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Abstract 
Purpose: This paper aims to look into the anisotropic thermal diffusivity of thermally expanded graphite (TEG) foil using 
flash method. Its structure is compared with graphene oxide (GO) multilayer foil. Morphology, diffractogram and surface 
profilometry of TEG and GO produced by two different manufacturing processes are demonstrated. TEG was made of 
intercalated graphite by thermolysis, and GO was made by microwave-assisted graphite oxide peeling (MEGO).
Experimental: The paper studies temperature distribution in the TEG sample as a result of continuous exposure to laser 
radiation and compares it to those of copper and aluminum samples.
Conclusions: It also provides a perspective on possible application of TEG in heat transfer.
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1. Introduction
The aim of this research is to measure 

the anisotropic physical properties of TEG, in 
particular thermal and thermal diffusivity, and its 
practical application. The obtained structure of 
TEG is compared with that of GO, also studied in 
the frame of this research. Jackie Renteria et al. [1] 
carried out orthotropy studies on GO and found a 
significant difference in GO thermal conductivity 
values of 61 W/m·K in the in-plane direction and 
0.09 in the perpendicular (vertical) direction. 
Further reduction of the oxygen content in GO by 
high-temperature treatment up to a temperature 
of plus 1000 °C in theoretical calculations leads 
to a value of the thermal conductivity coefficient 
of about 500 W/m·K. Graphene is superior in 
its thermophysical properties to metals such 
as copper and aluminum which ensures its 
applicability in heat dissipation devices like air 
and liquid cooling radiators.

Mass production of GO is currently carried out 
by chemical methods such as vapor deposition 
and subsequent deposition of graphene on the 
substrate, oxidation of graphite and subsequent 
reduction from graphene oxide in liquid, 
application of surfactants (surfactants) in 
graphite layering, etc. The GO under study was 
produced by GRAFENOX LLC using the modified 
Hummers’ method. [2] The thickness of the GO 
is about 10 µm.

Mass production of TEG was carried out 
by Silur LLC from intercalated graphite by 
thermolysis. Natural, clearly crystalline (coarsely 
flaked) graphite was used as a starting material 
whose interlayer space was filled with sulfite ions 
(intercalants) in the presence of sulfuric acid 
H2SO4. Then the oxidized graphite was heated at a 
heating rate of at least 600 C°/s to release gaseous 
decomposition products of H2SO4. During the 
thermal expansion of the intercalated graphite, 
there was an increase in the size of graphite 
crystallites along one direction by more than 300 
times. The obtained TEG was rolled into thin films 
with anisotropy maintenance to thicknesses of 
0.3 and 1.5 mm.

The paper also provides a comparison of the 
side surface morphology of the TEG and GO, in 
contrast to the work of Teddy Tite et al. [3], where 
the morphology of graphene nanoplates of 1 to 
20 nm frontal surface only was considered which 

does not determine the quality of the overlapping 
graphene layers.

TEG and GO side surface roughness 
measurements were performed by optical 
profilometry. Thermal diffusivity was measured 
by flash method, which measures the temperature 
increase of the sample as a function of time using 
a cadmium-mercury-tellurium (MCT) infrared 
detector. 

To obtain diffractograms, the X-ray 
diffractometric method was used with the same 
imaging conditions and slits, a Soller slit was 
installed both on the X-ray tube side and on the 
detector side.

Practical studies were carried out based 
on the results of reaching the maximum 
temperature in copper and aluminum samples, 
as well as the sample formed after pressing 
TEG layers. Throughout the experiment, the 
temperature change of the samples achieved by 
laser irradiation was continuously recorded by a 
thermal imager.

It is well known that ultrahigh pressures affect 
the interatomic distances in the graphene crystal 
lattice. The relationship between the Grüneisen 
parameter and thermal conductivity is described 
by the Leibfried–Schleman formula (1):
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where χ is the heat transfer coefficient (W/m K), 
θD is Debye temperature (К), kB is the Boltzmann 
constant (1.381⋅10–23 J/K), M is the molecular 
weight (kg), h  is  the Planck’s constant 
(6.626·10–34 J/s), a is the lattice parameter (m), 
T – temperature (K), γ – the Grüneisen parameter.

However, it should be noted that the Grüneisen 
parameter is more appropriately perceived as 
a combination of acoustic γac, elastic γel, and 
thermodynamic γtg factors whose values together 
give a difference in the readings from 10 to 15 %. 
Numerical values for these parameters are given 
in V. N. Belomestnykh et al. paper [4] and are 
available for calculation by formulas (2–4):

g ac =
-

+
9
2

4
3
2

2

2

x

x
,		  (2)

where gac is Grüneisen acoustic parameter, x is the 
parameter characterizing the ratio of propagation 
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velocity of longitudinal elastic waves to trans-
verse waves.
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where gel is the elastic Grüneisen parameter, σ is 
the Poisson’s ratio.
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where gtg is the Grüneisen thermodynamic pa-
rameter, α is the thermal expansion coefficient 
(1/K), btg is the volumetric compressibility (1/Pa), 
СV is the specific heat capacity at constant volume 
(J/K).

In the course of pressing polycrystalline 
graphene made by chemical reduction of graphite 
oxide [5], it was found that without taking into 
account its anisotropic properties, the thermal 
conductivity coefficient is about 59 W/m K at the 
pressing pressure up to 44 MPa. Macroscopically, 
anisotropy is most clearly manifested in single 
crystals, but can also be observed in polycrystals, 
for example, the most stable for boron nitride 

hexagonal crystal lattice (h-BN) has a layered 
structure with anisotropic thermal conductivity 
that ranges from 200 to 500 W/m K in the in-plane 
direction [6] and up to 30 W/m K in the out-of-
plane direction [7].

The cross-sectional plane images of the TEG 
and GO samples shown in Fig. 1 were made by 
scanning electron microscopy using an AURIGA 
CrossBeam scanning electron microscope. As can 
be seen from Fig. 2, the GO sample has a more 
oriented arrangement of layers which facilitates 
the study of its anisotropic properties. However, 
as the sample thickness equals just about 10 µm, it 
is not possible to measure the thermal diffusivity 
with the flash method, at least with the LFA 467 
HyperFlash analyzer. For this reason, further 
thermal diffusivity measurements including 
anisotropy were performed for the TEG sample.

For TEG, the thermal diffusivity measurement 
in the in-plane direction was performed by 
the flash method on an LFA 467 HyperFlash 
analyzer at various temperatures. In contrast to 
the hot guard zone (GHP), heat plates (HFM) or 
thermally stimulated current (TCT) methods, 

               а                                                          b                                                                              c
Fig. 1. TEG and GO samples: a – GO approx. 10 µm thick; b – TEG approx. 0.3 mm thick; c – TEG approx. 1.5 
mm thick

                               а                                                                 b                                                                c
Fig. 2. Lateral surface morphology of TEG and GO samples: a – GO approx. 10 µm thick; b – TEG approx. 0.3 
mm thick; c – TEG approx. 1.5 mm thick
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the flash method (LFA) allows the most accurate 
measurement of thermal diffusivity of the sample 
in the range of highest values.

Surface roughness of the samples in the cross-
sectional plane was determined by arithmetic 
mean of absolute values of surface deviations 
from the reference plane Ra, RMS value of 
surface heights (RMS) Rq, average maximum 
profile height (average of ten maximums and 
ten minimums of the surface) Rz and maximum 
surface height (distance between maximum and 
minimum of the surface) Rt. Surface roughness 
was created and visualized by optical profilometer 
WYKO NT 1100 by the non-contact method of 
optical profilometry.

The diffractograms of the studied samples 
with a step of 1.2 angular minutes presented 
in Fig. 3 were obtained by X-ray diffractometric 
method using X-ray diffractometer DRON-8. On 
the X-ray tube side, a Soller slit and a 0.5 mm 
equatorial slit were installed, and on the detector 
side, a Soller slit, a 0.05 mm equatorial slit, and a 
nickel beta filter were installed.

For practical studies of temperature 
distribution in the samples, a unit with a 
controlled semiconductor laser was assembled 
whose structure scheme is shown in Fig. 4. The 
device contains segmental indicators of the 
current flowing through the semiconductor 
laser, its voltage, dissipating electric power and 
temperature in the laser spot. The unit’s main 
control device is a microcontroller with power 
management technology (picoPower). A USB-

UART interface converter with an integrated 
clock generator and an initial reset circuit at 
power-on (Power-On Reset) made on a chip 
base was used as a linking device between the 
microcontroller and a personal computer. An 
analog-to-digital converter was used to measure 
the amount of current and voltage flowing 
through the laser. The value of current flowing 
through the laser was constant and amounted 
to 1 A at a voltage of 4.6 V. To measure the 
temperature in the laser spot (sample surface) a 
Fluke Ti125 thermal imager was used in addition 
to the thermocouple.

2. Experimental
Thermal diffusivity coefficient α of the TEG 

sample was measured by placing it a cuvette 
whose bottom surface was heated by pulses of 
0.6 ms with radiant energy of 10 J produced by 
a xenon lamp. The cuvette made of aluminum 
was specifically designed for layered samples 
or composites to measure thermal diffusivity in 
different directions. Subsequently, the sample 
diffusivity was extracted from the layered cuvette-
sample model using Netzsch Proteus software. 
This software allows to make certain adjustments 
following heat loss and changes in the distance 
from the xenon lamp to the sample inside 
the measuring chamber. Measurements were 
performed after the sample was thermostated for 
60 minutes at constant temperatures of +25 °C, 
+100 °C and + 150 °C. The time interval τ between 
pulses (shots) was 7 minutes, and there were 

Fig. 3. Diffractograms of TEG and GO samples: top – TEG; bottom – GO

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(2): 284–292

D. A. Prokhorov et al.	 Analysis of anisotropic heat and thermal diffusivity of thermally expanded graphite



288

between 10 and 20 of them in order to obtain 
the average of the measured value. The density 
of samples ρ was determined after preliminary 
thermostatization of the sample in vacuum by 
direct measurements of the sample geometric 
dimensions and its mass. Heat capacity was 
determined by differential scanning calorimetry 
using a DSC 204 F1 calorimeter where both the 
sample and the reference (AXM-5Q graphite) are 
maintained at an equal and constant temperature. 
Value of the heat transfer coefficient was 
calculated using formula 5 under the assumption 
of a homogeneous system:

c a r( ) ( ) ( ) ( )T T T C Tp= ◊ ◊ 		 (5).

Where ρ is the sample density (kg/m3), α is the 
diffusion coefficient (m/s2), Сp is specific heat 
capacity at constant pressure (J/kg K).

Based on diffractograms shown in Fig. 3, 
crystallite sizes of the samples can be roughly 
estimated using Scherrer equation 6:

d
k= l

b qcos
		  (6),

where d is the mean size of coherent scattering 
regions (nm), k is the sample particle shape factor, 
λ is the X-ray wavelength (nm), β is half-height 
reflex width (º), θ is the diffraction angle (º).

Scanning electron microscopy method 
not only helps to define layer orientation as 
was shown in Fig. 2, but also to confirm its 
polycrystalline structure. For samples under 
study, the morphology of the frontal surface, the 
characteristic sizes of crystallites obtained by this 
method were defined (also see Fig. 5).

For practical studies of temperature 
distribution in the sample, a controlled 
semiconductor laser was used. The TEG sample 
was previously compressed under pressure of 300 
MPa to a cubic shape with a side of 1.5 cm. The 
pressing was performed on a hydraulic press by a 
single impact on 105 layers of the sample which 
inevitably led to layer compaction and a change in 
the Grüneisen parameter γ and, consequently, in 
thermal conductivity coefficient χ. The obtained 
sample shown in Fig. 6 was placed at a distance 
of 10 cm from the radiation source as shown in 

Fig. 4. Structural diagram of controlled semiconductor laser unit
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Fig. 7. After 30 seconds of continuous exposure 
of the sample to laser radiation, the maximum 
value of its temperature was recorded. A larger 
value of thermal conductivity coefficient χ and 

thermal diffusion α of the sample resulted in a 
larger maximum temperature Tmax. To compare 
the obtained results, two samples of copper and 
aluminum similar in shape and size were also 
used.

3. Results and discussion
Table 1 shows the results of measurements 

and calculations of physical properties of the TEG 
sample under study.

A temperature increase in copper, aluminum 
and silver from + 27 to + 127 °С results in a 
thermal conductivity coefficient decrease by 2 % 
[12, p. 70] for copper and by 1.3 % [12, p. 76] for 
silver, yet in a thermal conductivity coefficient 
increase by 1 % [12, p. 108] for aluminum. As Table 
1 shows, an increase in the TEG temperature 
at almost similar temperatures (from + 25 °C 
to + 150 °C) leads to an increase in thermal 
conductivity by 3 %, but it should be noted that 
in order to obtain a qualitative dependence of 
temperature on the TEG thermal conductivity 
coefficient, it is necessary to increase the 
number of measurements to several dozens. On 
average, thermal conductivity of the TEG sample 
exceeds that of silver by almost one third in 
the investigated temperature range. It is worth 

Fig. 5.  Frontal surface morphology of TEG and GO 
samples: a – GO approx. 10 µm thick; b – TEG approx. 
0.3 mm thick; c – TEG approx. 1.5 mm thick

Fig. 6. TEG sample compressed at 300 MPa

Fig. 7. Experimental conditions for studying tempera-
ture distribution in samples under laser irradiation

а

b

c
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noting that the change in thermal conductivity 
of TEG in the studied temperature range is more 
pronounced. When the temperature of copper, 
aluminum and silver increases from + 27 to + 127 
°С their thermal conductivity decreases by 5 % 
[12, p. 70], 2 % [12, p. 76], and 0.2 % [12, p. 108], 
respectively, whereas the TEG conductivity 
decreases by 43 % at almost similar temperatures.

The side surface roughness of the compressed 
TEG sample whose 2D relief images are shown 
at various resolutions in Fig. 8, does not require 
further processing before use in heat transfer.

Measuring the the TEG and GO surface 
morphology allowed to determine a polycrystalline 
structure with crystallite interfaces.

Table 2 shows the results of calculations for 
diffractograms of TEG and GO samples shown in 
Fig. 3. The TEG sample has a peak near 26.55° 
(Fig. 3) corresponding to the graphite phase with 
orientation (002) [14], and a peak near 54.69° 
with orientation (004). The peaks in the regions 
of 23° to 25° and 42° to 45° may correspond 
to both graphite and graphene phases. The 
diffractogram of the GO sample has one intense 
peak in the region of angle 11°. Based on earlier 
studies of graphene diffractograms [15–17], it can 
be concluded that the diffractogram of the TEG 
sample corresponds to that of graphite, yet it is 
impossible to reliably conclude that graphene is 
absent in it. The diffractogram of the GO sample 
corresponds to the diffractogram of grapheme 
without any graphite content.

When studying temperature distribution in 
the TEG sample compressed under continuous 
exposure to laser radiation, the thermogram 
was obtained as shown in Fig. 9. As a result of 
continuous exposure to laser radiation for 30 

seconds, the maximum temperature of +31.2 °C 
was recorded in this sample, while in similar 
samples of copper and aluminum it was +29.0 °C 
and +28.4 °C, respectively.

4. Conclusions
Application of anisotropic properties of 

TEG in the in-plane direction allows to increase 
thermal conductivity by an order of magnitude 

Table 1. Physical property measurements of TEG 
sample

ρ, kg/m3 α, mm2/s χ, W/(m·K) T, °C

990

116.75±da 622.8±dc plus 25

81.94±da 597.4±dc plus 100

66.37±da 642.6±dc plus 150
* da – relative error of thermal diffusivity measurement 

3 % [8] or ± 8 % [9].
** dc – relative error of thermal conductivity measurement 

4 % [8, 10] or 10.5 % [9, 11], calculated on the basis of the 
total error according to formula (5) with negligibly small 
density measurement error (approx. 0.2 %)

Fig. 8. Side surface roughness of compressed TEG 
sample at different resolutions: a – 5.1 X; b – 20.5 X; 
c – 51.1 X

а

б

в
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which allows for its application as a material 
replacing copper in heat spreading covers (IHS), 
simplest cooling radiators, and thermal interfaces 
(TIM).

Some of the features limiting TEG application 
include its high conductivity of electric current, 
and problems in using it for making complex 
shaped structures.

Although it is impossible to measure thermal 
diffusivity of the GO sample with the flash 
method, at least with the LFA 467 HyperFlash 
analyzer, due to its thickness of about 10 µm, 
thermophysical properties of this sample may 
be superior to those of the TEG sample. It is 
possible to make similar measurements for the 
GO sample by pressing multiple GO samples at 
high pressures (up to several GPa).
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