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The manifestation of the quantum size effect (QSE) was investigated in polycrystalline powdered graphene
produced by mechanically exfoliating graphite in water followed by drying (Gf) under various pressing pressures (up
to 0.4 GPa). The QSE was characterized by a discontinuous increase in physical properties (thermal and temperature
conductivity), measured using the laser flash analysis (LFA) method and differential scanning calorimetry (DSC).
Non-contact surface topography measurements of Gf were performed using optical profilometry (OP).
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Polycrystalline graphene in powder form (Gf) produced
by mechanical exfoliation of graphite in water with sub-
sequent drying was used as the starting material in the
study of the quantum size effect (QSE) in graphene. The
experimental manifestation of QSE has been observed for
the first time by Lutskii et al. in 1965 [1] in thin bismuth
films.

In the present study, the dependence of thermophysical
properties (thermal and temperature conductivity coeffi-
cient) of Gf samples on the pressing pressure is investigated,
and the surfaces obtained after pressing are compared (in
contrast to the original work of Xiong et al. [2], where sheets
of carbon nanofiber based on polyvinyl alcohol C;H4O were
investigated as a thermal interface material). Measurements
were also carried out to establish the relation between the
Gf pressing pressure and the surface roughness.

Gf samples were compressed to thickness h under ultra-
high pressures (up to 0.4GPa) by cold dry pressing with
the use of a vulcanization press with an IP-1000 hydraulic
drive. Graphite is transformed into diamond by static and
dynamic methods [3]. Static synthesis is carried out in
the region of the carbon phase diagram where diamond
is thermodynamically more stable than graphite (a catalytic
method is used at pressures ranging from 4 to 10 GPa and
temperatures from 1000 to 2500K). The dynamic method
utilizes shock-wave compression induced by explosives at a
pressure of 30GPa and temperatures ranging from 1000
to 3000K. The graphite-diamond transformation is not
observed within the studied range of pressing pressures and
temperatures (up to +150°C).

Two non-contact methods were used to measure the
roughness and relief of the Gf sample surface: optical
profilometry and phase-shifting interferometry (PSI). The
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temperature conductivity coefficient was determined using
the laser flash analysis (LFA) method. In such experiments,
the growth of temperature of the sample (up to +150°C) is
measured as a function of time with a Cd—Hg—Te infrared
detector. Diffraction patterns were obtained by XRD.

It is known that ultra-high pressures have an effect on
interatomic distances in the crystal lattice. The relation
between Grineisen parameter p and thermal conductivity
coefficient y is set by the Leibfried—Schlomann formula [4]:
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where y is the thermal conductivity coefficient [W/(m - K)],
Op is the Debye temperature [K], kg is the Boltzmann
constant (1.381-10"2*J/K ), M is the molecular weight
[kg], h is the Planck constant (6.626 - 10734J -s), a is the
lattice parameter [m], and T is temperature [K].

The value of ) in homogeneous systems may also be
calculated as

x(T) (2)

Here, p is the sample density [kg/m®], @ is the temperature
conductivity coefficient [m?/s], and C, is the specific heat
capacity at constant pressure [J/(kg - K)].

The approximate sizes of crystallites in the Gf samples
may be estimated from the diffraction patterns using the
Scherrer equation [3]:

a(T)p(T)Cp(T).
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where d is the average size of coherent scattering regions
of crystallites [nm]|, K is the particle shape factor, 1 is the
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Figure 1. Images of the surface of the Gf sample pressed at a pressure of 20.0 MPa. @ — Surface morphology; » — phase image with a
highlighted delamination region in an unexpanded form; ¢ — surface profile measured along the line shown in the left panel.

X-ray radiation wavelength [nm], 8 is the FWHM value of
the reflection [deg], and 6 is the diffraction angle [deg].

Layered regions (Fig. 1,b) were first identified in the
scanning electron microscopy images of surfaces of the
studied compressed samples (Fig. 1,a), and the thickness
of multilayer graphene in these regions was then esti-
mated by PSI in the process of examination of phase
images (Fig. 1,¢). The delaminated region was ap-
proximately 90nm in height, and a similar height was
determined in other areas of the sample. A Soller slit
and a 0.5mm equatorial slit were installed on the X-ray
tube side, and a Soller slit, a 0.05mm equatorial slit,
and a nickel B-filter were mounted on the detector side
in measurements of diffraction patterns of the examined
samples.

Temperature conductivity coefficient a of the samples
was measured by LFA at different temperatures. The factor
of anisotropy of physical properties was not considered due
to the chaotic arrangement of the initial particles and the
difficulty of their subsequent orientation during pressing.
Unlike the methods of a guarded hot plate, heating plates, or
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thermally stimulated current, the LFA technique allows one
to measure the temperature conductivity of a sample in the
region of its highest values (up to 1000 mm?/s) [5]. Specific
heat capacity Cp, was determined by differential scanning
calorimetry.

The surface roughness of the examined samples was
characterized by such parameters as the arithmetic mean
of absolute values of the surface deviation from the base
plane (Ra), the root-mean-square value of surface heights
(Rq), the average maximum profile height (an average of
ten maxima and ten minima of the surface) (R;), and the
maximum height of the surface (the distance between its
maximum and minimum) (R;). Density p of the samples
was determined after preparatory thermal conditioning at
the required temperature in vacuum by direct measurements
of their geometric dimensions and mass. The Gf samples
were pressed by a single impact, which inevitably led to
compaction of the layers, changes in crystallite sizes and
Griineisen parameter p, and, consequently, a change in
x (see (1)). The measurements of a were performed
after thermal conditioning of the samples for 60 min at a
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Table 1. Results of calculations based on diffraction patterns of
the studied Gf samples

p, MPa K A, nm 20, deg B, deg | d, nm
0.1 | 094 | 15406 | 26.43 £ A, | 03014 | 28.27
200.0 094 | 1.5406 | 26.54 = Ay | 0.1574 | 54.16

Note. Ag is the absolute error of measurement of the diffraction angle
(0.01%) [6].

constant temperature of +25, 4100, and +150°C. Thermal
conductivity coefficient y was calculated by formula (2).
The PSI method allows one both to estimate the number
of layers of Gf (as shown in Fig. 1) and to validate
its polycrystalline structure. It was also determined in
experiments that the samples are transparent in the near
IR region, which is indicative of a high thermal conductivity
of this material. Table 1 lists the results of calculations
based on diffraction patterns of the Gf samples. The
samples feature peaks around 26.55 and 54.69°, which
correspond to graphite phases with orientations (002) [7]
and (004). The peaks in regions from 23 to 25° and
from 42 to 45° may correspond both to the graphite
phase and to the graphene phase. The results of earlier
studies of graphene diffraction patterns [8-10] suggest that
the diffraction pattern of Gf samples corresponds to the
one of graphite, but it cannot be said with certainty that
it does not contain graphene. At the stage of applying
pressure p, particles are packed, their contacts with each
other intensify, air is removed, and the particles are shifted
actively in the direction of force application (and, to a
lesser extent, in the transverse direction). Pores are filled,
and the particles occupy a stable position. Since the

overall contact surface area increases, the particles acquire
mechanical adhesion. As p increases further, the density
grows due to elastic deformation of particles in the contact
region. At this point in the process of pressing, the
sample retains the original size of crystallites. = When
p =200 MPa is reached, brittle fracture (plastic flow) is
initiated: the load exceeds the compressive resistance of
crystallites, and they get deformed. As a result, the
crystallites are redistributed and, as can be seen from
Table 1, grow in size (almost by a factor of 2). Hot
pressing is even more conducive to crystallite growth and,
consequently, an increase in x. The obtained dependences
of x and a on pressing pressure p are unusual for graphite.
The oscillations of ¥ and «, which reach their maximum
at p close to 44 MPa, are not unlike the oscillations of
other physical properties in thin bismuth films (with a
thickness ranging from 20 to 160nm). All the measured
thermophysical properties of Gf samples are presented in
Table 2. The results of measurements at p = 400 MPa,
which reveal an increase in « and y with a reduction
in temperature, suggest that a similar enhancement of
amplitude of the physical properties should occur in Gf
at cryogenic temperatures. The two-dimensional images
of relief of the Gf samples subjected to different pressing
pressures (see Fig. 2) reveal no dependence of the surface
roughness on the pressing pressure. The initial average
powder particle size and the roughness of the inner surface
of the used press mold are the factors that govern the
sample surface roughness in this case. The use of QSE
in Gf allows one to raise the thermal and temperature
conductivity by several orders of magnitude, which makes it
relevant to the issues of cooling the electronic components
of modern devices. Factors limiting the application of
Gf include the difficulty of fabrication of structures with

Table 2. Results of measurement of the physical properties of the studied Gf samples

pa P, a, x> ha T oC Cp,
MPa kg/m’ 10~ m?/s W/(m-K) mm ’ J/(kg'K)
0.1 475 0.35 £ 64 0.1+ 270 602 + éc
1.0 475 0.34 £ 4 0.1+ 3.11 619 + &¢c
23 1590 0.79 + 6 1.0+ 6, 211 796 £ 6c
20.0 2213 7.38 & 64 16.3 + 6, 1.11 4100 998 + é&¢
441 1690 42.23 + 6, 58.7 £ 6, 1.90 823 + éc
' 1851 42.61 + 6, 59.0 £ 65, 225 748 £ 6
200.0 1810 6.27 & 64 10.3 + 6 1.79 908 + é&¢c
300.0 1729 5.85 £ ba 11.6 £ 6, 0.48 1147 + 6¢
434 £ 6, 14.0 + 6, +25 1247 + 6¢
400.0 2587 3.06 £ 8q 12.0 £ 6, 0.26 +100 1516 + é¢
2.47 + &4 10.5+ 6 +150 1643 =+ 6¢

Note. 8, is the relative error of o measurement (3%) [11], éc is the relative error of Cp measurement (1%) [12], and §, is the relative error of x
measurement (4%) [11,12] calculated based on the total error according to formula (2) with the error of p measurement assumed to be negligible.
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a complex shape, which require special press molds,
and the fact that Gf is a fine conductor of electric
current.
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Surface roughness of the Gf samples pressed at p = 20.0 (a), 44.1 (b), and 400.0 MPa (c). 51.1x magnification.
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