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Abstract: Impregnated graphite has attracted considerable attention and has been widely used as an ideal friction 

material in many fields. However, the influence of the friction temperature on its tribological properties has not 

been clearly studied; furthermore, the evolution mechanism of transferred tribofilm is unknown. In this study, 

the tribological properties of impregnated graphite were investigated at different friction temperatures, and the 

evolution of the carbon-based tribofilm was also determined. The results revealed that the tribological properties 

significantly improved with an increase in friction temperature. The friction coefficient and wear depth of 

impregnated graphite reduced by 68% and 75%, respectively, at a high temperature of 160 °C compared with 

those of non-impregnated graphite. The significant properties of the impregnated graphite can be attributed to a 

transferred carbon-based tribofilm with an ordered structure induced by the friction temperature, which uniformly 

and stably adsorbs on friction interfaces. This study provides an important basis for designing graphite-based 

friction materials with improved properties suited for industrial applications. 
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1  Introduction 

Graphite materials have been widely used as    

ideal friction materials in various equipment such  

as mechanical seals, bearings of canned pumps, and 

electrical contact systems, because of their high 

thermal conductivity, excellent chemical stability, and 

outstanding tribological properties [1–3]. In general, 

graphite contains many pores, which are generated 

during the manufacturing processes; hence, to improve 

its properties, it is usually impregnated with metals 

or resins that fill its open pores [4, 5]. Recently, 

impregnated graphite has attracted considerable 

attention because it shows better tribological pro-

perties than non-impregnated graphite. Hirai et al. [6] 

and Zhu et al. [7] studied the tribological properties 

of impregnated materials used in rotary joints under 

dry friction conditions. They found that the tribological 

properties of impregnated graphite were superior to 

those of non-impregnated graphite, and that the former 

can be used under high load for long-term sliding. 

Wang et al. [8] discussed the effect of electrical currents 

on the tribological behavior of metal-impregnated 

graphite. Qian et al. [9] focused on their corrosion- 

wear resistance under a corrosive environment. Zhang 

et al. [1, 10] reported that resin-impregnated graphite 

exhibited superior tribological properties under 

water lubrication than non-impregnated graphite and  
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that the resin-impregnated graphite could remain in 

a stable friction regime under high sliding velocities 

and high pressures.  

The friction and wear mechanisms of graphite have 

been thoroughly investigated in previous studies. 

Graphite has a lamellar structure with weak interplanar 

van der Waals forces, which allows it to easily slide 

between carbon interlayers during friction [11–13]. In 

addition, water from the environment is able to 

penetrate the graphite layers, which allows for easier 

shearing effects, further decreasing friction and wear 

[3, 14, 15]. Besides, the carbon-based tribofilm from 

graphite transferred onto the counterpart surfaces 

can effectively protect friction interfaces [16–18]. The 

friction mechanism of resin-impregnated graphite is 

also revealed under certain friction conditions [19]. Pure 

resins show good tribological properties by forming 

stable transfer films on counterpart surfaces [20–22], 

which suggests that a carbon-based tribofilm forms 

on resin-impregnated graphite [23]. However, studies 

on the physical and chemical structure evolution of 

the tribofilm during friction are lacking. In particular, 

although the tribological properties of impregnated 

graphite have been widely studied under various 

friction and environment conditions, the influence of 

the friction temperature on their tribological properties 

remains to be clearly elucidated, and the evolution 

mechanism of the transferred tribofilm is still 

unknown.  

We studied the tribological properties of resin- 

impregnated graphite at different friction temperatures 

and revealed the evolution of a carbon-based tribofilm 

for the first time. In particular, we analyzed the 

evolution of the friction and wear characteristics with 

changes in temperature to understand the influence 

of temperature on the formation of the carbon-based 

tribofilm. The results provide an important exper-

imental basis for designing high-property graphite- 

based friction materials in industrial applications. 

2 Experimental 

2.1 Materials 

The initial non-impregnated graphite exhibited a 

porous structure with an open porosity of about 

15 vol%. After the impregnation process [1, 7, 9], the 

pores disappeared, which improved the performance 

of the graphite. The furan resin-impregnated graphite 

and non-impregnated graphite were provided by 

Shanghai Morgan Advanced Materials Co., Ltd. As 

cemented carbides have been widely used in me-

chanical seals and bearings, tungsten carbide (WC) 

balls purchased from Zhejiang Jienaier New Material 

Co., Ltd. were used as friction counterparts. The main 

mechanical and physical parameters of these materials 

are listed in Table 1.  

2.2 Friction tests 

The tribological tests were carried out on a ball-on- 

disc test rig of a reciprocating friction tester (UMT-3, 

CETR, USA). The schematic diagram of the test is 

illustrated in Fig. 1. The friction flat disc and the sliding 

ball (Ø 4 mm) were made of graphite and cemented 

carbides as shown in Figs. 2(a)–2(d). Before testing, 

the graphite surfaces were polished by a brass lapping 

machine. The surface roughness of the impregnated 

and non-impregnated graphite were 54 nm and    

57 nm, respectively, as shown in Table 1. The chemical 

formula of furan resin is shown in the inset of     

Fig. 2(e). Furan has several characteristic adsorption 

peaks. The O–H stretching vibration is clearly observed 

at about 3,400 cm−1, and the absorption bands at  

1,625 cm−1 and 1,080 cm−1 are, respectively, due to the 

C=C and C–O–C stretching vibrations of furan resin 

[24, 25]. In addition, there is an obvious XPS spectrum 

peak at 283.20 eV due to C–C/C=C. The XPS spectrum 

of the C1s also shows the presence of the oxygen- 

containing functional groups of C=O (287.25 eV) and  

Table 1 Mechanical and physical parameters of test materials. 

Material Roughness, Ra 
(nm) 

Kurtosis, 
Rku 

Skewness,  
Rsk 

Shore hardness, 
HS 

Young’s modulus 
(GPa) 

Open porosity 
(vol%) 

Cemented carbide 12 2.58 –0.45 90 510 — 

Non-impregnated graphite 57 7.62 0.33 60 18 15 

Impregnated graphite 54 10.61 0.82 70 25 — 
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Fig. 1 Schematic illustration of sliding friction test. 

C–O (284.58 eV), which are probably due to the resin 

shown in Fig. 2(b) [26, 27]. The experimental parameters 

used in this study are given in Table 2. 

2.3 Characterization 

The morphologies of initial surfaces and wear tracks 

were observed by a white-light interferometer 

(MICROXAM-3D, USA), and the wear morphologies 

were also analyzed via an optical microscope (Schneider 

Electric, Germany), a scanning electron microscope 

(SEM, FEI Quanta 200 FEG, Netherlands) with a 

secondary electron condition, and an accelerating 

voltage of 5 kV. The Fourier transform infrared 

spectroscopy (FTIR) and Raman spectra were measured 

by a Nicolet Nexus FTIR spectrometer in the region 

of 500–4,000 cm−1 and a Raman spectrometer (Horba 

JobinYvon, France) with 532 nm laser excitation. The 

carbon-based tribofilm was characterized by an energy  

 

Fig. 2 Optical micrographs of cemented carbide ball (a) and impregnated graphite (b), three-dimensional topographies of the ball (c) 
and the impregnated graphite (d), FTIR (e), and XPS (f) spectra of impregnated graphite. The inset (e) displays the chemical formula of
furan resin. 
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Table 2 Experimental conditions and parameters for friction tests. 

Experimental condition Parameter 

Temperature 20–160 °C 

Sliding frequency 5 Hz 

Sliding stroke 3 mm 

Friction load 2–8 N 

 

dispersive X-ray detector (EDX) with an accelerating 

voltage of 5 kV, an X-ray photoelectron spectroscope 

(XPS, Thermo Fisher Scientific, USA) operating with 

Al-K radiation, and Raman spectrometer to determine 

the friction mechanisms. 

3 Results and discussion 

3.1 Friction properties 

The friction properties of impregnated and non- 

impregnated graphite under different friction conditions 

are shown in Fig. 3. It can be seen that the coefficient 

of friction (COF) of the impregnated graphite is 

slightly lower than that of non-impregnated graphite 

at a low friction temperature (20 °C) (Fig. 3(a)). At a 

high temperature (160 °C), the starting COF value of 

the impregnated graphite is as large as that of the 

non-impregnated graphite. However, the value quickly 

decreases and reaches a minimum of 0.07 for the 

impregnated graphite. For comparison, the COF    

of the non-impregnated graphite fluctuates between 

various values, and the corresponding average value 

is as high as 0.22, as shown in Fig. 3(b). Figure 3(c) 

shows the friction behaviors of the two types of graphite 

at various friction temperatures. With an increase in 

temperature, the COF of the impregnated graphite 

decreases dramatically. In particular, when the tem-

perature is more than 100 °C, the impregnated graphite 

has outstanding friction properties, and the COF value 

does not further reduce at a higher temperature  

(140 °C). On the contrary, the COF of the non- 

 

Fig. 3 COFs of impregnated graphite and non-impregnated graphite at the temperatures of 20 °C (a) and 160 °C (b), and COFs as a 
function of temperature under a load of 8 N (c). COFs as a function of load at 160 °C (d). Anti-wear properties of impregnated graphite 
and non-impregnated graphite at different temperatures under a load of 8 N (e). Comparison of the anti-wear properties at 160 °C under 
different loads (f). 
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impregnated graphite increases, which indicates that  

the pure graphite displays poor friction properties  

at high temperatures [7, 28, 29]. In addition, the 

impregnated graphite exhibits better anti-friction 

properties than the non-impregnated graphite under 

different loads as shown in Fig. 3(d). The value of the 

COF can be reduced by 50% and 68%, respectively, 

under the loads of 2 N and 8 N compared with that 

of non-impregnated graphite.  

3.2  Wear behaviors 

The wear track depths of the impregnated and non- 

impregnated graphite were subsequently measured 

and are shown in Figs. 3(e) and 3(f), respectively. The 

anti-wear properties of the non-impregnated graphite 

are less stable than those of the impregnated graphite. 

The wear depth of non-impregnated graphite increases 

with an increase in temperature probably because water 

vapor or other condensable vapors in the environment 

are desorbed from the graphite surfaces, resulting in 

high friction and high wear behaviors. This implies 

that the impregnation of resin enhances the anti-wear 

properties of graphite at different temperatures. In 

addition, the anti-wear properties of non-impregnated 

graphite are very poor under a high load of 8 N. The 

wear depths of the impregnated graphite can be 

reduced by 52% under 2 N and 77% under 8 N than 

those of the non-impregnated graphite. Furthermore, 

according to the optical micrographs and cross sections 

of wear tracks displayed in Fig. 4, the rubbing surfaces 

of the impregnated graphite are very narrow and 

smooth. For comparison, those of the non-impregnated 

graphite display slender tracks and wide furrows at 

a high friction temperature (160 °C) or a low friction 

temperature (20 °C). This confirms that the impregnated 

graphite shows much better anti-wear properties than 

the non-impregnated graphite. 

3.3 Friction mechanism 

Water vapor or other condensable vapors in the 

environment can adsorb on the graphite surface, 

improving the formation of a transfer film and 

reducing the friction and wear effectively. However, 

the properties of the non-impregnated graphite are 

poor at high friction temperatures, as shown in Fig. 3, 

because the physically adsorbed water vapor from the 

graphite surfaces is prone to being desorbed at high 

temperatures, which could hinder the transformation 

of the carbon-based tribofilm. In addition, the non- 

impregnated graphite suffers severe abrasive wear 

accompanied with material spalling, as shown in Fig. 5, 

because of its porous structure and poor mechanical 

properties [7, 9]. Wear debris and several wear cracks 

on the rubbing surfaces of the non-impregnated 

graphite, and rough wear ripples and ruptures are 

clearly observed at high temperatures (160 °C). For 

 
Fig. 4 Optical micrographs and cross sections of wear tracks under a load of 8 N: non-impregnated graphite at 20 °C (a, b) and at 
160 °C (c, d); impregnated graphite at 20 °C (e, f) and 160 °C (g, h). 
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the impregnated graphite, the rubbing surfaces exhibit 

fewer flakes and tracks than that of the non-impregnated 

graphite. In particular, at higher temperatures, only 

smoother ripples are seen on the rubbing surfaces, 

which indicates that the impregnated graphite has 

significant anti-wear properties. The above discussion 

agrees with the results of optical morphologies of 

wear tracks in Fig. 4. Therefore, the impregnating resin 

could effectively improve the tribological properties of 

graphite, which implies that the resin can encourage 

the formation of the carbon-based tribofilm at high 

temperatures. 

According to the contact formula [13], the maximum 

and average pressures are calculated to be 510 and 

350 MPa, respectively, for the friction couples under 

the load of 8 N. Thus, there exists obvious material 

rupture and wear ripples owing to the high pressures 

shown in Fig. 5. In addition, the corresponding 

diameter of the Hertzian contact is about 170 μm. 

As shown in Fig. 6, the diameter of the wear scar 

increases from 200 to 260 μm, when the friction 

temperature changes from 20 to 160 °C for the friction 

couple of non-impregnated graphite sliding against 

a cemented carbide ball. There are more evident 

wear scratches on the wear scars of the ball at higher 

temperatures, and the main friction mechanism of 

the couple is abrasive wear. The wear scar diameter 

is strongly reduced for the ball sliding against 

impregnated graphite (180 μm), which is close to 

the calculated Hertz diameter at 160 °C. Therefore, 

the impregnated graphite has more significant anti- 

wear properties than the non-impregnated graphite 

at higher temperature. Energy disperse spectroscopy 

(EDS) elemental maps of the ball scars show low 

carbon content in the wear scars, which indicates that 

the carbon-based tribofilm from non-impregnated 

graphite cannot be effectively transferred onto the 

friction interfaces, especially at high temperatures.  

For the cemented carbide ball sliding against the 

impregnated graphite, however, a significant amount 

of carbon is distributed at the center of wear scar as 

shown in Fig. 6(c); therefore, the impregnated resin 

can improve the formation of a transfer film. 

Furthermore, it can be clearly seen from Fig. 6(d) that 

the carbon-based tribofilm distributes more uniformly 

at 100 °C than that at 20 °C. When the friction tem-

perature increases to 160 °C, the tribofilm nearly 

spreads across the entire wear area, as shown in   

Fig. 6(e). There is a small quantity of elemental oxygen 

on the wear scars of the balls as shown in Figs. 6(k)– 

6(o). The valence band energy regions of W 4f on the 

wear scars are shown in Fig. 7. The positions of fitted 

peaks in Figs. 7(a)–7(b) show obvious amounts of 

WO3 (at 34.5 and 36.7 eV) because of the oxidation 

of WC (at 31.8 and 33.9 eV) during friction [10, 30]. 

Oxidized tribofilms can form a low shear-resistance 

film and improve the tribological properties of 

tribopairs. However, the distribution of oxygen is not 

evenly distributed on the cemented carbide ball sliding 

against the non-impregnated graphite, as shown   

in Fig. 6(l), which suggests that the related oxidized 

tribofilm is not uniform. In contrast, although the  

 

Fig. 5 SEM micrographs of wear tracks under a load of 8 N: non-impregnated graphite at 20 °C (a, b) and at 160 °C (c, d);
impregnated graphite at 20 °C (e, f) and at 160 °C (g, h). 
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Fig. 7 The XPS of the valence band energy region of W 4f on the 
wear scars of cemented carbide balls sliding against non-impregnated 
graphite (a) and impregnated graphite (b) at 160 °C under a load 
of 8 N. 

oxidized tribofilm on the cemented carbide ball sliding 

against the impregnated graphite does not fully cover 

the friction interface shown in Fig. 6(o), a uniform 

and stable carbon-based tribofilm is transferred onto 

the interface in Fig. 6(j). Therefore, the tribopair of 

the impregnated graphite/cemented carbide displays 

significant tribological properties.  

The Raman spectra of the initial graphite and 

corresponding wear areas are shown in Fig. 8. The 

spectrum of the non-impregnated graphite has three 

typical characteristic peaks: the D peak at 1,350 cm−1, 

G peak at 1,580 cm−1, and 2D peak at 2,710 cm−1. The 

G and 2D peaks correspond to the bond stretching of 

the in-plane vibration of sp2 atoms and reflect the 

order of the structure of graphite [31–33]. The D peak 

is attributed to disorder in graphite, and the intensity 

ratio of ID/IG is a measure of disorder degree in graphite 

[34–36]. As shown in Fig. 8(a), the structure of the 

non-impregnated graphite exhibits a high degree 

value of order because the intensity of the G peak is 

higher than that of D peak. However, the D peak 

measured on the wear track of the non-impregnated 

graphite increases obviously after friction, indicating 

that the structure of the non-impregnated graphite 

becomes disordered owing to friction. In addition, the 

carbon-based tribofilm from the non-impregnated 

graphite is formed on the friction interfaces according 

to the Raman spectrum, whereas the intensity ratio of 

ID/IG in the wear scar is very large and much higher 

than that of the wear track.  

After friction, another Raman peak G+D (at   

2,945 cm−1) is generated on the wear track and wear 

scar, confirming that the structure of graphite has 

become more disordered [37]. Hence, although the 

non-impregnated graphite is able to form a transfer 

film, the corresponding carbon-based tribofilm exhibits 

 

Fig. 6 SEM micrographs and EDS maps of the wear scars of cemented carbide balls under a load of 8 N: the wear scars sliding against 
non-impregnated graphite at 20 °C (a, f, k) and 160 °C (b, g, l); the scars sliding against impregnated graphite at 20 °C (c, h, m), 100 °C
(d, i, n), and 160 °C (e, j, o). 
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many defects and disorder, thereby resulting in worse 

tribological properties. As shown in Fig. 8(b), the initial 

impregnated graphite has a slightly higher intensity 

of the D peak than the non-impregnated graphite, 

which is probably because some defects are generated 

in the graphite during the resin impregnation process 

[1]. However, the structure of the impregnated graphite 

becomes disordered because the intensity of the D peak 

decreases during friction. Furthermore, the crystallite 

size of graphite (La) can be calculated based on the 

Truinstra and Koening formulae [19]. The La value  

of the non-impregnated graphite is 7.6 nm, and it 

decreases to 3.1 nm after friction in the wear track. 

For comparison, the structure of the impregnated 

graphite becomes ordered because the value of La 

increases from 4.2 (impregnated graphite) to 5.3 nm 

(wear track) by friction. Therefore, the impregnated 

graphite can form a stable transfer film induced by 

friction temperature on the rubbing surfaces, whose 

structure is ordered [34]. As a result, outstanding 

tribological properties can be achieved as the ordered 

carbon-based tribofilm can easily slide between 

graphite layers. 

4 Conclusions 

The tribological properties of impregnated graphite 

were investigated at different friction temperatures 

and compared with those of non-impregnated graphite; 

furthermore, the critical effect of the carbon-based 

tribofilm induced by friction temperature was 

determined. The main conclusions are as follows:  

(1) The anti-friction properties of impregnated 

graphite are much better than those of non-impregnated 

graphite. The COF value of impregnated graphite 

decreases with an increase in the friction temperature, 

i.e., it is reduced by 30% at 20 °C and 68% at 160 °C, 

compared with that of non-impregnated graphite. 

Therefore, the friction temperature directly influences 

the tribological properties of graphite, which improves 

the properties of impregnated graphite significantly. 

(2) The wear depth of the impregnated graphite is 

reduced by 40% when the friction temperature changes 

from 20 to 160 °C, and only a few flakes and smooth 

ripples can be observed on the wear tracks, whereas 

the wear tracks of the non-impregnated graphite show 

obvious wear cracks and wear debris, and rough 

wear ripples and rupture are clearly observed on the 

rubbing surfaces. 

(3) The carbon-based tribofilm induced by the friction 

temperature has a critical effect on the tribological 

properties of graphite. The tribofilm adsorbs on the 

friction interfaces more uniformly and stably with an 

increase in temperature. Furthermore, its structure 

becomes more ordered during friction, meaning that 

graphite can easily slide between its layers. In addition,  

 

Fig. 8 Raman spectra on the rubbing surfaces sliding against non-impregnated graphite (a) and impregnated graphite (b) at 160 °C
under a load of 8 N. 
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the carbon-based tribofilm can not only improve the 

tribological properties of graphite, but also promote 

the antioxidation performance of the friction couple.  

The findings of this study provide insight into the 

evolution mechanism of carbon-based tribofilms, 

providing an important basis for improving the 

tribological properties of graphite-based friction 

materials for numerous applications. 
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