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Studies show that the sample thickness is an important parameter in investigating the thermal transport properties
of materials under high-temperature and high-pressure (HTHP) in the diamond anvil cell (DAC) device. However, it
is an enormous challenge to measure the sample thickness accurately in the DAC under severe working conditions. In
conventional methods, the influence of diamond anvil deformation on the measuring accuracy is ignored. For a high-
temperature anvil, the mechanical state of the diamond anvil becomes complex and is different from that under the static
condition. At high temperature, the deformation of anvil and sample would be aggravated. In the present study, the finite
volume method is applied to simulate the heat transfer mechanism of stable heating DAC through coupling three radiative-
conductive heat transfer mechanisms in a high-pressure environment. When the temperature field of the main components
is known in DAC, the thermal stress field can be analyzed numerically by the finite element method. The obtained results
show that the deformation of anvil will lead to the obvious radial gradient distribution of the sample thickness. If the top
and bottom surfaces of the sample are approximated to be flat, it will be fatal to the study of the heat transport properties
of the material. Therefore, we study the temperature distribution and thermal conductivity of the sample in the DAC by

thermal-solid coupling method under high pressure and stable heating condition.

Keywords: diamond anvil cell, deformation, thermal conductivity, thermal-solid coupling method

PACS: 47.11.Fg, 07.35.4+k, 51.20.+d, 92.60.hv

1. Introduction

Investigating thermal transport properties of rocks and
minerals under high-temperature and high-pressure (HTHP)
conditions provides valuable clues to understand the physi-
cal and chemical properties of the mantle layer and dynamic
processes of minerals inside the depth of the earth.['=3] In
this regard, the in-situ measurement technique of the diamond
anvil cell (DAC) has been developed for investigating mul-
tiple physical properties of materials under extremely high
pressures. -1 In order to measure thermal properties of mate-
rial under HTHP conditions, a water-cooling DAC is designed
in the present study. The designed apparatus is equipped with a
vacuum device to realize a stable heat flow field in the DAC.!"}
Thermal loads are caused by temperature inhomogeneity in
the steady-state heating, and the influence of thermal loads
on the structural reliability of DAC and measuring the sam-
ple thickness are the main challenges in the early stage of the
experiment.!®1% Yue er al. in our research group proposed
the method of multi-thermocouple in situ temperature mea-
surement combined with the numerical model to simulate the
distribution of sample temperature field in DAC by heat con-
duction, and established a brand-new sample thermal conduc-
tivity measurement method.!”! However, the in situ thermal
conductivity of samples studied by this method depends on the
structural size of the main components of DAC. It is worth not-
ing that at this moment, the stress state and deformation degree
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of diamond anvils (DAs) and sample under HTHP conditions
are not clear. Meanwhile, the influence of anvil and sample
deformation on the thermal conductivity measurement in the
DAC has not been systematically simulated and analyzed.
When the DAC is applied to investigate electrical and heat
transport properties of materials, it is necessary to know the
exact thickness distribution of the sample under different tem-
perature and pressure rather than an average or approximate
thickness value to obtain the exact conductivity, thermal con-
ductivity and Seebeck coefficients.!!!] It is worth noting that
the cupping deformation of DAs under high pressures makes
the sample take on the shape of “convex lens”. This is because
an uneven face pressure of the sample results in a certain gradi-

12-14] Currently, two

ent distribution of the sample thickness. !
techniques are commonly applied to measure the sample thick-
ness in the DAC. The first method is to measure the relative
variation of distance between two marks on the side of DAs
to reflect the in situ thickness of the compressed sample.!!”!
The main hypothesis in this method is that the diamond de-
formation under the HTHP condition is negligible. The sec-
ond method is a new sample thickness calibration method pro-
posed by Li et al., where the influence of diamond anvils ax-
ial deformation on the sample thickness measurement is elim-
inated to the maximum extent.!'') However, the premise of
these two methods is to assume that the surface of the sample
is a plane, ignoring the influence of the DAs cupping deforma-

*Project supported by the National Key Research and Development Program of China (Grant No. 2018 YFA(0702700) and the National Natural Science Foun-

dation of China (Grant Nos. 11674404 and 11774126).
fCorresponding author. E-mail: 2564335439 @qq.com
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

124702-1


http://dx.doi.org/10.1088/1674-1056/ac11d1
mailto: 2564335439@qq.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 12 (2021) 124702

tion on the accuracy of sample thickness measurement under
extreme conditions.

When studying the heat transport properties of materi-
als in water-cooling DAC, the type Ia DAs is fixed on the
high-temperature seat, while the heat conduction and three-
dimensional thermal radiation occur from the back surface of
the top and bottom DAs to sample and spacer. For a high-
temperature anvil, the mechanical state of the diamond anvil
becomes complex and is different from that under the static
condition. The thermal stress increases as the temperature in-
creases, thereby intensifying the anvil deformation.”) How-
ever, there are limitations in existing means of quantitative
detection of anvil deformation under HTHP conditions. Ac-
cordingly, it is essential to carry out numerical simulations
to quantitatively analyze DAs and sample deformation under
HTHP condition and evaluate the influence on the measuring
accuracy of sample thermal conductivity.

In the present study, it is intended to use a thermal-solid
coupling method to analyze the thermal stress coupled field.
In this regard, the finite volume method (FVM) is applied to
analyze the radiation-conduction coupling heat transfer of the
main components in DAC. Then, the obtained node temper-
ature is applied as an external load to analyze the structural
stress by the finite element method (FEM). The quantitative
analysis shows that diamond anvil and sample deformation
have great influence on the measuring accuracy of the sam-
ple thermal conductivity under extreme conditions. Therefore,
the aim of present study is that the new numerical simulation
method is proposed to measure the in situ thermal conductiv-
ity in diamond anvils cell under high pressure and stable heat-
ing condition. This article has presented the new thermal-solid
coupling method to study the thermal transport conductivity of
sample in the DAC. The method fully considers the influence
of the deformation of the diamond anvil and the sample under
HTHP on the accuracy of in situ thermal conductivity mea-
surement, which provides a new idea for realizing the accurate
measurement of the thermal transport properties of materials
in extreme environments.

2. Mathematical model

For many thermal characteristics of materials, including
Seebeck and thermal conductivity coefficients, a static tem-
perature gradient must be considered along the axial (longitu-
dinal) direction of the sample.!'®!7] In order to prepare such
an environment in the experiment, the steady-state method is
used to realize the stable and constant heat flow environment
of water-cooling DAC. In experiments, we often use type la
diamond as anvil. Type Ia diamond contains aggregated im-
purity nitrogen atoms, and its nitrogen content is 1710 ppm.
A high-temperature electric resistance furnace interacts with
the type Ia DAs’ back surfaces. In the present study, it is
intended to investigate thermal behaviors of diamond anvils,

sample and gasket (DASG). In this regard, Fig. 1 illustrates
the established model. It should be indicated that the geomet-
ric structure of the DASG is consistent with the experiment.
Since the diamond thermal conductivity is very high, the DAs’
back surface is considered as a wall with a constant tempera-
ture. 71 (T») denotes the back surface temperature of the top
(bottom) DA, T3 (T4) denotes the temperature at the midpoint
of the top (bottom) DA lateral edges.
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Fig. 1. Schematics of the diamond anvils, sample, and gasket in the
simulation.

Diamond anvil is a semi-transparent material, and its ra-
diation is involved in the heat transfer process.!!'8] Therefore,
it is essential to consider the transmission and absorption of
radiation inside the anvil. Accordingly, a spectrophotometer
is used to characterize the thermal radiation characteristics of
the type Ia diamond anvil. Through this way, affecting pa-
rameters, including the reflection spectrum R;, transmittance
spectra T), and absorption spectra A can be obtained (Fig. S1
of supporting information). The optical constant emissivity €,
absorption coefficient @ and complex refractive index n can be
calculated through the following expressions:

(1—Ry)*D (1—n)>+k*
= ———7rm lh=7"G "7
1 - R D? (1+n)2+k2
D = exp(—ad), o = 47kv, e))

where d and v denote the diamond thickness and the heat ray
frequency, respectively. Moreover, n and k are refractive in-
dices. In the present study, the heat ray band is simplified into
eight bands to describe the thermal radiation characteristics of
type Ia DAs. Table 1 presents the corresponding thermal radi-
ation characteristics.

In the experiment, the surrounding environment of the
DAC is firstly vacuumed to 10° Pa to minimize the effects
of natural convection before heating. Therefore, the influence
of natural convection of vacuum air on the heat flow field of
DAC can be ignored. In order to minimize the convective heat
transfer between the solid calculation zone and the flow field
around DAC, the calculation is carried out with assuming a
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vacuum environment. Consequently, radiation is the domi-
nant heat transfer mechanism in the vacuum environment and
the heat loss of the outer wall of DAC is conducted by the
surface radiation. Forgoing discussions demonstrate that the
heat energy is transferred from the top and bottom anvil base
to the sample through the conduction mechanism and three-
dimensional radiation. Table 2 presents the properties of anvil,
gasket and sample MgSiOs.

Table 1. Thermal radiation characteristics of type Ia diamond.

- Absorp t ion Refractive
Band (nm) Emissivity coefficient .
(cm-1) index
200-470 0.28 1.83 1.95
470-580 0.15 0.56 1.96
580-2500 0.1 0.23 1.97
2500-3703 0.24 2.23 2.3
3703-6667 0.55 14.68 2.4
6667-9550 0.6 46.67 24
9550-10848 0.65 19.77 2.45
10848-50000 0.57 12.73 2.4

Table 2. Parameters of materials used in model calculations.

Property Diamond Sample Spacer
Density N
(ke/m®) 3520 function!?! 7000
Thermal conductivity . [19] 124 - 126
(W/(m-K)) function function function
Specific heat . 120] 23]
capacity (J/(ke-K)) function function 460
Therma} expanillo . function®!!  function®! 1.2x107°
coefficient (K™")
Young’s - 122] L [25] 1
modulus (Pa) function function 2x10
Poisson’s ratio function??  function!? 0.3

Function: Physical quantities vary with temperature and pressure.

3. Results and discussion

3.1. Thermal stress of diamond anvil in DAC under stable
heating condition

The thermal load caused by the uneven temperature dis-
tribution of DAs in the stable heating DAC produces certain

thermal stress. The stress distribution of DAC is calculated
under static and high temperatures to study the influence of
the temperature on the anvil stress. Figure S2 shows that the
temperature field of DAs is simulated by FVM when the tem-
perature 717> is 400-420 K, 700-720 K, 1000-1020 K, and
1300-1320 K, respectively. Then, the simulation of the tem-
perature field as the thermal load is applied to the structural
stress analysis. It is worth noting that the stress boundary con-
dition P is applied to the anvil base, and the stress distribution
of DAC under HTHP is simulated by the FEM. In order to
study the thermal stress of anvil at different HTHPs, the ra-
tio of the thermal stress on the anvil face to the total stress is
shown in Table 3.

As can be seen from Table 3, when the anvil is in a
fixed temperature environment, the thermal stress ratio on the
anvil surface would decrease with the increase of the pres-
sure boundary condition P applied to the top anvil base. In
comparison to the high pressure, the anvil face pressure under
low pressure has a higher sensitivity to temperature. When the
pressure boundary condition P is constant, the thermal stress
ratio of the anvil face increases as the base temperature 71 /T»
at the elastic deformation stage increases. Therefore, the con-
tribution of the temperature to the pressure on the diamond
anvil face cannot be ignored. For example, when the pressure
boundary condition P = 100 MPa and the temperature 711>
of the top and bottom anvils’ back surfaces increase from 400—
420 K to 1300-1320 K, the stress on the anvil surface increases
from 3.5 GPa to 4.2 GPa, and the thermal stress ratio on the
anvil surface increases by 4.25% to 18.33%. The stress on the
anvil surface would lead to the deformation of the anvil, and
the significant increase of the thermal stress on the anvil sur-
face would aggravate the deformation degree of the anvil. This
means that when studying the thermal conductivity of materi-
als under static heating in the DAC, attention should be paid to
the deformation degree of anvil and sample thickness caused
by thermal stress.

Table 3. The ratio of the thermal stress on the anvil face.

Boundary

.. Static
condition

Ti-T,: 400420 K

T] —T2 : 700-720 K

T1-T>: 1000-1020 K T1-T,: 1300-1320 K

P (MPa) Panvil face (GPa) Panvil face (GPa) Ratio (%)

Panvil face (GPa) Ratio (%)

Panvil face (GPa) Ratio (%) Panvil face (GPa> Ratio (%)

100 34 35 4.25 3.8
330 11.6 11.8 1.30 12.1
500 17.9 18.1 1.13 18.3
770 274 27.6 0.73 27.8
1100 38.4 38.5 0.37 38.7

11.27 4.0 15.27 42 18.33
3.76 12.2 4.78 12.5 7.14
2.05 18.3 2.26 18.4 2.58
1.34 279 1.76 30.0 1.97
0.71 38.7 0.86 38.8 1.06

3.2. Effect of deformation diamond anvil and sample in
DAC on the thermal conductivity measurement under
stable heating condition

Figure 2(a) shows the deformation of the anvil when the

average stress on the anvil face is 51.5 GPa. In order to observe

the deformed shape more intuitively, the schematic diagram is
based on the ratio of 1 : 30. Diamond would undergo “cup-
shaped” deformation under high pressure, and the deformation
of anvil would lead to the deformation of sample from initial
cylindrical shape to “convex lens” shape.['>"14] It is observed
that the shape variable of the anvil center region is greater than
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the deformation of the edge region, which is consistent with
the earlier experimental results.®! Figures 2(b) and 2(c) illus-
trate the shape variables of the DAs under different pressures.
The shape variable of DAs increases as the pressure increases.
The intensification of the deformation of DAs results in an un-
even surface pressure on the top and bottom surfaces of the
sample, which will make the radial gradient distribution of the
sample thickness more obvious.

(a)
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a relatively high temperature distribution. High temperature
causes obvious thermal stress on the anvil surface according
the values in Table 3. Therefore, the influence of the tem-
perature on anvil deformation under extreme conditions of
HTHP is investigated. Figure 3 shows the shape variables of
the anvil under high pressure when the temperatures 77 and 7>
are controlled at 1300 K and 1320 K, respectively. Compared
with Fig. 3, we find that the deformation of diamond anvil has
changed obviously at high temperature. As can be found from
Fig. 2, the gradient deformation of the anvil is relatively gentle
near the center of the anvil surface, and mainly concentrated
near the edge. Therefore, at room temperature, the pressure
near the center of the anvil surface is generally considered to
be a constant value, rather than a gradient distribution, that
is, the top and bottom surfaces of the sample can be approx-
imately considered to be planar. As can be seen from Fig. 3,
under the action of thermal stress, the deformation near the
center of the anvil face have obvious changes, and the gradient
deformation degree in the center area of the anvil face is in-
tensified. The same pressure boundary conditions are applied
to the anvil base. The generated thermal stress increases the
deformation degree of the anvil because of the thermal load.

[
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Fig. 2. (a) Deformation schematic of anvil under high pressure. (b) and
(c) Deformation profiles of anvil under high pressure.

When the resistance furnace heats the anvil base directly,
the heat conduction and the 3D radiation transmits from the
anvils base to the sample. At this time, the whole anvil has

Deformation of diamond anvil (pm)
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Fig. 3. Deformation profiles of the anvil under HTHP.
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Because the deformation degree of anvil determines the de-
formation degree of sample thickness, the measurement error
value of sample thickness in DAC would increase with the in-
crease of temperature, so it is necessary to deeply analyze the
influence of the anvil and sample deformation on the accuracy
of thermal conductivity measurement under static heating in
DAC.

In order to evaluate the influence of anvil deformation on
sample thickness deformation in DAC, Tables 3 and 4 quanti-
tatively show the cupping deformation of anvil under different
pressure and temperature conditions, and the deformation ratio
of sample thickness caused by this deformation. Hy, is the dis-
tance between the center position of the top anvil surface and
the center position of the bottom anvil surface, and H, is the
distance between the edge position of the top anvil surface and
the edge position of the bottom anvil surface. Hy, is used to
describe the cupping deformation degree of the diamond anvil.
The calibration expression is

H., = Hy — H,. ()

We compare the thickness deformation of the sample
caused by the deformation of the anvil under different tem-
perature conditions with the approximate plane of the sample
surface, and obtain the deformation ratio of the sample thick-
ness caused by the deformation of the diamond anvil in the
following table. The calibration expression of sample defor-
mation is

Hs,max = (Hb _Ha)/qu Hs,min = (Hb - Ha)/Hb- (3)

Tables 4 and 5 show the deformation degree value of
the measured sample thickness, which presents an increasing
trend with the increase of the anvil surface pressure and the
temperature in DAC. When the stress boundary condition P is
100 MPa and the temperatures 71—1> rise from static to 1300-
1320 K, the pressure on the anvil face increases from 3.4 to
4.2 GPa, and the shape variable of the anvil increases from
0.41 to 1.05 um, that is, the “concave” degree of the anvil sur-
face increases. The most direct effect of anvil surface defor-
mation is that the sample thickness presents gradient distribu-
tion. The value of deformation of sample thickness increases
from 0.83%-0.84% to 2.07%-2.12%. Therefore, the higher
the temperature is, the more significant the deformation degree
in the measured sample thickness is. The sample thickness de-
formation caused by the anvil deformation cannot be ignored
in DAC under high pressure and stable heating condition.

According to Fourier law Q = A -S- T /d, the thermal flow
Q flows through the sample with cross section S and thickness
d, and the temperature difference in the thickness d direction is
T, and the thickness deformation of the sample can lead to the
corresponding error value in the measurement of the thermal
conductivity of the sample. So big measurement error can be
generated in sample traditional thickness measurements under

static heating in the DAC.!'%!!I Therefore, it is necessary to
consider the experimental errors caused by anvil and sample
deformation in order to realize the high-precision study of the
sample thermal conductivity. Since numerical simulation can
be used to quantitatively and systematically analyze the defor-
mation degree of anvil and sample under static heating in the
DAC at HTHP, the influence on in situ thermal conductivity
measurement at HTHP is discussed. Then FVM and FEM can
be used to establish a coupling field and the thermal-solid cou-
pling can be used to study the structural deformation caused
by thermal stress. The thermal-solid coupling calculation to
deal with the structural deformation can avoid the influence of
diamond anvil deformation and sample thickness gradient dis-
tribution on the in situ thermal conductivity measurement of
materials in the DAC under high pressure and stable heating
condition.

Table 4. Cupping deformation of anvils and deformation of sample
thickness under high pressure.

Boundary  Anvil face .

condition pressure Statie

P (MPa)  Puyiltace (GPa)  Hy (um) Hp (um) Hyp (um)  Hy (%)
100 3.4 48.88 49.29 0.41 0.83-0.84
330 11.6 46.41 47.85 1.44 3.01-3.10
500 17.9 44.66 46.78 2.11 4.52-4.73
770 274 41.47 454 3.92 8.64-9.46
900 31.7 39.91 44.52 4.61 10.35-11.55
1100 384 37.65 43.56 591 13.56-15.68

Table 5. Cupping deformation of anvils and deformation of sample
thickness under HTHP.

contion pressure Ti-Ts: 1300-1320K

P (MPa)  Pyyilface (GPa)  Ha (um) Hp (um) Hyp (Um)  Hs (%)
100 42 4981  50.86 1.05 2.07-2.12
330 12.5 4721  49.29 2.07 4.2-4.39
500 18.4 4509  48.12 3.03 6.3-6.73
770 28.0 4207  46.39 431 9.3-10.25
900 31.7 40.41 45.6 519  11.38-12.84
1100 38.8 38.18  44.45 6.26 14.09-16.4

The thermal-solid coupling method we designed is a
brand-new in situ thermal conductivity measurement method
for samples. On the basis of knowing the initial geometric
dimensions of the sample, the gasket and the anvil at normal
pressure and room temperature, the thermal-solid coupling nu-
merical model is used to obtain the true size and tempera-
ture distribution of the sample at HTHP, so as to obtain the
accurate thermal conductivity of the sample. Therefore, the
thermal-solid coupling method fully considers errors caused
by deformation of DAs and sample, and effectively avoids the
errors caused by traditional methods to measure the thickness
of samples at different temperatures and pressures. In this
scheme, ruby is placed in the center of the pressure cham-
ber and four thermocouples are arranged, which are the top
and bottom anvils’ back surfaces and the midpoint of the DAs
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lateral edges. The temperature 77 and 7> of the bases of the
anvils’ back are taken as the temperature boundary conditions
and employed in the numerical simulation. At a certain tem-
perature boundary, by changing the thermal conductivity of the
sample and pressure boundary condition P, the input thermal
conductivity considers the sample thermal conductivity at this
pressure until the result of the simulated anvil surface pressure
is the same as the measured pressure at the central anvil face
by the ruby fluorescence method, and the simulating 73 and
T, are the same as the measured temperature at the midpoint
of the DAs lateral edges by the thermocouples. That is to say,
the real temperature distribution and accurate structural size
of the anvil and the sample under HTHP are determined. The
flow chart (Fig. S3) also explains the process of deducing the
thermal conductivity of the sample under high pressure.

4. Conclusion

In conclusion, it is found that the conventional measure-
ment method of the sample thickness in the DAC inevitably
produces some errors for the thermal conductivity measure-
ment under high pressure and stable heating condition. More-
over, the error increases as the temperature and pressure in-
crease. The deformation of the diamond anvil and sample un-
der HTHP is simulated by the numerical method. The results
suggest that the deformation of anvil will lead to the obvious
radial gradient distribution of the sample thickness. The de-
formation degree of the sample thickness can lead to the cor-
responding error value in the measurement of the thermal con-
ductivity of the sample under extreme circumstances. There-
fore, a new method is proposed to study the thermal transport
properties of samples in the DAC by using the thermal-solid
coupling to avoid the influence of anvil and sample thickness
deformation on the thermal conductivity under extreme cir-

cumstances.
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