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Abstract: Two kinds of Ag−graphite composites reinforced with spherical graphite (SG) and conventional flake 
graphite (FG) were prepared by powder metallurgy technology. The effect of graphite morphology on the tribological 
behavior for the Ag−SG and Ag−FG under the dry sliding wear was investigated with a pin-on-disk tribometer at a load 
of 3.0 N in atmosphere condition. The results indicated that the minimum wear rate of 3.5×10−5 mm3/(Nꞏm) for Ag−FG 
was achieved and it reduced by nearly an order of magnitude, reaching 1.6×10−6 mm3/(Nꞏm) for the Ag−SG. The 
obviously different tribological behaviors between the Ag−SG and Ag−FG were closely related to the formation of 
cracks in the sub-surface. The stress concentration tended to generate at the edges of flake graphite during sliding 
process, which resulted in the cracks and severe delamination wear of Ag−FG. However, no cracks were found around 
the spherical graphite in Ag−SG. The spherical graphite can effectively inhibit the initiation and propagation of cracks, 
achieving high wear resistance. 
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1 Introduction 
 

Silver matrix self-lubricating composites, 
reinforced with graphite, have been used in many 
industrial applications, such as bearings, bushings 
as well as electrical brushes, due to their low 
electrical resistance, friction coefficient, and high 
wear resistance [1−6]. Compared with pure Ag and 
its alloys, the uniformly dispersed graphite is prone 
to adhere to the worn surface, which forms a low 
shear strength film to prevent the adhesion between 
metals and reduce the friction [7]. Therefore, 
graphite is the key factor affecting the friction and 
wear behavior of Ag−graphite composites. In order 
to obtain improved tribological performance and 
longer service life, it is becoming increasingly 

significant to investigate the effect of graphite    
on the tribological behavior of Ag−graphite 
composites. 

Some important investigations have been 
carried out on the influence of graphite content  
and particle size on the tribological performance  
of metal−graphite composites [5,8−11]. The 
relationship between graphite content and 
tribological behavior of metal−graphite composites 
has been carefully investigated, and it is found that 
a critical concentration of graphite was present to 
ensure good lubrication and friction property [5,8,9]. 
When the graphite was below the critical    
content, the worn surface could not form a 
sufficient and effective lubricating film [5]. As  
the content of graphite exceeded the critical content, 
the mechanical property of the metal−graphite 
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composites deteriorated and the wear was 
intensified. Particle size of graphite was another 
factor affecting the tribological behavior of metal− 
graphite composites. RAJKUMAR et al [10,11] 
showed that aluminum/copper-based composites 
reinforced by nano-graphite particles had a lower 
friction coefficient and higher wear resistance than 
those reinforced by micro-graphite particles. 

Additionally, the graphite morphology also 
seriously affected the tribological property of 
metal−graphite composites [12,13]. However, the 
influence of graphite morphology on the 
tribological behavior of metal−graphite composites 
was rather limited. ZHANG et al [12] studied the 
tribological properties of phosphorous cast iron and 
suggested that the gray cast iron with flake graphite 
had a high friction coefficient and wear loss. In 
contrast, the nodular cast iron with spherical 
graphite possessed the better wear resistance and 
the lowest friction coefficient. HATATE et al [13] 
reported that the wear loss of the spheroidal 
graphite cast iron in dry slip-rolling contact was 
much smaller than that of flake graphite cast iron. 
Unfortunately, the graphite in the Ag−graphite 
composites mostly exhibited a flaky shape [1−6], 
and there was almost no work on the tribological 
behavior of Ag−graphite composites reinforced 
with spherical graphite. Therefore, it was necessary 
to study the effect of graphite morphology on the 
tribological behavior and microstructure evolution 
of Ag−graphite composites, which would provide a 
great advantage and benefit for the present work. 

In this study, the Ag−flake graphite (Ag−FG) 
and the Ag−spherical graphite (Ag−SG) with the 
graphite content of 5.0, 15, 25 and 35 vol.% were 
successfully prepared. Then, the friction and wear 
properties of these two Ag−graphite composites 
against the AgCu10 were investigated. Particularly, 
the effect of graphite morphology on the wear 
behavior of Ag−graphite composites was explored. 
The microscopic morphologies of wear debris, 
worn surface, and sub-surface of Ag−graphite 
composites, especially the microstructure evolution 
of sub-surface, were systematically investigated. 
 
2 Experimental 
 
2.1 Preparation of Ag−graphite composite 

The silver powder (Ag, 99.9% pure, d50=   
0.5 μm), the natural flake graphite (FG, 98.0% pure, 

d50=8 μm) and the spherical graphite (SG, 98.0% 
pure, d50=8 μm) were used as the raw materials in 
this work. The morphologies of these three powders 
were completely different, in which the Ag powder, 
SG and FG showed irregular, spherical and flaky 
shapes, respectively (Fig. 1). To prepare the Ag−FG 
and Ag−SG, the Ag powder and the two kinds of 
graphite were mixed at a speed of 60 r/min for 8 h, 
respectively. Then, the homogeneously mixed 
powder was sintered under vacuum condition using  
 

 
Fig. 1 SEM images of graphite and Ag powder:       

(a) Spherical graphite; (b) Natural flake graphite; (c) Ag 

particle 
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the spark plasma sintering (SPS, FCT Systeme, 
Germany), which has been a recently developed 
sintering technology that could achieve rapid 
densification of the composites at a low  
temperature [14]. The sintering procedures were set 
as follows: (1) raising from room temperature     
to 750 °C with a heating rate of 100 °C/min;      
(2) holding at 750 °C for 10 min; (3) cooling down 
to room temperature. The pressure was maintained 
at 40 MPa throughout the sintering process. Finally, 
the Ag−FG and Ag−SG with the graphite contents 
of 5.0, 15, 25 and 35 vol.% were successfully 
obtained. 
 

2.2 Tribological tests and characterization 
The tribological tests of Ag−graphite 

composites were conducted with a pin-on-disk 
tribometer (CSM Instruments, Switzerland). Figure 
2 shows the schematic of the tribological tests. The 
AgCu10 alloy with a hardness of HV1 120 was used 
as the counter disk, which was a commonly used 
counterpart material in many friction tests [15]. Prior 
to testing, the Ag−graphite samples were cut into 
small cuboids of 3 mm × 4 mm × 4 mm, and the 
contact area was 12 mm2. Then, the Ag−graphite 
samples and disk were polished by SiC papers with 
grit size down to 6.5 μm, and the surface roughness 
(Ra) was approximately 0.2 μm. All tests were 
performed at the normal load of 3.0 N (0.25 MPa) 
with a sliding speed of 0.5 m/s (rotation radius 
R=30 mm) and a sliding distance of 20 km in an 
atmosphere condition ((25±3) °C, 45% relative 
humidity). In addition, the samples were weighed 
before and after testing by a sartorius (0.1 mg 
precision, TE214S, Germany). The wear rates  
were given by W=Δm/(Pρs), where W is the wear 
rate, Δm is the wear mass loss, P is the normal  
load, ρ is the density of specimens and s is the 
sliding distance [14]. Three parallel tests were 
performed, and the average value of the wear rate 
was used. 
 

 
Fig. 2 Schematic of pin-on-disk tribological tests 

Phase identification of the Ag−graphite 
composite was conducted by an X-ray 
diffractometer (XRD, D8 Advance, Bruker, 
Germany) with Cu Kα radiation scanning from 5° to 
80°. The density was determined according to the 
Archimedes water displacement method and the 
hardness was measured by a Vickers micro- 
hardness tester (HV−1000, Huayin, China) at a load 
of 1 kg (HV1). The average of ten measurements 
was taken as the final value of density and hardness 
of the specimens. The morphologies of graphite 
powder, Ag−graphite composites, worn surface as 
well as the microstructure evolution of the 
sub-surfaces were analyzed by scanning electron 
microscope (SEM, Nova Nano SEM 230, FEI, 
America). Additionally, a 3D laser scanning 
microscope (KEYENCE, VK-X1050, Japan) was 
used to observe the wear tracks on the counter disk. 
 
3 Results and discussion 
 
3.1 Characterization of Ag−FG and Ag−SG 

composites 
Figures 3 and 4 show the XRD patterns and 

microstructure of the Ag−FG and Ag−SG. Since the 
Ag−graphite composites with different contents of 
graphite have similar XRD patterns, here only the 
XRD patterns of pure Ag, Ag−35FG (containing  
35 vol.% flake graphite) and Ag−35SG (containing 
35 vol.% spherical graphite) are shown in Fig. 3. 
The Ag−35FG and Ag−35SG possessed five peaks, 
in which four belonged to the pure Ag. In addition 
to the peaks of Ag, a weak peak appeared around 2θ 
of 26.4°, which was assigned to the characteristic 
peak (002) of graphite. 
 

 
Fig. 3 XRD patterns of pure Ag, Ag−35FG and 

Ag−35SG 
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Figure 4 shows the SEM images of Ag−FG 
and Ag−SG, in which the black areas are the 
graphite particles. It could be observed that the 
graphite particles were homogeneously distributed 
throughout the silver matrix. As the volume fraction 
of graphite was increased from 5 to 35 vol.%, the 
black regions gradually filled the entire sample 
surface. Additionally, the graphite presented a strip 
shape in the Ag−FG samples and spherical shape in 
the Ag−SG samples (Fig. 4). It was confirmed that 
the graphite morphology remained intact during the 
preparation process of Ag−graphite composites, 
which provided a good sample for studying the 
influence of graphite morphology on the 
tribological behavior of Ag−graphite composites. 

Moreover, the relative densities and Vickers 
hardness (HV1) of the Ag−FG and Ag−SG were 
also measured and the data were summarized in 
Table 1. The relative densities of the Ag−FG and 
Ag−SG showed a slight decrease with increasing 
graphite content, which were higher than 95.0%. At 
the same time, the Vickers hardness (HV1) of 
Ag−FG and Ag−SG rapidly decreased from 68.3 
and 78.9 to 38.5 and 46.3, respectively, with the 
content of graphite increasing from 5 to 35 vol.%. It 
was worth noting that the Vickers hardness of 
Ag−SG was clearly higher than that of Ag−FG at 
the same graphite content. As the graphite content 
was increased from 5 to 35 vol.%, the Vickers 
hardness of Ag−SG significantly was improved by 

 

 

Fig. 4 SEM images of Ag−FG (a, b) and Ag−SG (c, d) with graphite of 5 vol.% (a, c) and 35 vol.% (b, d) 

 

Table 1 Relative density and Vickers hardness of Ag−FG and Ag−SG 

Volume fraction  

of graphite/% 

Ag−FG Ag−SG 

Relative density/% Vickers hardness (HV1) Relative density/% Vickers hardness (HV1)

5 97.4 68.3 98.2 78.9 

15 96.8 60.7 97.9 67.4 

25 95.9 43.2 97.8 59.5 

35 95.1 38.5 97.4 46.3 
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15.5%, 11.0%, 37.7% and 21.0% compared with 
that of the Ag−FG, respectively. The Ag−SG 
showed higher hardness than the Ag−FG, which 
may help to improve the wear resistance of the 
material. 
 
3.2 Friction and wear properties 

The average friction coefficients and wear 
rates of Ag−FG and Ag−SG against AgCu10 alloy 
at the load of 3.0 N are shown in Fig. 5. As a 
comparison, the friction coefficient and wear   
rate of pure Ag are also presented in Fig. 5. As  
seen, the pure Ag exhibited the highest average 
friction coefficient (0.90) and wear rate 
(6.8×10−4 mm3/(Nꞏm)), stemming from the strong 
adhesive bonding between two metal surfaces [7]. 
Compared with the pure Ag, the average friction 
coefficients of the two Ag−graphite composites 
gradually decreased with increasing graphite 
content in Fig. 5(a). And the friction coefficients of 
Ag−SG were smaller than those of Ag−FG at the 
same graphite content, except the Ag−5vol.% 
graphite composites. Besides, the difference in 
friction coefficient became more pronounced with 
increasing graphite content, as shown in Fig. 5(a). 
When the graphite reached 35 vol.%, the friction 
coefficients of Ag−graphite composites were 
minimized, and the minimum values were 0.16 for 
Ag−SG and 0.21 for Ag−FG, respectively. Figure 
5(b) shows the relationship between the wear rate 
of Ag−graphite composites and graphite content. 
For the Ag−SG, the wear rates decreased as the 
graphite content increased. However, the wear rates 
of Ag−FG decreased initially, and then increased at 
the graphite content of 35 vol.%. It was believed 
that 25 vol.% was the critical content of flake 
graphite in Ag−FG, where the wear rate reached a 
minimum (Fig. 5(b)). As the graphite content 
increased from 5 to 35 vol.%, the wear rates of 
Ag−FG increased from 2.5×10−4 to 6.5×10−5 
mm3/(Nꞏm), and those of Ag−SG increased from 
6.7×10−5 to 1.6×10−6 mm3/(Nꞏm), respectively. It 
was worth pointing out that the wear rates of 
Ag−FG were significantly larger than those of 
Ag−SG. The experimental results indicated that the 
morphology of graphite particles had a great 
influence on the dry sliding properties, and the 
Ag−graphite composites with lower friction 
coefficients and higher wear resistances could be 
obtained by adding spherical graphite. 

 

 
Fig. 5 Friction coefficients (a) and wear rates (b) of pure 

Ag, Ag−FG and Ag−SG 

 
Additionally, a comparison map of the wear 

rates of Ag−25FG, Ag−25SG and the (Ag, Cu, Al)− 
graphite composites added with the flake graphite is 
presented in Fig. 6. It was well known that the pv 
value consisting of contact pressure (p) and sliding 
velocity (v) was an important parameter in the wear 
process [16,17]. In order to show the degree of wear 
rate, all the metal−graphite composites shown in 
 

 
Fig. 6 Wear rate map of metal−graphite composites, 

including present results of Ag−FG and Ag−SG 
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Fig. 6 were conducted at a low and similar pv value 
of 0.01−0.50 MPaꞏm/s. It can be clearly observed 
that the wear rates of Ag−graphite [2,3], Cu− 
graphite [8,9,18,19] and Al−graphite [20−22] 
composites were higher than 1.0×10−5 mm3/(Nꞏm). 
In this study, the minimum wear rate of Ag−FG was 
3.5×10−5 mm3/(Nꞏm). However, the minimum wear 
rate of Ag−SG was 1.6×10−6 mm3/(Nꞏm), which 
was obviously smaller than all of the listed 
composites. Besides, the minimum wear rate of 
Ag−SG was even smaller than that of the Ag− 
CNT−graphite composites (~3.0×10−6 mm3/(Nꞏm)), 
which were reinforced by the high-strength carbon 
nanotubes (CNTs) [5,6]. Therefore, the replacement 
of spherical graphite instead of flake graphite could 
remarkably reduce the wear loss of Ag−graphite 
composites. 
 
3.3 Microstructure of worn surface and wear 

debris 
To further explore the reasons for the excellent 

tribological performance of Ag−SG, the typical 
worn surfaces of the two Ag−graphite composite 
pins are analyzed and the results are shown in Fig. 7. 

As seen, it exhibited the distinctly different 
characteristics between the Ag−25FG and Ag−25SG. 
The shallow grooves, delaminated regions and 
spalling pits appeared on the worn surfaces of 
Ag−25FG (Fig. 7(a)). The grooves corresponded to 
the abrasion wear, whereas the delaminated regions 
and spalling pits indicated the delamination    
wear [23,24]. Compared with the shallow grooves, 
the delaminated regions and spalling pits were the 
main forms of wear for Ag−25FG. Therefore, the 
main wear mechanism of Ag−25FG was the 
delamination wear. Furthermore, it can be observed 
that much flake graphite was concentrated in the 
spalling pit from the high magnification image  
(Fig. 7(c)), suggesting that the peeling was likely to 
occur at the junction between the graphite or the 
graphite and Ag matrix. For the Ag−25SG, the 
microscopic morphology was completely different, 
where no delaminated regions and spalling pits 
could be found on the worn surface (Figs. 7(b) and 
7(d)). Furthermore, some shallow grooves parallel 
to the sliding direction on the worn surface 
suggested that the Ag−25SG was mainly subjected 
to abrasion wear. 

 

 

Fig. 7 Worn surface morphologies of Ag−25FG (a) and Ag−25SG (b) pins and corresponding high magnification 

images (c) and (d), respectively 
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Additionally, the surface topographical area 
scans of wear track on the counter disk, as shown in 
Fig. 8, were similar to the worn surface morphology 
of Ag−graphite composite pins in Fig. 7. Clearly, 
some spalling pits appeared on the counter disk of 
Ag−25FG (Fig. 8(a)) and three grooves parallel to 
the sliding direction were seen on the counter disk 
of Ag−25SG (Fig. 8(b)). Moreover, the cross- 
sectional wear depth plots showed that the height of 
wear tracks was obviously higher than that of other 
areas, and it was believed that a graphite-rich 
transfer film was formed on the counter disk, which 
reduced the friction and wear loss [9]. On the other 
hand, the maximum height of the wear track for 
Ag−25FG reached 18.39 μm, which was only 
2.90 μm for Ag−25SG. The higher wear track on the 
counter disk meant severer wear loss of Ag−25FG 
during the sliding process. Therefore, it not only 
indicated that the dominant wear mechanisms of 
Ag−25FG and Ag−25SG were the delamination 
wear and abrasion wear, but also confirmed a fact 
that the wear loss of Ag−FG was more serious than 
that of Ag−SG. 

The wear debris morphologies of Ag−25FG 
and Ag−25SG are also visibly different in Fig. 9. It 
was evident from Fig. 9(a) that the wear debris of 
Ag−25FG was flake-like particles with a length 
from 10 to over 100 μm. Since the flake-like wear 
debris was the most important feature of 
delamination wear, the wear debris morphology 
suggested that Ag−25FG had been subjected to 
delaminated wear [23]. However, the wear debris 
for Ag−25SG was different, most of which had an 
irregular shape and was less than 10 μm (Fig. 9(b)). 
It has been proved that the smaller the wear debris 

was, the lower the wear loss was [14]. This was 
consistent with the results that the wear rates of 
Ag−FG were higher than those of Ag−SG. The EDS 
spectra of corresponding marked regions on the 
wear debris were presented in Figs. 9(c) and (d). As 
identified with the EDS analysis, the contents of C 
in the wear debris obtained from the sliding of 
Ag−25FG and Ag−25SG were 40.66 at.% and 
30.08 at.%, respectively. The apparently higher C 
content in the wear debris of Ag−25FG was 
attributed to the fact that Ag−25FG composites 
were easy to peel off at the interface of flake 
graphites during sliding, which can be found in 
Fig. 7(c). The features of wear debris were well 
consistent with the worn surface of pins in Fig. 7 
and counter disk in Fig. 8. 

 
3.4 Microstructure evolution of sub-surface 

In general, the layer underneath the worn 
surface underwent repeated deformation, 
fragmentation and compaction during dry sliding, 
and it dominated the frictional behaviors of the 
materials [23−26]. To study the microstructure 
evolution behavior of the sub-surface, the sub- 
surface morphologies of Ag−25FG and Ag−25SG 
after sliding against AgCu10 are shown in Fig. 10. 
Apparently, some cracks were displayed underneath 
the worn surface of Ag−25FG in Figs. 10(a) and (c). 
It was also observed that the cracks tended to 
initiate on the graphite tip and then extended along 
the graphite sheet (Fig. 9(c)). When the cracks 
reached the worn surface, as shown in Fig. 10(a), a 
part of the materials would peel off from the surface, 
resulting in the delamination wear and the 
formation of flaky wear debris [27,28]. However,  

 

 
Fig. 8 Surface topographical area scans and cross-sectional wear depth plots of counter disk after sliding with Ag−25FG 

(a) and Ag−25SG (b) 
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Fig. 9 SEM images of wear debris from sliding of Ag−25FG (a) and Ag−25SG (b), and corresponding EDS spectra   
of marked regions (c, d) 
 

 
Fig. 10 Cross-sectional morphologies underneath worn surface of Ag−25FG (a, c) and Ag−25SG (b, d) 
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the sub-surfaces of Ag−SG showed a different 
microstructure that no visible cracks can be 
observed from Fig. 10(b) and the corresponding 
high magnification image in Fig. 10(d). It indicated 
that the addition of spherical graphite in the 
Ag−25SG effectively prevented the initiation and 
expansion of the cracks in the sub-surface during 
sliding, which reduced the delaminated wear and 
resulted in a lower wear rate (Figs. 5 and 6). 
 
3.5 Effect of graphite morphology on wear 

behavior of Ag−graphite composites 
Based on the above analysis, a number of 

interesting results have also been obtained from the 
tribological studies of Ag−25FG and Ag−25SG. The 
severe delamination wear occurred only in the 
Ag−25FG during sliding operation, which indicated 
that the particle morphology of graphite strongly 
affected the wear behavior of Ag−graphite 
composites. Finite element analysis of metal-matrix 
composites had revealed that the morphology of 
particles strongly influenced the strain fields in the 
matrix, and the severe stress concentration in the 
regions was close to the sharp corners of angular 
particles [29,30]. Besides, the high level of stress 
concentration often promoted the formation of 
micro-cracks in the matrix [25,31]. For the 
Ag−25FG, a large amount of flake graphite was 
embedded in the silver matrix and the stress 
concentration was prone to appear at the edges of 
flake graphite particles. Under the cyclic stress 
(mainly friction force), the cracks began to initiate 
on the flake graphite tip during the sliding process, 
as shown in Fig. 10(c). Furthermore, the graphite 
had a laminar structure and each layer was 
connected by weak van der Waals force, which 
allowed the crack to propagate along the interlayer 
(Figs. 10(a) and (c)). When these cracks were 
joined together and reached the worn surface of 
Ag−25FG, the materials would peel off from the 
surface, resulting in the delamination wear    
(Figs. 7(a), 7(c) and 8(a)). The spherical shape of 
graphite greatly modified the stress concentration 
behaviors around the graphite particles, thereby 
inhibiting crack initiation and delaminated wear. It 
was well consistent with the crack evolution 
behavior in the sub-surface of Ag−graphite 
composites in Fig. 10. 

Additionally, many studies have reported that 
the delamination wear was the main form of mass 

loss of metal self-lubricating composites (MMSCs) 
during the process of friction [11,15,23,32]. It could 
be attributed to the fact that the solid lubricant 
particles (graphite, MoS2 and WS2) generally 
exhibited a flaky shape, and the stress concentration 
was easy to create at the edges of these solid 
lubricant particles. Combined the study of 
microstructural evolution of sub-surface, the matrix 
damage accumulation at stress concentration sites 
provided an opportunity for the initiation and 
propagation of cracks and ultimately led to the 
delamination wear. At present, the wear rates of 
MMSCs (including Ag−graphite [1−3], Cu− 
graphite [8,9], Al−graphite [20−22], Ag−MoS2 [15], 
Cu−MoS2 [32], Cu−WS2 [14,23]) are generally 
higher than 1.0×10−5 mm3/(Nꞏm). Therefore, it is 
very important and meaningful to find a way to 
inhibit the delamination wear, which can effectively 
reduce the wear rate of the MMSCs. In this    
study, the replacement of spherical graphite with the 
flake graphite in the Ag−graphite composites    
can effectively improve the ability to resist 
delamination wear, and the wear rate of Ag−SG was 
greatly reduced to 1.6×10−6 mm3/(Nꞏm), which was 
nearly an order of magnitude lower than that of 
most MMSCs (Fig. 6). This finding also provided 
an effective method for preparing other low-wear 
MMSCs. 
 
4 Conclusions 
 

(1) The graphite morphology (spherical and 
flake) seriously affects the tribological behavior of 
Ag−graphite composites. Ag−graphite composites 
reinforced with spherical graphite (Ag−SG) 
possessed a lower friction coefficient and wear loss 
than Ag−graphite composites reinforced with flake 
graphite (Ag−FG). And the minimum wear rate  
was 3.5×10−5 mm3/(Nꞏm) for Ag−FG, which 
dramatically reduced to 1.6×10−6 mm3/(Nꞏm) for 
Ag−SG. 

(2) The microstructure evolution of sub- 
surface revealed the mechanism of high wear 
resistance for Ag−SG. Cracks were easily generated 
along the flake graphite particles in the sub-surface 
of Ag−FG, leading to severe delamination wear. 
However, the initiation and propagation of the crack 
were effectively suppressed by the spherical 
graphite, and the wear resistance of Ag−SG was 
remarkably improved. 
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(3) The effective method of achieving high 
wear resistance of Ag−graphite composites by 
adding spherical graphite also supported the 
preparation of other metal self-lubricating 
composites with excellent tribological performance. 
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球形石墨增强银−石墨复合材料的摩擦学行为 
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摘  要：采用粉末冶金技术分别制备球形石墨(SG)和鳞片石墨(FG)增强的银−石墨复合材料。并用销−盘式摩擦磨

损仪在大气环境和 3.0 N 的载荷下研究石墨形貌对银−石墨复合材料(Ag−SG 和 Ag−FG)摩擦学行为的影响。结   

果显示，Ag−FG 的最低磨损率为 3.5×10−5 mm3/(Nꞏm)，而 Ag−SG 的最低磨损率比 Ag−FG 低一个数量级，为   

1.6×10−6 mm3/(Nꞏm)。Ag−SG 和 Ag−FG 显著不同的摩擦学行为与亚表面裂纹的形成有关。在摩擦过程中，片状石

墨的边缘容易发生应力集中，导致 Ag−FG 亚表面产生裂纹和严重的剥层磨损。然而，在 Ag−SG 中，球形石墨能

有效抑制裂纹的萌生和扩展，从而使银−石墨复合材料具有优异的耐磨性能。 

关键词：银−石墨复合材料；石墨形貌；磨损性能；显微组织；磨损机制 
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