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Abstract This study concerns new SizNy—graphene
composites manufactured using the hot-pressing method.
Because of future applications of silicon nitride for cutting
tools or specific parts of various devices having contact
with high temperatures there is a need to find a ceramic
composite material with good mechanical and especially
thermal properties. Excellent thermal properties in the
major directions are characteristic of graphene. In this
study, the graphene phase is added to the silicon nitride
phase in a quantity of up to 10 mass%, and the materials
are sintered under uniaxial pressure. The mixture of AIN
and Y,Oj; is added as sintering activator to the composite
matrix. The studies focus on thermal stability of produced
composites in argon and air conditions up to the tempera-
ture of 1,000 °C. The research also concerns the influence
of applied uniaxial pressure during the sintering process on
the orientation of graphene nanoparticles in the SizNy
matrix. The study also presents research on anisotropy of
thermal diffusivity and following thermal conductivity of
ceramic matrix composites versus the increasing graphene
quantity. Most of the presented results have not been
published in the literature yet.
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Introduction

Polycrystalline pure silicon nitride shows good mechanical
properties, such as bending strength, fracture toughness or
abrasion wear, and oxidation resistance at higher tempera-
tures [1-3]. It is the reason why this material is used for
cutting tools bearing balls and other parts of devices work-
ing in heavy conditions [4-6]. For these applications, except
mechanical properties, the material should be characterized
by good thermal conductivity to remove the heat quickly
from the working zone and should be easily mechanically
treated to prepare sometimes very complicated parts of
devices. From this point of view SizNy-sintered body shows
thermal conductivity of approx. 30 W/mK [7] (which is not
very high) and is very resistant to mechanical treatment [8].

The addition of graphene can help to solve this problem
[9]. This phase shows in a major crystallographic direction
very good thermal and electrical properties [8, 10-12]. So
there is hope that doping the silicon nitride materials by the
graphene phase can lead to an increase in thermal con-
ductivity and the electrical one, which can allow the
materials to be shaped by electro-discharge machining.
Because of low strength of the interphase boundaries
between silicon nitride and graphene, too high an addition
of this phase can change the mechanical properties of the
composite—but it can be solved by manufacturing gradient
materials. Almost, all the research on the SizN4—graphen
system concerns the mechanical and tribological properties
[13—16]. The author of this study did not found any liter-
ature containing data on thermal stability and thermal
conductivity of silicon nitride—graphene composites, which
is very important from the point of view of the application.

This study concerns a new approach to silicon nitride—
graphene composites, where the graphene is added up to
10 mass%. The materials are sintered by hot-pressing,
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where the applied uniaxial pressure can influence the dis-
tribution of graphene in the silicon nitride matrix. That is
why the studies are focused on the anisotropy of micro-
structure and following it the anisotropy of thermal diffu-
sivity/conductivity, which has not been found in the
literature. Because of possible high temperature applica-
tions of the material, the thermal stability in various
atmospheres is determined. The studies also show the
dilatometric measurements on thermal expansion coeffi-
cient (CTE) in perpendicular direction to the load applied
during the sintering, which can be very important for
designing multilayer or gradient materials.

Experimental materials and methods

SisNy—graphene composites were prepared from major
commercial powders: submicron silicon nitride (0.5-0.8 pum)
Grade M11 of H.C. Starck and graphene (GNP, 550 nm
average particle, 8 nm of flake thickness) Grade AO-2 of
Graphene Laboratories. To activate the sintering the alumi-
num nitride (0.8-1.8 um) Grade C of H.C. Starck and yttria
(0.5-0.8 pm) Grade C of H.C. Starck were used. They were
added to the SizN, matrix initial powder in the following
quantities: 2.5 mass% AIN and 4 mass% Y,0Oj3. The powders
were blended to obtain mixtures containing 0, 0.5, 1,2,4, 6, 8,
and 10 mass% of the graphene phase. The sets prepared in
this way were subjected to the homogenization process using
a rotary—vibratory mill. The preparation step was made in an
environment of isopropyl alcohol for 6 h at 80 % chamber
filling using silicon nitride-milling balls. Such a high filling of
the milling chamber was aimed at dispersing well and
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Fig. 2 Phase analysis of SizNy—graphene composites
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Fig. 4 Point element distribution of SizN4—10 mass% graphene composites

Fig. 5 Microstructure of
SizN4—graphene composites
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destroying graphene agglomerates. After the drying and
granulation process, the mixtures were hot-pressed by a HP
apparatus of Thermal Technology INC. The sintering under
uniaxial pressing was carried out in a nitrogen flow under
pressure of 25 MPa with a 10 °C/min heating rate up to a
temperature of 1,750 °C. The samples were held at the
maximum sintering temperature for 60 min. Sintered bodies
with a diameter of 50 mm were obtained.

The apparent density measurements of sintered com-
posites were made by means of a hydrostatic method,
and then the relative density was calculated. The
SizN4—graphene samples were polished in the direction
perpendicular to the pressing axis of the HP-sintering
process. The material surfaces prepared in this way were

subjected to XRD phase analysis and then the content of
alpha and beta Siz;N, phases was determined. The identi-
fication of the graphene phase was performed by Raman
spectroscopy (Horriba Yvon Jobin LabRAM HR micro-
Raman spectrometer equipped with a CCD detector). The
microstructural observation of surfaces and fractures of
SizN,—graphene composites was conducted by means of
scanning electron microscopy (SEM). The examination of
point element deposition of silica and carbon was per-
formed using the EDS method.

The thermal stability was measured in argon and air flow
by means of thermogravimetric TG measurements using
STA 449 F3 Jupiter®. The gases analysis in the air during
heating up the sample containing graphene was performed
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by STA 449 F3 Jupiter® with quadrupole mass spectrom-
eter (QMS).

Heat measurements were performed on a Netzsch LFA
427 apparatus. To determine the specific heat by comparative
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Fig. 6 Thermal stability of Si;N,—graphene composites in the argon
atmosphere
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Fig. 7 Thermal stability of SizNs—graphene composites in the air
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Fig. 8 QMS gas mass analysis
of graphene in the air
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method, Pyroceram 9606 reference material, with the known
coefficient of thermal expansion and specific heat, was used.
Thermal diffusivity was determined using the laser pulse
method (LFA) for the reference and test material at temper-
atures ranging from 25 to 700 °C in argon flow, using the
“Cape-Lehmann + pulse correction” computational model.
Ateach temperature, three measurements were performed for
statistical purposes. Examination of tested materials density
changes as a function of temperature in the range up to 900 °C
was performed by determining the coefficient of thermal
expansion using a Netzsch DIL 402C dilatometer. Based on
these measurements, specific heat was determined using the
following formula:

ef sample sample ref ref
csample TS . o . ymp P D
p ngmple Qref Vref psample . Dsample
dZ,sample
. Zorifice  .ref (1)
d2,ref P
orificer

where ¢, specific heat of the sample/reference (J g 'K,
T temperature of the sample/reference (K), O energy
absorbed by the sample/reference (J), V amplitude of signal
gain for the sample/reference, p apparent density of the
sample/reference (g cm ), D thickness of the test material
(mm), d diameter of the measuring aperture of the sample/
reference (mm).

The thermal conductivity was calculated from the fol-
lowing equation:

MT) = a(T) - ep(T) - p(T) (2)

where a(T) thermal diffusivity (mm? s~ 1Y), ¢p (T) specific
heat (J g_1 K_l), p(T) density of the material (g cm_3).

Results and discussion

The results of hydrostatically measured apparent density
and calculated relative density are presented in Fig. 1.
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Table 1 The value of thermal expansion coefficient (CTE) of SizNy—
graphene system

Composition CTE (120-800 °C) x 10~%°C~!

Si3Ny 3.32
Si3Ny + 0.5 mass% graphene 3.23
SizNy4 + 1 mass% graphene 3.01
SizN4 + 2 mass% graphene 3.31
SizNy4 + 4 mass% graphene 3.08
SizNy4 + 6 mass% graphene 3.21
SizN4 + 8 mass% graphene 3.08
SizNy + 10 mass% graphene 2.97

The results show that hot-pressed Si;Ny—graphene
composites are well densified, and the relative density is
above 98 % of theoretical density. The results of the matrix
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XRD phase analysis of manufactured materials are illus-
trated in Fig. 2 and the identification of graphene by
Raman spectroscopy is shown in Fig. 3.

The results of phase analysis (Figs. 1, 2) show that two
alpha and beta phases exist in the composites’ matrix and
there are very small amounts of free silica. The addition of
graphene leads to an increase in the beta silicon nitride
content. The Raman spectroscopy analysis performed
confirms the presence of graphene in the all prepared
composites. The wavenumbers of pure graphene powder
are: 3243, 2727, 1578, and 1349 cm ™.

The results of EDS point element distribution and the
images of the surface and fractures of some of the manu-
factured composites are shown in Figs. 4 and 5.

The point EDS analysis of silica and carbon distribution
also confirms the presence of the graphene phase in the
materials, which is visible in Fig. 4 as thin layers. The
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aluminum comes from the activating sintering process.
Further observations made on the material surface indicate
graphene particles orientation in the direction perpendicu-
lar to the pressing axis during the sintering (Fig. 5). This
situation is similar to the h-BN orientation in hot-pressed
Al,03/h-BN composites [17]. It can have a very important
influence on thermal conductivity of the composites, which
will be presented in this study. The white mist is probably
the effect of material charging during the SEM observation.

The thermal stability measurement of the sintered
SisNy—graphene composites was made in argon and in air
atmosphere up to 1,000 °C, and the results of thermo-
gravimetric and mass gas analysis are shown in Figs. 6-9.

The results of thermogravimetric measurements show
that all the prepared composites are stable at least up to the
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temperature of 1,000 °C in a protective atmosphere
(Fig. 6). The thermal stability of the SizNj—graphene
materials in case of the air atmosphere depends on the
content of the graphene phase (Fig. 7). For composites
containing up to the 2 mass% of graphene the material is
totally stable (no mass change) up to the temperature of
1,000 °C—the silicon nitride matrix protects the graphene
phase from oxidation. Also, for 4 mass% graphene the
mass lost is very small and it starts at 700 °C. The begin-
ning of graphene oxidation process shifts with the
increasing C content to 600 °C for 10 mass% of the
graphene additive, and the loss of the mass increases
significantly.

The gas mass (QMS) analysis shows that the oxidation of
pure graphene starts even below 500 °C (Fig. 8). In the case
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of sample containing 10 mass% of graphene the oxidation of
composite dispersed phase begins at 600 °C when the
change of the material mass and the evolved gas signal is
recorded. The QMS analysis confirms the TG measurements.

From the point of view of further possible applications,
for example, for gradient composites the thermal expansion
coefficient is very important. The CTE values of dilato-
metric measurements, made in the direction perpendicular
to the sintering pressing axis are collected in Table 1. The
results show that the addition of the graphene phase does
not change the CTE value significantly.

From the side of the graphene application to the ceramic
materials, it is important to check if it has any influence on
heat transfer of the produced composites. The values of
direct measurements of thermal diffusivity made using the
laser flash analysis method in two different directions are
illustrated in Fig. 10. The thermal diffusivity was also

4 6 8 10
Addition of graphene/mass%

measured up to 600 °C for determination of thermal con-
ductivity versus temperature (Figs. 12, 13).

The results of the measurements show that the addition
of graphene to the silicon nitride matrix leads to a decrease
in thermal diffusivity in the pressing direction (uniaxial
pressing during the hot-pressing process). In accordance
with the microstructure (Fig. 5), the thermal examinations
indicate that the thermal diffusivity increases strongly with
the increasing addition of graphene in the perpendicular
direction to the pressing axis. The anisotropy of thermal
diffusivity, measured at 25 °C in the different directions, is
presented in Fig. 10 and reaches even 190 % for the
sample containing 10 mass% of the graphene phase.
Thermal diffusivity results in Fig. 10 confirms the micro-
structural observations of oriented graphene particles.

Figure 11 illustrates the specific heat measured by laser
flash analysis method. The c,, values for materials containing
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graphene are slightly higher than for silicon nitride (approx.
0.7 in literature) for sample 2—6 mass% of graphene, for
other manufactured materials it is almost the same.

The directly measured thermal diffusivity, density
changes (CTE changes), and the determined specific heat
allowed for calculating the thermal conductivity of the
obtained SizNy—graphene composites. The results of ther-
mal conductivity for a different direction in the material in
function of temperature and its comparison (anisotropy) at
25 °C are shown in Figs. 12, 13, and 14.

Also, like in the case of thermal diffusivity, generally,
the thermal conductivity decreases by 30 % in the pressing
direction (during the hot-pressing process) with an
increasing graphene content (Fig. 12). In the perpendicular
direction, the thermal conductivity increases with an
increase in the graphene addition by about two times for
the case of 10 mass% graphene (Fig. 13). The results at
25 °C presented in Fig. 14 indicate anisotropy from 53 %
for 0.5 mass% graphene to 190 % for 10 mass% graphene.
The thermal conductivity results confirm microstructural
observations of oriented graphene particles.

Conclusions

— The hot-pressing allows for obtaining well-densified
SizNy—graphene materials. The microstructural obser-
vations show that the use of uniaxial pressing during
the sintering process leads to the graphene orientation
in the perpendicular direction to the pressing axis.

— The Raman spectra analysis and EDS analysis with
microstructural observations confirm the presence of
graphene in the SizN, matrix. The XRD phase analysis
shows that the content of beta silicon nitride increase
with the addition of graphene.

— The composites with graphene addition up to 4 % are
well thermally stable in air atmosphere.

— The microstructural anisotropy of graphene in silicon
nitride matrix is reflected in the anisotropy of thermal
diffusivity and thermal conductivity that reaches even
190 %.

— The thermal expansion coefficient does not change
significantly in all composites in the function of
graphene addition in the direction perpendicular to
the pressing axis, which is important in the case of
gradient SizNy—graphene materials production.
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