resistance changes of ZnTe upon compres-
sion in the assemblies using Mo, slanted Al,Oz/diamond pis-
tons, and flat diamond pistons as electrodes. Compared with
quasi-hydrostatic pressure, the phase transition pressure point
of ZnTe does not change significantly under non-hydrostatic
pressure.># As is seen, the corresponding press loads of three
deformation assemblies at the three phase transitions (I-II:
6.6 GPa, II-III: 9.9 GPa, III-1V: 12.9 GPa) of ZnTe using dia-
mond and Al,O3 pistons are significantly lower than those of
QHA using Mo rods, indicating the higher efficiency of pres-
sure generation for the deformation assemblies. It is found
that applied press load corresponding to the first and second
phase transitions for the deformation assembly using diamond
pistons is comparable to that using Al,O3 pistons. However,
the third phase transition by the former is slower than the lat-
ter, and is much faster than those using Mo pistons. It could
be due to the higher hardness of diamond compared to that of
Al Os.

The resistance changes of ZnS with press load for these
assemblies are shown in Fig. 4(b). A sharp decrease of the
electrical resistance can be observed when the phase transition
of ZnS occurs upon the applied press load for all assemblies,
which corresponds to a pressure of 15.6 GPa. Specifically, the
applied press load on the UDA with flat diamond pistons for
this phase transition is 3.64 MN. This value is significantly
lower than that observed for the SDAs with slanted Al,O3
(4.31 MN) and diamond (4.53 MN). All these three deforma-
tion assemblies possess a relatively lower press load than that
of the conventional quasi-hydrostatic assemblies (5.11 MN).

Resistance ()
= =
o o
[ w

1 - SDA-A1203
10°F . SDA-Dia
= UDA
100 L 1 L 1 L N
1 2 3 4
Press load (MN)

108

107
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~— 106 -
®
3}
g
3
=
wn
k7
Q
~

Press load (MN)

Fig. 4. Variations of electrical resistance upon compression for the pressure
standard materials ZnTe (a) and ZnS (b) using QHA and S/UDAs, respec-
tively.
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0 2 4 6

Press load (MN)

Fig. 5. Pressure generation of four types of 10/5 assemblies at room temper-
ature using HXR WC anvils in Walker-type LVP.

The sample pressure for the three deformation assemblies
and one QHA assembly was well calibrated against the applied
press load at room temperature. As shown in Fig. 5, the press
loads corresponding to phase transition of standard material
for the QHA are always higher than that for deformation as-
semblies, demonstrating that the deformation assemblies have

higher efficiency in pressure generation. This observation can
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be attributed to the higher hardness of Al,O3 and diamond
relative to Mo and (Mg, Co)O materials. For the three de-
formation assemblies, they also exhibit different efficiency of
pressure generation. Below 12.9 GPa, the efficiency of pres-
sure generation in deformation assemblies with flat diamond
pistons is comparable to that achieved with 45° slanted dia-
mond and Al, O3 pistons. However, when the pressure exceeds
12.9 GPa, the efficiency of pressure generation using UDA sig-
nificantly exceeds that achieved with SDA. This is due to part
of the pressure are decomposed into the direction parallel to
the oblique plane in SDA, which also generates a strong shear
stress field in the sample. One representative back-scattering
electron image shows that the pressure marker of ZnS is well
sandwiched by the 45° slanted diamond pistons as shown in
Fig. S2 of the supporting information.

To understand how the shape and hardness of pistons af-
fect the efficiency of pressure generation in these assemblies,
we performed FESs, which showed the stress distribution in
the octahedron under compression. Figure 6 presents the stress
distribution contour maps for various assemblies under a con-
stant load of 4 MN, as obtained from FESs. The black mark-
ings in the figure correspond to the lowest pressure within the
sample areas. It was clearly found that the sample pressure
derived from the three deformation assemblies exceeds that of
the QHA, consistent with the experimental findings shown in
Fig. 5. Note that the UDA assembly with flat diamond pis-
tons result in the most concentrated stress distribution at the
assembly’s center, consequently yielding the highest pressure
among these assemblies. All these above simulation results

well support our experimental findings as shown in Fig. 5.
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Fig. 6. Stress distribution contour maps for the QHA (a), SDA-A1, O3 (b),
SDA-Dia (c), and UDA (d), respectively.

The deformation assembly was applied in the HPHT ex-
periments through properly designing internal structures in
conventional 10/5 assemblies. Figure S3 shows the designed
deformation assembly, in which the starting material was
loaded into an MgO sleeve and placed between two upper and

lower 45° slanted diamond pistons, thermocouples were di-

rectly connected to the center of the wall of the cylindrical rhe-
nium heater. Figure S4 shows the heating performance of the
SDA that can stably generate high temperature above 1300 K
at high pressure, and the heating efficiency is higher than that
of QHA. Relies on the deformation and conventional cell as-
semblies, we conducted four HPHT experiments at a pressure
range of 14 GPa—18 GPa and a temperature range of 1273 K—
1673 K, studying the effect of shear deformation on the phase
transition of Cg( to diamond.

Figure 7 shows the x-ray diffraction (XRD) characteriza-
tion of the recovered samples. For the two SDA experiments,
the XRD patterns both exhibit three distinct diffraction peaks
corresponding to the (111), (220), and (311) crystal planes of
cubic diamond, suggesting the formation of diamond in these
samples. At the press load of 4.62 MN (16 GPa) and 1273 K,
Ceo has completely transformed into a diamond phase, while
for the low-pressure experiments (14 GPa) the (002) diffrac-
tion peak of graphite was observed in the XRD pattern, sug-
gesting an incomplete transformation of Cgg. However, for
the quasi-hydrostatic pressure experiments using QHA, the
XRD results shows Cgp transformed to compressed graphite
and amorphous carbon at a press load of 4.71 MN (15 GPa) un-
der 1273 K and the formation of diamond need a higher press
load of 7.61 MN (18 GPa) and temperature of 1673 K. Refer-
ring to the P-T phase diagram of Cg (see Fig. S5),25-28] the
transformation of Cg to diamond under quasi-hydrostatic con-
ditions requires reaching approximately 16 GPa and 1560 K.
This indicates that shear deformation significantly promotes
the phase transition of Cgp to diamond compared to quasi-
hydrostatic experiments. Furthermore, this deformation tech-
nology under high pressure enables phase-pure diamond syn-
thesis under low press loads, thereby extending the service life
of WC anvils and possessing significant potential for applica-
tions in the diamond industry.

7.61 MN(18 GPa)-1673 K
—4.71 MN(15 GPa)-1273 K
—4.62 MN(16 GPa)-1273 K
—~ | —3.41 MN(14 GPa)-1273 K
,‘é —Initial-Cgg ¢D (111)
=
. | QHA ¢-D (220) ¢D (311)
=
< |qua
g Q
Z
Z |spa l
g A A
e *
=8 *
SDA G (0m2) 4 | b .
SN PN A
N 1 N 1 N 1 N 1 N
20 40 60 80 100

20 (°)
Fig. 7. XRD patterns for samples using SDA and QHA recovered from
different high-pressure and high-temperature conditions. The bottom black
line is the XRD pattern of Cg precursor. Abbreviations G and c-D repre-
sent graphite and cubic diamond, respectively. The asterisk comes from the
diffraction peak of magnesium oxide inclusions.
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4. Conclusion

In this paper, we achieved precise pressure calibrations
for several deformation assemblies by coating metal film on
diamond or Al,O3 pistons using the magnetron sputtering
technique in a Walker-type LVP. These metal films on the
piston surfaces create an electrically conductive pathway, al-
lowing us to measure resistance changes of pressure standards
during the compression process in deformation experiments.
It is found that the pressure generation efficiency of SDAs
with Al,Oz/diamond pistons is significantly higher than that
of the QHA with Mo rods in LVP. The UDA with flat diamond
pistons exhibits the highest efficiency of pressure generation
among all the deformation assemblies. These observations
are further demonstrated by analyzing the stress distribution
within the aforementioned assemblies using FESs. It is found
that diamond can be synthesized at a relatively lower temper-
ature and pressure conditions from Cg starting material under
simple shear deformations compared to conventional quasi-
hydrostatic conditions. Pressure generation of in-house sim-
ple shear and uniaxial deformation experiments are clarified
using the present technique. It will enhance our understand-
ing of phase transitions under shear deformations and facilitate
further exploration of the physical and chemical properties of
materials.
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