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FEM simulations and experimental studies of the temperature field in
a large diamond crystal growth cell∗
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We investigate the temperature field variation in the growth region of a diamond crystal in a sealed cell during the
whole process of crystal growth by using the temperature gradient method (TGM) at high pressure and high temperature
(HPHT). We employ both the finite element method (FEM) and in situ experiments. Simulation results show that the
temperature in the center area of the growth cell continues to decrease during the process of large diamond crystal growth.
These results are in good agreement with our experimental data, which demonstrates that the finite element model can
successfully predict the temperature field variations in the growth cell. The FEM simulation will be useful to grow larger
high-quality diamond crystal by using the TGM. Furthermore, this method will be helpful in designing better cells and
improving the growth process of gem-quality diamond crystal.
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1. Introduction
Diamond has been widely used in various fields such

as industry, scientific research, national defense, and medi-
cal treatment because it has numerous outstanding properties
such as high thermal conductivity, the highest hardness, and a
wide wave band for light transmission, semiconductor mate-
rial, etc.[1–5] An increase in the size of single diamond crystals
makes the application potential of diamonds more extensive.
However, diamonds are now extremely limited in application,
because natural diamond resources are extremely limited, es-
pecially the larger natural single diamond crystals. Hence,
the availability of large synthetic diamonds as an alternative
to natural diamonds would greatly broaden the application of
diamonds.

The temperature gradient method (TGM) under high
pressure and high temperature (HPHT) was developed by the
G. E. company in 1971,[1,2] and is still the most effective tech-
nique used to grow high-quality gem diamonds.[6–8] When us-
ing this method to grow diamonds, it is necessary to regulate
the temperature field variations inside the growth cell. Accord-
ing to Ref. [9], without diamond crystal growth in the sealed
cell, the temperature remains unchanged within 14 h at the
synthesis temperature, as measured by a Pt30%Rh-Pt6%Rh
thermocouple. In Ref. [10], after the cell achieved the tem-
perature for diamond synthesis, the author found that the tem-
perature was stable within 1500 s without crystal growth in the
cell by means of the finite element method (FEM). However,

no one has investigated the variation of temperature field dur-
ing the crystal growth process in the diamond growth region of
the sealed cell. A stable temperature in the cell is indispens-
able for synthesis of gem-quality diamond crystal by using the
TGM. Thus, it is instructive to study the relation between tem-
perature and growth time of synthetic diamonds.

In order to improve the growth process of gem-quality di-
amond crystal, we require detailed knowledge about the tem-
perature field varying with synthesis time in the growth region
of the growth cell. Even though the temperature in the growth
region of the growth cell can be investigated experimentally,
it is very difficult to characterize the temperature field in the
sealed growth cell at HPHT experimentally. The finite ele-
ment method is a powerful tool for analyzing the growth cell at
HPHT. In this paper, we report our application of a China-type
cubic anvil high-pressure apparatus, in which large diamond
crystals were grown under 5.7 GPa and 1350–1550 ◦C. The
variation of temperature fields during the growth time in the
growth region of the growth cell were analyzed by using the
FEM and measured by in situ experiments. The simulated and
experimental results show that the temperature decreases in
the process of gem-quality diamond crystal growth. The FEM
will be useful for learning how to grow larger high-quality di-
amond crystals by using the TGM. Furthermore, this method
will be effective for cell design and improving the crystal qual-
ity of large diamond crystals.
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2. Computational model and method
2.1. Governing equations of thermoelectricity

The following three-dimensional coupled thermoelectric
constitutive equations are dealt with to model the heat trans-
fer in a large diamond crystal growth process that defines the
temperature distribution within the growth cell[11]

Q =−∇ ·𝑞+𝐽T𝐸+ρC
∂T
∂ t

, (1)

where 𝑞 is the flux density vector, 𝐽 is the electric current
density vector, 𝐸 is the voltage vector, ρ is the density, C is
specific heat capacity at constant volume, T is the temperature,
and t is time.

The thermal field equation in a three-dimensional form is
written as

q =−𝐾∇T, (2)

where 𝐾 is the thermal conductivity matrix. The electric field
equation in a three-dimensional form is written as

𝐽 = 𝛿𝐸, (3)

where 𝛿 is the electric conductivity matrix. The electric field,
𝐸, can be also expressed by the negative gradient of the po-
tential as

𝐸 =−∇V. (4)

Substitution of Eq. (4) into Eq. (3) renders the rate of in-
ternal energy generation per unit volume due to Joule heating
as a function of the electric potential V only:

J =−δ∇V. (5)

The coupled equations of thermoelectricity can be ob-
tained from the above equations:

Q =∇ · (K∇T )+σ∇V 2 +ρC
∂T
∂ t

. (6)

2.2. Model parameters of diamond growth cell

The experiments of diamond crystal growth were con-
ducted in a China-type cubic anvil high-pressure apparatus.
The growth cell is about 10 mm in size. A three-dimensional
coupled thermal electrical finite-element simulation on a real-
istic growth cell is performed. Figure 1(a) shows a cut-away
schematic of the finite element model of the diamond growth
cell. An enlarged view of the growth cell is shown in Fig. 1(b).
Highly pure graphite is used as the carbon source material,
which is transformed from graphite phase to diamond before
the seed crystal starts to grow. Highly pure nickel is used as a
solvent/catalyst. Figure 2 shows the crystal, solvent and car-
bon source models changing with synthesis time, based on our
analysis of experimental data. Optical photos of the crystal
and residue of the carbon source after a synthesis experiment
lasting 23 h are shown in Fig. 3.
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Fig. 1. (color online) Finite element model of a diamond growth cell (a) 1/4 model; (b) enlarged 1/4 growth cell and synthesis
assembly. 1: the diamond seed, 2: the solvent, 3: the carbon source, 4: the insulator, 5: the graphite heater, 6: steel cap, 7: the
pyrophyllite.
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Fig. 2. (color online) Crystal and carbon source model after different
synthesis time: (a) 0.5 h; (b) 6.5 h; (c) 1 h; (d) 13 h; (e) 17.5 h; (f) 23 h.
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Fig. 3. (color online) Optical photos of (a) remaining carbon source and
(b) diamond crystal after a synthesis experiment for 23 h.
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2.3. Boundary conditions

The growth experiments of diamond crystals were carried
out at 5.7 GPa and 1350–1550 ◦C. The pressure was estimated
by the oil press load, which was calibrated by a curve that
is based on the pressure-induced phase transitions of Bi–Ba–
Tl. The temperature was measured by inserting a Pt30%Rh-
Pt6%Rh thermocouple in the sealed cell (its location is shown
in Fig. 1). The growth cell was heated when voltage (2.2 V) is
set between the two steel caps which contact a graphite heater
and the WC anvils. The bottoms of the six steel rings are kept

at a constant temperature of 35 ◦C.

2.4. Thermo physical parameters of materials

In order to allow the simulation of temperature fields
induced by electric current, we have to determine the main
thermo-physical characteristics (ρ , C, δ , λ , etc.) of tested
materials. The accuracy of numerical results depends di-
rectly on a good evaluation of these parameters. The material
parameters used in the finite element simulation are shown in
Table 1.[12–26]

Table 1. The material parameters used in the finite element simulation.

Material Density/kg·m3 Specific heat/J·kg−1·K−1 Electric resistivity/Ω·m Thermal conductivity/W·m−1·K−1

Diamond 3510a) 471.5a) 1014b) 470b)

Nickel 8900a) 460a) 1.2×10−8 c) 19.45+0.0207T g)

Graphite 2200a) 1000a) 5.21×10−7 +2.95×10−10T c) 98384−0.0366T +5.535×10−6T 2 h)

Pyrophyllite 2950a) 800a) 2×1013d) 4.19+0.39129Pi)

Steel 7900a) 450a) 2.81×10−7 +6.13×10−10T e) 55.74–0.0241Tj)

WC 14600a) 200a) 5.83×10−7f) 94.39−0.038T −7.98×10−6T 2k)

Insulator (Zirconia) 5600a) 450a) 8.3×1013e) 1.77+4.04×10−4T l)

a)Ref. [13], b) Ref. [14], c) Ref. [12], d) Ref. [17], e) Ref. [19], f) Ref. [26], g) Ref. [22], h) Ref. [23], i) Ref. [25], j) Ref. [16], k) Ref. [15], l) Ref. [24].

The growth cell was heated by the Joule heat generated
by the electric current passing through the steel rings, the WC
anvil, the steel caps, and the graphite heater. For the simu-
lation the temperature-dependent electrical resistivity of steel
was set as[16]

δ (T ) = 55.74−0.0241T (Ω ·m).

The electrical resistivity of graphite increases with temper-
ature higher than approximately 400 ◦C. At high tempera-
ture, graphite becomes a better conductor. The temperature-
dependent specific electrical resistivity of the graphite heater
is approximated by[21]

δ (T ) = 5.21×10−7 +2.95×10−10T (Ω ·m).

The electrical resistivity of WC was set as[26]

δ = 5.83×10−7 (Ω ·m).

The simulation results below demonstrate the impor-
tance of the thermal conductivities of the assembled materials
for determining thermal gradients in a diamond growth cell.
The pressure-dependent thermal conductivity of pyrophyllite
above 700 ◦C (see Table tref1).[25] The temperature-dependent
thermal conductivities of graphite, insulator, steel, WC, and
liquid nickel are shown in Table 1. The thermal conductivity of
diamond was set to be 470 W/m·K at 1400 ◦C and 5.4 GPa[14]

3. Results and discussion
The temperature field distribution in different growth

stages during diamond crystal growth is shown in Fig. 4. The

results indicate that the temperature distribution continues to

change during the process of gem-quality crystal diamond

growth. The temperature field distribution at different growth

stages of the diamond is uneven. The lower temperature is lo-

cated in the center of the melted solvent, especially near the

surfaces of the crystal. However, the higher temperature is

near the insulated tube and carbon source. It can be noticed

from the color of the cloud figures that the temperature in the

carbon and the crystallization fields of the solvent decreased

with diamond crystal growth. Figure 5 shows the temperature

distribution in the carbon source along the path indicated by

the dashed line in Fig. 4. It can be noticed that the tempera-

ture distribution at each growth stage is symmetrical. We can

also see that the temperature continues to decrease in the cen-

ter area of the growth cell as the diamond crystal grows. This

phenomenon can be explained by the fact that the diffusion

rate of carbon in the process of synthesizing the single crystal

diamond is uneven.[27] The diffusion rate of the carbon at the

carbon source’s edge is faster than at the center. The shape of

residual carbon source transforms from a columnar to a spher-

ical cap, as shown in Fig. 3. In addition, as the diamond crys-

tal continues to grow upwards, the crystal face is much closer

to the carbon source, and nearly contacts the carbon source.

Therefore, the axial thermal diffusivity of the growth cell was

strengthened by the carbon diffusivity heterogeneity and dia-

mond single crystal growth.
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Fig. 4. (color online) Distribution of temperature field in different stages of diamond crystal growth: (a) 0.5 h; (b) 6.5 h; (c) 1 h;
(d) 13 h; (e) 17.5 h; (f) 23 h.
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Fig. 5. (color online) Temperature distribution at the top of the carbon
source along the path indicated in Fig. 4(a) at different growth times.

From the simulation results above, we have found that
the temperature decreased by 15 ◦C with the growth of the di-
amond crystal in the center area of the sealed cell for 23 h.
It is well known that the growth of diamond crystal requires
a stable ambient temperature using the TGM at HPHT. If the
ambient temperature changes subtly during the growth process
of a large diamond crystal, the quality of the crystal will be in-
fluenced significantly. We all know that, in the P–T phase
diagram of carbon (under 5.7 GPa),[28] the region of grow-
ing diamond crystal is only a 30-◦C range in a V-shaped re-
gion bounded by the diamond-graphite equilibrium line and
the metal–diamond eutectic line in the solvent–graphite sys-
tem. In addition, it was reported that the synthesis region of
high quality gem diamond crystal has a temperature range of
only about 10 ◦C.[29] The temperature in the crystal growing
section decreases during diamond growth. A shift of the crys-
tal synthesis conditions can cause defective crystals and skele-

ton crystals to form. Therefore, in the growth process of a
large diamond crystal, many factors affect the quality of the
crystal, such as a temperature decrease in the crystal growth
region, solvent/catalyst, cell assembly, ambient humidity, and
ambient temperature among which the temperature decrease
in the crystal growth region is a primary and crucial factor.

In order to verify our simulation results, we carried out
some synthesis experiments at high pressure wherein large
diamond crystals were synthesized using a China-type cu-
bic high-pressure apparatus. The cell was heated electrically
through a graphite heater, and the temperature was measured
by inserting a Pt30%Rh-Pt6%Rh thermocouple in the sealed
cell (the location is indicated in Fig. 1). The temperature was
measured for 23 h in the experiment. The experimental and
simulated results are shown in Fig. 6. It shows that the tem-
peratures measured in situ during the experiment decreased by
20.7 ◦C during the growth of the large diamond crystal in the
center area of the growth cell. The experimental results show
that there are two distinct stages during the diamond crystal
growth: an initial stage that lasts 5 h and a late stage that con-
tinues from 5 to 23 h. In the initial stage, the phase transi-
tion of the pressure-transmitting medium and the material of
the synthesis assembly are compressed, which leads to a rapid
change of material parameters and temperature. In the late
stage, since the material of the synthesis assembly is relatively
stable, the temperature changes slowly, which is similar to that
of our simulation results. From the simulated and measured
results above, we have found that the temperature in the cen-
ter of the growth region decreases as the gem diamond crys-
tal grows. Despite of the discrepancy between the simulation
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results and the experimental results, the simulated results are
fundamentally in very good agreement with the experimental
data. Therefore, the finite element model can successfully pre-
dict the temperature field variations during the gem diamond
crystal growth.
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Fig. 6. (color online) Comparison of measured and simulated tempera-
ture variation in the center point (indicated by O in Fig. 4) of the growth
cell.

4. Conclusions
The temperature field variation during the diamond

growth process was investigated by using the FEM simula-
tion and in situ experiments. The simulation results show that
the temperature continues to decrease as the diamond crystal
grows in the center area of the growth cell. The results are
in good agreement with the experimental data, which demon-
strates that the finite element model can successfully predict
the temperature field variation in the growth cell. The FEM
simulation will be useful for learning how to grow larger high-
quality diamond crystal by using the TGM. Furthermore, this
method can be employed to design growth cells and is use-
ful for improving the growth process of gem-quality diamond
crystal.
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