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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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Аннотация: Рассмотрено влияние добавок оксида графена (ОГ) на структуру и морфологию графитового 
наполнителя и прочностные характеристики конечных углеграфитовых композитов. Рецептурный состав опытных 
образцов шихты выбран с применением математического метода планирования эксперимента и плана Хартли. 
Определены гранулометрический состав образцов исходной и модифицированной шихты и их адсорбционная 
емкость по отношению к пеку. Для оценки структуры и морфологии частиц наполнителя использованы методы 
сканирующей электронной микроскопии, КР-спектроскопии, рентгеновской дифрактометрии, измерения 
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виброплотности и удельной поверхности (по БЭТ). Показано, что при добавлении 0,9 мас. % ОГ в состав 
наполнителя формируется более плотное зерно с меньшим количеством пустот. При этом значение удельной 
поверхности снижается в 3,6 раза, а сорбционная емкость по отношению к пеку, напротив, возрастает в 2,7 раза, 
что указывает на изменение химического состава поверхности частиц наполнителя. По данным спектроскопии КР 
образцы модифицированной шихты характеризуются более высоким значением соотношения D/G, на поверхности 
частиц присутствуют функциональные группы, преобладают краевые дефекты. В ходе физико-механических 
испытаний образцов после обжига установлено, что за счет введения 0,9 мас. % оксида графена предел прочности 
при сжатии увеличивается с 35,5 до 97,5 МПа. Полученные результаты имеют важное значение для разработки 
новых композитных материалов триботехнического назначения. 
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моделирование. 
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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-α-olefin-based lubricant reduced counterbody 
wear and extended the service life of wind turbines [9]. 

Graphene oxide (GO), another representative of 
CNSs, consists mainly of sp²-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-α-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 (ρ = 2.15 g⋅cm–3) produced by JSC 
“NIIGraphite” (TC 1915-051-00200851) and natural 
graphite GAK-1 (ρ = 2.25 g⋅cm–3) 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 (A, mg⋅m–2) was 
determined by measuring the light absorption of  
a pitch solution in toluene before (D0) and after (D1) 
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 (C0 and C1) corresponding to the 
optical densities (D0) and (D1) were determined using 
a calibration curve. The adsorption capacity A of the 
filler was calculated using the formula: 

 

( )

BET
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VCC
A

−
= ,                            (1) 

where C0 – concentration of the initial pitch solution 
in toluene, mg⋅mL–1; C1 – concentration of the pitch 
solution in toluene after contact with the filler filler, 
mg⋅mL–1; V – volume of the pitch solution in toluene, 
mL; m – mass of the filler sample, g; SBET – specific 
surface area, m2⋅g–1. 

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 Å). 

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 (X1), natural 
graphite GAK-1 (X2), and GO suspension (X3).  
Table 1 presents the feasible variation limits for these 
components. 

 
Table 1. Limits of change in concentration  

of components 
 

Components, 
 wt. % 

MPG-7 
graphite 

(X1) 

Natural 
graphite 

GAK-1 (X2) 

GO suspension
(X3) 

Minimum content 81.5 9 0 

Maximum content 92 15 1.6 
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Table 2. Experimental conditions  
 

No. 
Coded variables Relative values of components Absolute values of components 

А, mg⋅m–2 

δ1 δ2 Z1 Z2 X1 X2 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 

Hartley plan [25] for two factors was chosen as the 
experimental design, consisting of seven experiments. 
This plan accounts for the curvature of the response 
surface while maintaining the minimum possible 
number of experiments, making it one of the simplest 
designs for a two-dimensional space. 

In this design, the factors are varied at three 
levels, allowing for the development of a second-
order model. Table 2 presents the experimental 
design matrix for the coded variables δi, factors Zi, 
and natural values Xi, along with the adsorption 
capacity values obtained from implementing the 
described plan. 

The response surface was described using  
a second-order regression equation [25]: 
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Based on the experimental data obtained using 
the Hartley plan, the coefficients of the regression 
equation were calculated using the following 
formulas (11) – (14): 
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Additional constants were calculated using the 
following equations (15) – (18): 
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Even moments were determined using the 

following formulas (19) – (21): 
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To determine the significance of regression 

coefficients, their absolute values were compared 
with the confidence interval, calculated as: 
 

ibfi Stb ,α=Δ .                         (22) 
 

The calculated values of the coefficients and 
their confidence intervals are presented in Table 3. 
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Table 6. Results of Raman spectroscopy data processing 
 

Sample 
Ratio of peak intensities (areas) in Raman spectra 

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 
1.7 wt. % GO suspension 0.792 1.458 3.5 0.057 0.065 

 
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 (ρpr and ρf, respectively), the 
changes in mass and volume of the materials 
observed during firing, and the compressive strength 
limit (σ) 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.  

 

 
 

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. % ρpr, g⋅cm–3 ρf, g⋅cm–3 Mass changes, % Volume changes, % σ, MPa 

0 1.59 1.57 7.11 5.43 35.5 
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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