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Abstract: In this work, the influence of graphene oxide (GO) additives on the structure and morphology of graphite filler,
as well as the strength characteristics of final carbon-graphite composites, is investigated. The formulation of prototype
charge samples was selected using the mathematical method of experiment planning and the Hartley plan.
The granulometric composition of the initial and modified charge samples, along with their adsorption capacity with
respect to pitch, was determined. Scanning electron microscopy, Raman spectroscopy, XRD analysis, vibration density
measurements, and specific surface area analysis (via BET) were used to evaluate the structure and morphology of the
filler particles. It was found that when 0.9 wt. % GO is added to the filler composition, a denser grain structure with fewer
voids is formed. At the same time, the specific surface area decreases by a factor of 3.6, while the sorption capacity for
pitch, on the contrary, increases by a factor of 2.7, indicating a change in the chemical composition of the filler particle
surfaces. According to Raman spectroscopy data, the modified charge samples exhibit a higher D/G ratio, the presence of
functional groups on the particle surface, and a predominance of edge defects. Physical and mechanical testing of the
samples after firing revealed that the introduction of 0.9 wt. % graphene oxide increases the compressive strength from
35.5 to 97.5 MPa. These results are significant for the development of new composite materials for tribotechnical
applications.
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AnHotanusi: Paccmorpeno BmusHmMe n00aBOK okcuma rpadena (OI') Ha cTpykTypy W Mopdoioruio rpaduToBOTO
HATIOJTHUATEIIS U IIPOYHOCTHEIE XapaKTEPUCTHKH KOHEYHBIX YTIETPagUTOBBIX KOMIO3UTOB. PerentypHBIif COCTaB ONMBITHBIX
00pa3IoB MUXTH BHIOPaH C MPUMEHECHHEM MaTEMAaTHYeCKOTO METOoJla IIAHWPOBAHUS SKCIEPUMEHTA M IUIaHa XapTiId.
OnpeneneHs! TPaHyJIOMETPHUYECKH COCTaB 00Pa3OB MCXOTHOW M MOAM(DHUIIMPOBAHHON IMUXTH M UX aACOPOIMOHHAS
€MKOCTh 10 OTHOUICHHIO K IeKy. J[isi OleHKH CTPYKTYpbl 1 MOP(OJIOTUH YaCTHIl HAIIOIHUTEISI UCIOJIb30BAHBI METO/IBI
CKaHMPYIOILEH 3JeKTPOHHOW MHUKpockonuy, KP-criekTpockonuu, pEeHTICHOBCKOW —TU(PPAKTOMETPUH, H3MEPEHHUs
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BUOPOIUIOTHOCTH M yaenbHOM moBepxHoctd (no BOT). Ilokaszano, yro mpu moGasnennu 0,9 mac. % OI' B cocras
HarogHUTeNnsT GopMUpyeTcs Oosee MIOTHOE 3€pPHO ¢ MEHBIINM KOJMYECTBOM ITycTOoT. IIpm 3TOM 3HaueHne ypenbHOH
MOBEPXHOCTH CHMXaeTcs B 3,6 pasa, a COpOIMOHHAsT EMKOCTb 110 OTHOIICHHIO K IIEKy, HAalpOTHB, BO3pacTaeT B 2,7 pasa,
4TO yKa3bIBAaCT HA N3MEHEHHE XMMHUECKOT0 COCTaBa MMOBEPXHOCTH YacTul] HanonHutend. Ilo nanubM cnexrpockonuu KP
00pa3ubl MOIU(PUIIMPOBAaHHON IIMXTHI XapaKTEPHU3yIOTC 00JIee BEICOKUM 3HaYeHHeM cooTHoueHus D/G, Ha MOBEPXHOCTH
YacTUIl NPHCYTCTBYIOT (YHKLHOHAJIBHBIE TPYIIBL, MpeoOiaanaloT KpaeBble nedekTsl. B xone (u3nKo-MexaHHYECKHX
UCIIBITAaHUH 00pa3loB MOciie 00XKHUIra yCTaHOBIJICHO, YTO 3a cueT BBeneHus 0,9 mac. % okcuna rpadeHa npeaen mpouyHOCTH
MpU CXKATUHU yBeiauuuBaercs ¢ 35,5 no 97,5 MIla. IlonydeHHbIe pe3ysbTaThl HMCIOT BaKHOE 3HAYCHHUE IS pa3pabOTKu
HOBBIX KOMITO3UTHBIX MaTepuaoB TPHOOTEXHUYECKOTO Ha3HAYCHHSI.

KiaroueBbie cJjioBa:
MOJICITHPOBaHUE.

OKCHa rpa(beHa; aHTI/Iq)pI/IKIII/IOHHI)Ie MaTcpualibl; MATEMaATUYCCKOC
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1. Introduction

The requirements for the physical and
mechanical properties of tribotechnical materials used
in modern equipment, transport systems, and
technical devices operating under extreme conditions
are extremely high [1, 2]. Particularly in demand are
antifriction self-lubricating materials that include
graphite, which possesses unique characteristics such
as thermal and chemical stability, high conductivity,
and excellent strength properties.

In the production of carbon-graphite materials,
the main raw components used are coke, coal tar
pitch, and natural graphite. The technological process
consists of several key stages: cold pressing of a
mixture of fine-dispersed carbon powders, thermal
treatment at 1250 °C, followed by impregnation and
graphitization, which occurs at temperatures ranging
from 2300 to 2500 °C [3].

One of the drawbacks of graphite materials that
limits their use in friction units is their susceptibility
to oxidation in aggressive environments at
temperatures above 400 °C [4, 5]. Various methods
are used to address this issue, such as impregnation
with phosphorus-containing compounds [6]. To reduce
porosity and increase strength, graphite materials are
impregnated with resins and metals [7-9]. Changes in
the porosity and surface structure of graphite under
conditions of liquid friction affect its tribotechnical
properties: liquid prevents the formation of a graphite
film on the counterbody but reduces the coefficient of
friction by penetrating between the mating elements
[10-12]. Additionally, impregnation with modifying
agents improves the wear resistance of antifriction
materials [7-9, 13, 14].

To further enhance performance characteristics,
nanomaterial additives are introduced into antifriction
materials. Carbon nanostructures (CNSs) have proven
to be universal fillers for composites used in the

aerospace, automotive, and construction industries, as
well as in medicine, electronics, and other fields
[15,16]. However, CNSs are highly prone to
aggregation, which necessitates finding optimal
parameters for their incorporation into composites.
For example, in [17], the uniformity of carbon
nanotube (CNT) dispersion in a copper-based
antifriction material matrix was improved by
oxidation with a mixture of sulfuric and nitric acids,
leading to a reinforced composite with enhanced
strength and tribotechnical properties. In [18],
a synergistic effect was observed from the
introduction of a boron carbide and CNT mixture,
resulting in reduced and stabilized friction
coefficients and improved wear resistance of the
antifriction material. A similar effect was noted
in [19] when CNTs modified with zinc methacrylate
were used in a rubber-based composite.

Carbon nanofibers (CNFs), which possess high
strength, flexibility, and a developed specific surface
area [20], are also used in composite materials.
For instance, in [21], it was shown that the
introduction of CNFs into a copper matrix reduced
the friction coefficient by a factor of eight compared
to pure copper. The addition of 6 wt. % CNFs to a
poly-a-olefin-based Iubricant reduced counterbody
wear and extended the service life of wind turbines [9].

Graphene oxide (GO), another representative of
CNSs, consists mainly of sp*-hybridized carbon
atoms. However, unlike classical graphene, GO
contains a large number of oxygen-containing
functional groups (hydroxyl, carboxyl, epoxy, etc.).
In [22], it was demonstrated that adding a mixture of
reduced graphene oxide (rGO) and aluminum oxide
improves the wear resistance of tungsten carbide.
The introduction of a mixture of N-cyclohexyl-
benzothiazole-2-sulfonamide and GO enhances the
physical-mechanical, thermal, and tribotechnical
properties of rubber-based composites [23].
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The authors of [24] reported a tenfold reduction in the
friction coefficient when a mixture of GO and zinc
ferrite was added to poly-a-olefin.

Thus, CNSs frequently exhibit positive effects
when used as fillers in tribotechnical composite
materials based on various matrices. The aim of this
study is to evaluate the feasibility of using graphene
oxide in a graphite-based antifriction material, as well
as to optimize the composition of components
through mathematical modeling and to investigate the
structure and physical-mechanical properties of the
resulting composite.

2. Materials and Methods

2.1. Initial materials

The raw components used for the preparation of
the composite material included fine-grained graphite
of grade MPG-7 (p=2.15 g-cm%) produced by JSC
“NIIGraphite” (TC 1915-051-00200851) and natural
graphite GAK-1 (p =2.25 g-cm%) from the Taiginsky
deposit (Russian Standard 17022-81). Coal tar pitch,
a high-temperature binder, was obtained from
LLC “Mini-Max” (Russian Standard 1038-2023).
The nanomodifier used was graphene oxide produced
by LLC “Nanotechcenter”, Tambov, supplied as
a 1 wt. % aqueous suspension.

2.2. Preparation of experimental samples

The methodology for obtaining experimental
samples included preliminary raw material crushing,
co-milling of graphite and GO in a vibratory mill
(batch preparation), extrusion mixing with the binder,
crushing, preparation of press powder, pressing, and
firing. The GO suspension content in the MPG-7 and
GAK-1 mixture varied from 0 to 1.6 wt. %.

2.3. Analytical methods

The adsorption capacity of the initial and GO-
modified batch in relation to pitch (4, mg-mfz) was
determined by measuring the light absorption of
a pitch solution in toluene before (Dg) and after (D)
contact with the filler using a FEK-56 photoelectric
colorimeter (JSC “Zagorsk optical and mechanical
plant”) at a filter wavelength of 540 nm. The pitch
concentrations (Cy and Cj) corresponding to the
optical densities (Dg) and (D) were determined using
a calibration curve. The adsorption capacity 4 of the
filler was calculated using the formula:

R "
m Sggt

where C — concentration of the initial pitch solution

in toluene, mg-mLfl; Cy — concentration of the pitch
solution in toluene after contact with the filler filler,
rng-rnL_l; V' — volume of the pitch solution in toluene,
mL; m — mass of the filler sample, g; Sgpr — specific
surface area, mz'gfl.

The morphology of the batch was examined
using scanning electron microscopy (SEM) with a
FlexSEM 1000 II (Hitachi) equipped with a tungsten
cathode at an accelerating voltage of 20 kV.

Raman spectra of the batch were recorded using
a DXR Raman Microscope (Thermo Scientific) with
a laser wavelength of 532 nm. X-ray diffraction
(XRD) patterns were obtained using an ARL Equinox
1000 (Thermo Scientific) equipped with a Cu-anode
X-ray tube (wave length — 1.5406 A).

The granulometric composition of the batch was
determined using a Mastersizer 3000 laser particle
size analyzer (Malvern Instruments Ltd.). The specific
surface area was measured using nitrogen adsorption
at 77 K on an ASAP 2020 (Micromeritics) using the
BET method. Vibrational density was determined
according to Russian Standard 25279-93 using a Dual
Autotap device.

The compressive strength of the samples was
determined using a Zwick/Roell Z250 testing
machine based on the maximum load and the stress
developed in the sample cross-section.

3. Results and Discussion
3.1. Optimization of the batch formulation

To optimize the batch formulation of the newly
developed antifriction self-lubricating graphite-based
material, a mathematical experimental design method
was applied. The investigated variables included the
following components: MPG-7 graphite (X}), natural
graphite GAK-1 (X;), and GO suspension (X3).
Table 1 presents the feasible variation limits for these
components.

Table 1. Limits of change in concentration

of components
MPG-7 Natural .
Compto%/ents, graphite graphite GO su)sg)ensmn
W7o (X))  GAK-1 (X (43)
Minimum content 81.5 9 0
Maximum content 92 15 1.6
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To reduce the factorial space and simplify the
computational procedure when planning the
experiment, the dependence of the key optimization
parameter was considered in terms of the ratio of
components rather than their absolute quantities.
Based on the variable limits in absolute values, the
factor constraints Z; were calculated as follows:

min max
< L. <
ZMN <7, <7

X X,
min _ Vimin | _max _ < imax
Zipin = T zmax _ Zm 2)
Xl max Xl min
where j =1, ..., 2; X; min» Xi max — the absolute values
of the variable X; at the lower and upper boundaries,

respectively.

When using component ratios as factors in the
mixture, the following values were determined
sequentially:

— center coordinates using the equation:

Zmln +ZI:I18.X
Z)=—— 3)
2
— variation intervals:

- Z;nm _ Z;nax .
j ——2 . 4)

Next, the coded variables (8;) were recorded so
that their values varied within the interval —1+1:

z.-7"
8] =4 7 (5)

AZ;

Thus, the experimental design was recorded in
three forms: for the coded variables 8_]-, for the

component ratios Z;, and for the natural variables

X,;. The latter was the most convenient for practical

implementation of the experiment. Therefore, for
experimental execution, the transition from 8 ; to Z;

was carried out using the following formulas:

Z;=20+8,AZ;; (6)
1
Xy =g (7)
>.Z;+1
1
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Fig. 1. Dependence of ultimate compressive strength
on adsorption capacity:
1 — experimental dependence; 2 — linear dependence

The key optimization parameter chosen was the
adsorption capacity of the batch mixture in relation to
pitch (4). This is one of the critical parameters for
assessing the interaction between the filler and the
binder, which, in turn, affects the mechanical strength
of the final carbon-graphite material (Fig. 1).

At the first stage of experiment planning, the
hypothesis regarding the linearity of the regression
model was tested. Based on the conducted
experiments, a linear  regression  equation
was obtained to describe the dependence of the
studied property on the controlled factors

y=2.28-0.030; +0.085, (Fig. 2). As a result of
testing the hypothesis for model adequacy, the linear
model was rejected.

. 40-
=
2
3
= 3,54
G
% 2
© 3,0
C
O
I
2 2,5
ko) 1
<
2,0 . T T
-1 0 1

Value §,

Fig. 2. Values of the adsorption capacity functions at & = 0:
1 — linear dependence; 2 — quadratic dependence;
3 — measured values
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Table 2. Experimental conditions

Coded variables

Relative values of components

Absolute values of components

No. A, mg~m72
3 o) Z Z; X X5 X3

1 + - 0.1890 0 84.1 15.9 0 1.5

2 - + 0.0997 0.0196 89.3 8.9 1.8 1.7

3 + 0 0.1890 0.0098 83.4 15.8 0.8 3.0

4 - 0 0.0997 0.0098 90.1 9.0 0.9 2.9

5 0 + 0.1443 0.0196 85.9 12.4 1.7 2.0

6 0 - 0.1443 0.0098 87.4 12.6 0 1.5

7 0 0 0.1443 0.0098 86.6 12.5 0.9 4.1

To develop a nonlinear regression equation, the k7h22
Hartley plan [25] for two factors was chosen as the a= +1; (15)
experimental design, consisting of seven experiments. Ay =Ny +hhsy =5
This plan accounts for the curvature of the response
surface while maintaining the minimum possible A,
number of experiments, making it one of the simplest b= o (16)
designs for a two-dimensional space. Ay —hsy +khy —kL5
In this design, the factors are varied at three

levels, allowing for the development of a second- o= 1 17)
order model. Table 2 presents the experimental B Y

. . . 3
design matrix for the coded variables 9;, factors Z,
and natural values X, along with the adsorption As _xzz
capacity values obtained from implementing the d= (18)

described plan.
The response surface was described using
a second-order regression equation [25]:

2
y:b0+z 1+zb1] i ]+szz i
i=1

i,j=1
Based on the experimental data obtained using
the Hartley plan, the coefficients of the regression
equation were calculated using the following
formulas (11) — (14):

(10)

Zyu LR an
N u=1 N i=1u=1
':_zszuyu’ (12)
N7\,2u 1
- z( REX (13)
N)\.3u 1
N
b, =_25myu ZZS,MyM Zyu. (14)

N i=1u=1 N u=1

Additional constants were calculated using the
following equations (15) — (18):

(g =23 )y =y + KAy — 102 )

Even moments were determined using the
following formulas (19) — (21):

ZSW

Ay _T; 19)
N
>(6757 ),
Ay =t ———; (20)
N
N
2.8
hy =4 @D
N

To determine the significance of regression
coefficients, their absolute values were compared
with the confidence interval, calculated as:

Ab, =tq 1Sy (22)

The calculated values of the coefficients and
their confidence intervals are presented in Table 3.
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Table 3. Values of regression coefficients
and confidence intervals

Coefficient
Value bo b by bz b bx
b; 37 -0.03 0.18 -1.6 -1.22 -2.66
Ab; 021 0.09 0.09 0.17 021 021
A coefficient 1is considered statistically

insignificant if its absolute value is smaller than its
confidence interval.

Comparing the confidence intervals with the
absolute values of the regression coefficients showed
that only coefficient b was statistically insignificant.
Therefore, it was excluded from the model.

As a result, the following mathematical model
(23) was obtained, which meets the adequacy
requirement:

y=3.7+0.185, -1.68,5, —1.228} —2.6685. (23)

For further analysis, the mathematical model
was transformed into its canonical form (24):

y—3.7=-3.0182-0.875. (24)

Since the coefficients have the same sign, the
response surface is an ellipsoid, and its center is an
extremum (maximum).

The center coordinates are (0; 0), which
corresponds to the composition described in the
7th row of the Hartley plan, meaning it represents the
optimal formulation of the filler (Fig. 3). Thus, to
study the effect of introducing graphene oxide (GO)
into the filler composition on the structure,
morphology, and physico-mechanical properties of
carbon-graphite composites, experimental samples
were prepared according to the formulations in the
Sth, 6th, and 7th rows of the Hartley plan.

Fig. 3. Response surface in canonical form

3.2. Structure and morphology
of nanomodified fillers

Figure 4 presents SEM images of both
unmodified and graphene oxide-modified filler
samples.

In the volume of the original sample,
predominantly round-shaped structural units are
identified, corresponding to the morphology of
MPG-7, with some inclusions of plate-like shapes
typical for GAK-1 particles (Fig. 4a and 4b).

The sample obtained by adding 0.9 wt. %
graphene oxide suspension to the mixture of MPG-7
and GAK-1 exhibits a different structure (Fig. 4¢ and
4d). 1t consists of agglomerated particles of irregular
shape. Separate platelets of natural graphite are
almost absent here.

As the GO content in the modified filler
increases, round and plate-like particles start to
appear again on the SEM image (Fig. 4e and 4f).
In this case, the sample is characterized by slightly
greater dispersion compared to the unmodified
mixture.

Thus, at low concentrations, graphene oxide
promotes the binding of graphite components,
whereas at higher concentrations, it causes de-
agglomeration and separation of individual particles.

This assumption is confirmed by the data on the
particle size distribution of the batch, obtained using
a laser particle size analyzer (Fig. 5). Indeed, the
sample made from the mixture containing 0.9 wt. %
GO has fewer small particles and more larger
particles compared to the unmodified filler.
The material obtained from the mixture with
1.7 wt. % GO exhibits the highest dispersion.

Additional information about the changes in the
filler structure during nanomodification was obtained
based on the specific surface area and vibrational

density (py) values (Table 4). The pv values indicate
that, when 0.9 wt. % GO is introduced, a denser grain
of filler is formed with fewer voids, which in turn
promotes a tighter packing of the particles.

Moreover, the introduction of 0.9 wt. % by
weight of GO likely contributes to the closure of
pores in the material, which leads to a reduction in
specific surface area by a factor of 3.5. The increase
in the specific surface area of the filler with a higher
GO content is related to the deagglomeration of
particles.

One contradiction is that the more dispersed
nanomodified sample with 1.7 wt. % GO has a lower
specific surface area than the unmodified filler. It can
be assumed that this is due to the increase in the true
density of the material during nanomodification.
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Fig. 4. SEM images of filler samples obtained from mixtures with GO suspension content equal
to 0 (a, b), 0.9 (¢, d) and 1.7 (e, f) wt. %

Traditionally, the method of X-ray phase
analysis is used to evaluate the changes in the
volumetric structure of graphite materials [27].
The X-ray diffractogram of natural graphite GAK-1
(Fig. 6) has a typical appearance. The most intense
peak corresponds to the crystallographic plane (002)
at 20 =26° with an interplanar distance (dgygp) of
3.42 A. The second signal on the diffractogram near
54° is much less intense and can be decomposed into
two components with closely spaced peaks at 53.5°

(d004= 1.71 A) and 54.1° (d004= 1.69 A) Both of
these values correspond to the crystallographic plane
(004). This suggests that the material contains a less

structured phase, characterized by a higher dgg4 value.

The X-ray diffractogram of the MPG-7 material
contains a set of peaks characteristic of highly
ordered fine crystalline graphite at 20 values of 26.3°
(002), 42° (100), 44° (101), 54° (004), 78° (110), and
84° (112).
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Fig. 5. Particle size distribution in charge samples:
unmodified (/) and obtained from a mixture containing
0.9 (2) and 1.7 (3) wt. % exhaust gas suspension

Table 4. Properties of fillers

1

GO content, wt. % p g-cm_3 Specific surface area, m2~g7

0 0.73 29.10
0.9 0.78 8.06
1.6 0.74 17.45

L

Itensity, a.u.

2

1

1

(I) 1|0 2]0 3|0 4|0 5|0 6]0 7|0 8|0 9|0 160 11|0 150
2 theta
Fig. 6. X-ray diffractograms of samples of synthetic
graphite (/), natural graphite (2) and charge obtained
from a mixture containing 0.9 (3) and 1.7 wt. % (4)
of graphene oxide suspension

All three samples of the charge demonstrate a
diffraction pattern characteristic of the predominant
component of the mixture — artificial graphite
MPG-7. There are only slight differences between the
samples in the wvalues of interplanar distances
(Table 5), calculated using the Wulf-Breig equation.
In the unmodified and modified charge samples, the
values of d are slightly higher than in MPG-7.
The filler made from the mixture containing
0.9 wt. % GO suspension has the lowest values of

d10o and dyp4 among the three samples.

Table 5. Results of X-ray phase analysis of initial graphites and charge samples

Interplanar distance, A

Sample

doo2 d100 dio1 doo4 di1o din2
GAK-1 3.35 - - 1.69-1.71 - -
MPG-7 3.38 2.11 2.05 1.68 1.22 1.16
Unmodified charge 3.40 2.14 2.06 1.70 1.24 1.16
Charge from a mixture containing
0.9 wt. % GO suspension 3.40 2.13 2.06 1.69 1.24 1.16
Charge from a mixture containing 340 )14 206 1.70 104 116

1.7 wt. % GO suspension

However, overall, the differences are so small
that it can be said that the volumetric structure of all
the charge samples is similar.

Figure 7 shows the Raman spectra (RS) of the
investigated filler samples. The spectra exhibit peaks
characteristic of carbon materials, and the position
and intensity of these peaks can be used to assess the
parameters and nature of surface defects.

The D peak (~1350 cmﬁl) is the breathing mode

Ajg [28], associated with defects in the basic

structure. The G peak (~1550 cmﬁl) is due to in-plane
vibrations of carbon atoms in graphene sheets with
Ey; symmetry [29]. In the Raman spectrum of
GAK-1, the D peak is almost absent, indicating the
well-ordered structure of its surface graphene layers.
In the spectrum of MPG-7, the intensity of this peak
is higher, likely due to the fragmentation of the
material and the high proportion of edge areas on the
surface of the particles that make it up.
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Fig. 7. Raman spectra of synthetic graphite MPG-7 (1),
natural graphite GAK-1 (2) and charge samples obtained
from mixtures with GO suspension content equal to 0 (3),

0.9 (4) and 1.7 (5) wt. %.

Additionally, on the spectra of all analyzed
samples, there is a relatively intense 2D band
(~2700 cmﬁl), which is characteristic of zone-
boundary phonons of the second order and indicates
the formation of a graphene-like structure [30].
Overall, the general appearance of the Raman spectra
and the ratios of the characteristic peak heights are
quite typical for graphite materials [31].

In the Raman spectra of the nanomodified
charge, a broad D+ G peak also appears with a
blurred peak around 2900 cm’' [32], more intense for
the sample with 0.9 wt. % graphene oxide.
The appearance of this band indicates the disorder and
defects in the surface graphene layers of the material.

Intensity, cps

T T T T T T T T
1500 1400 1300 1200

Raman shift, cm™

—
1600

Fig. 8. Fragment of Raman spectra of charge sample
containing 0.9 wt. % of GO suspension
with deconvolution of main peaks

The D peak is also most intense in the spectrum
of the sample from the charge obtained from the
original mixture containing 0.9 wt. % graphene
oxide. Therefore, this confirms the assumption of
a higher number of defects in the graphene layers of
this sample compared to the other materials.
This fact, along with the change in the height and
symmetry of the 2D peak, may indicate the
amorphization of the surface structure [33].

By decomposing the D and G peaks using
Lorentzian functions (OMNICry) software), the
peaks D’, D”, and D* were identified within them
(Fig. 8). The validity of this approach for interpreting
Raman spectroscopy data is discussed in [34].
The highest intensity of the D’ peak (~1620 cmﬁl) in
the spectrum of the sample containing 0.9 wt. %
graphene oxide indicates a significant number of
carbon atoms in an sp’hybridization state on the
surface of the granules [35]. The D” peak (~1500 cm_l)
is associated with the presence of lattice defects in
graphite [36]. The broadening of the G-band in this
spectrum may be due to the presence of hydroxyl and
epoxy groups [37], which are components of
graphene oxide. This is also indicated by the presence
of the D* peak [38, 39].

Table 6 presents the results of Raman
spectroscopy data analysis. These results confirm the
previously mentioned assumptions about the changes
in the structure of the filler when different amounts of
graphene oxide are introduced into its composition.
The sample containing 0.9 wt. % graphene oxide is
characterized by the maximum values of the D/G and
D”/G ratios, which are used to assess the degree of
defectiveness and overall disorder of the surface of
graphite materials. It should be noted that the values
of D”/G and D*/G decrease as the graphene oxide
content in the nanomodified charge increases. This
may be because graphene oxide contributes to more
effective dispersion of the graphite components
during mechanical processing in the vibratory mill.
The microflakes of graphite components formed as a
result of this process may screen (cover) the oxygen-
containing groups of graphene oxide. Another
noteworthy observation is that for the unmodified
charge, the D/D’ ratio is 13, which is characteristic of
a predominance of sp’ defects on the surface, whereas
for the nanomodified charges of both compositions,
the D/D’ ratio is close to 3.5, indicating that edge
defects are predominant [40]. This can also be
explained by the fact that the graphite flakes cover
the surface of the larger particles.

Thus, the sample of the nanomodified filler
obtained from the mixture containing 0.9 wt. %
graphene oxide, with the highest density and lowest

Balabanov R.D., Dyachkova T.P., Fedyushkina A.G., Gutnik LV., Titov G.A., Burakova E.A., Tugolukov E.N. 27



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 1

Table 6. Results of Raman spectroscopy data processing

Ratio of peak intensities (areas) in Raman spectra

Sample .

D/G 2D/G D/D’ D'/G D’/G
GAK-1 0.428 1.224 - - -
MPG-7 0.061 1.129 - - -
Unmodified charge 0.739 1.377 13 - 0.062
Charge from a mixture containing
0.9 wt. % GO suspension 1.811 1.406 3.5 0.452 0.452
Charge from a mixture containing 0.792 1.458 35 0.057 0.065

1.7 wt. % GO suspension

pecific surface area, contains the greatest number of
defects, which can facilitate its interaction with the
binder (pitch).

3.3. Physical and mechanical characteristics
of experimental samples

Photographs of the final carbon-graphite
composites, obtained using both the original and
nanomodified charge, are shown in Fig. 9. There are
virtually no external differences between them.

Table 7 presents the physical and mechanical
characteristics of the experimental samples: density
before and after firing (ppr and py, respectively), the
changes in mass and volume of the materials
observed during firing, and the compressive strength
limit (o) of the final nanocomposite.

Analysis of these data shows that the unmodified
sample is characterized by the densest grain packing
after molding. This is likely due to the absence of
graphene oxide layers between the particles. The low

density of the pressed sample containing 0.9 wt. %
graphene oxide in the filler may be related to both the
greater anisometry of the grains and their relatively
high stiffness.

It is likely that graphene oxide plays a role in
forming bonds between the nanomodified filler and
the binder, which results in increased strength
properties of the composite. The high adsorption
activity per unit surface area of the sample made from
the mixture containing 0.9 wt. % graphene oxide is
accompanied by relatively larger volumetric changes
compared to the other samples.

The reduction in shrinkage in the sample with
the filler containing 1.7 wt. % graphene oxide may be
due to the excess amount of nanomaterial reacting
with the binder to form a rigid framework. At lower
graphene oxide content, the nanomodifier (graphene
oxide) reduces the contact losses at the filler-binder
interface and also contributes to the formation of
bonds between the graphite components of the filler.

28

Fig. 9. Samples of finished carbon-graphite composites obtained from unmodified charge (left) and from charges
containing 0.9 (center) and 1.7 (right) wt. % graphene oxide

Table 7. Physico-mechanical characteristics of prototypes of carbon-graphite nanocomposite

GO content, wt. % ppy, gem” pf, gem ° Mass changes, %  Volume changes, % o, MPa
0 1.59 1.57 7.11 5.43 355
0.9 1.46 1.59 9.70 15.56 97.5
1.6 1.52 1.57 8.56 10.44 63.0
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This hypothesis is based on the assumption that,
when mixed with 0.9 wt. % graphene oxide, the
graphite particles may experience not only weak van
der Waals forces but also covalent interactions that
contribute to the formation of strong agglomerates.
It can be assumed that, in these agglomerates,
artificial graphite acts as a “core” chemically bonded
to natural graphite via the functional groups of
graphene oxide, which are pre-adsorbed on the
surface of natural graphite. This interaction is one of
the most likely causes of the increased strength of the
material after firing.

4. Conclusion

Graphene  oxide-modified  carbon-graphite
composites were produced in this  study.
A mathematical model was developed to select the
optimal component composition and to investigate
the structure and physical-mechanical properties of
the resulting compositions. Using the Hartley design,
the experimental planning was carried out, and the
recipes for the graphene oxide-modified filler for the
carbon-graphite composite were selected. The effect
of nanomodification on changes in the structure and
morphology of the filler was analyzed. It was shown
that the sample made from the mixture of MPG-7/
GAK-1/GO containing 0.9 wt. % graphene oxide
differs from the unmodified filler and the material
with higher graphene oxide concentration in terms of
defect parameters. The promising use of graphene
oxide as a component in antifriction carbon-graphite
composites was demonstrated. Further increases in
density and compressive strength will be supported
by optimizing the component composition and
determining the rational processing parameters for
grinding and combining them during the formation of
the composite.
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