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Abstract: The effect of milling time on the microstructure and tribological properties of TiB2−graphite hybrid 
reinforced Cu matrix composites was investigated. Hot-press sintering method was used to prepare the composites with 
different milling time (4, 6, 8, 10 and 12 h), and the tribological behaviors were studied. The results revealed that the 
relative density and electric conductivity of the composites initially increased and then decreased with an increase in 
milling time. The composites fabricated by milling for 6 h had the highest relative density and electric conductivity, 
which are 99.1% and 42.8%(IACS), respectively. The friction coefficient and wear rate of the composites initially 
decreased and then increased with an increase in milling time. The lowest friction coefficient and wear rate were 
measured to be 0.234 and 1.974×10−5 mm3/(N·m), respectively, for the composites synthesized after 6 h of milling. The 
primary wear mechanism of the composites milled for 6 h was abrasive wear. 
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1 Introduction 
 

Copper (Cu) alloys have high electrical and 
thermal conductivities, good corrosion resistance 
and processing properties, which are widely used in 
power switches, brushes, bearings, and pantograph 
slides [1−4]. With the rapid development of power 
transmission, aerospace, rail transit and other fields, 
copper alloys must exhibit superior mechanical 
properties, electrical conductivities, and tribological 
behaviors. Some studies have shown that 
composites are an effective way to achieve the 
co-improvement in the structural and functional 
properties of copper materials [5−7]. Ceramic 

particles such as SiC, TiB2, Al2O3, B4C, TiC, and 
WC are commonly used as reinforcement phases in 
Cu-matrix composites [8−12]. Titanium diboride 
(TiB2) is regarded as a good reinforcement phase 
because of its high hardness (25−34 GPa) and high 
elastic modulus (510−575 GPa) [13,14]. Although 
particle-reinforced Cu-matrix composites can 
effectively enhance the mechanical and wear 
properties of Cu-matrix composites, this is often at 
the expense of electrical conductivity. For example, 
JIANG et al [15] prepared in situ TiB2(–TiB)/Cu 
composites using hot-pressing sintering, and the 
results showed that the strength of the composites 
increased, but the conductivity decreased 
significantly. SHI et al [16] and JHA et al [17] carried 
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out studies on Al2O3- and TiN-reinforced metal 
matrix composites, respectively, and found that 
single particle reinforcement can improve the 
high-temperature softening resistance and wear 
resistance of the composites, but the electrical 
conductivity was not improved simultaneously. 
Therefore, solving the consistency problem among 
the strength, conductivity, and wear resistance of 
the composite has become the focus of research. 

The design concept of multi-phase hybrid 
reinforced metal matrix composites is expected to 
achieve unity of strength, conductivity, and wear 
resistance [18,19]. Graphite can be considered a 
good secondary reinforcement phase because it  
not only has excellent electrical and thermal 
conductivities, but also is a good self-lubricating 
phase. Experimental studies revealed that the  
hybrid Cu/TiC–Gr composite has a lower friction 
coefficient and wear rate than the Cu/TiC  
composite [20]. Similarly, compared to CNTs/Cu and 
Al2O3/Cu, Cu/CNTs–Al2O3 reinforced Cu matrix 
composites have better mechanical properties and 
electrical conductivity [21]. FAYOMI et al [22],  
and SINGH and GAUTAM [23] revealed that 
hybrid-reinforced metal matrix composites can 
effectively improve comprehensive properties. 
Based on the above analysis, TiB2−graphite hybrid 
reinforced Cu matrix composites are expected to 
have better comprehensive properties. 

Powder metallurgy is commonly used to 
prepare TiB2–graphite hybrid reinforced Cu matrix 
composites [24,25]. In powder metallurgy, milling 
time is an important factor affecting the properties 
of composites. For example, CHEN et al [26] 
studied the mechanical properties of high-entropy 
alloy reinforced Al matrix composites at different 
milling time and indicated that the average ultimate 
tensile strength and fracture strain of the composites 
were the poorest at a milling time of 20 h. 
OLIVEIRA et al [27] suggested that the crystallite 
size, microstrain, and lattice constants of Cu−5wt.% 
graphite composites were significantly correlated 
with milling time. Therefore, a suitable milling time 
can improve the comprehensive properties of TiB2–
graphite hybrid reinforced Cu matrix composites. 

To date, there have been some reports on the 
properties of Cu matrix composites at different 
milling time, but most of these have mainly focused 
on mechanical properties [28−31], and the friction 
and wear properties have less been studied. Thus, 

there is a clear understanding of the interaction 
mechanism of the preparation process on the 
mechanical properties, but the relationship between 
milling time and wear mechanism of TiB2–graphite 
hybrid reinforced Cu matrix composites is not clear. 
The tribological properties of bearings, brushes,  
and other parts are important evaluation indices. 
Therefore, it is very important to study the 
tribological behavior of TiB2–graphite hybrid 
reinforced Cu matrix composites at different milling 
time. 

In this study, the microstructural evolution   
of TiB2–graphite hybrid reinforced Cu matrix 
composites at different milling time (4, 6, 8, 10 and 
12 h) was estimated. The friction coefficients and 
wear rates of the composites at different milling 
time were investigated. The characteristics of the 
worn surface were observed, and the wear 
mechanism was analyzed. 
 
2 Experimental 
 
2.1 Materials 

Three raw materials were used: electrolytic Cu 
powder (purity >99.9%, 45 μm, Luohong Metal  
Co., Ltd., China), graphite (purity >99.95%, 45 μm, 
Luohong Metal Co., Ltd., China), and TiB2 powder 
(purity >99.99%, 50 μm, Luohong Metal Co., Ltd., 
China). The detailed morphologies of the raw 
materials are shown in Fig. 1. Owing to the poor 
wettability of graphite and TiB2 with Cu, electroless 
copper plating on the surface of graphite and TiB2 
was used to improve their bonding properties.   
The plating process was divided into two steps: 
pre-treatment and electroless copper plating. 
Pre-treatment included cleaning, sensitization, and 
activation. The specific technological process was 
as follows: Firstly, flake graphite and TiB2 were 
placed in 20 wt.% NaOH aqueous solution and 
boiled for 20 min in a horse boiler to remove the 
impurities on the surface of the graphite and TiB2. 
Next, the pre-cleaned graphite and TiB2 were 
sensitized in a mixture of 3 wt.% SnCl2 and 5 wt.% 
HCl solution for 15 min, and then activated in a 
mixture of 5 wt.% HCl and 0.5 wt.% PbCl2 solution 
for 10 min; the temperature of sensitization and 
activation was maintained at 40 °C. Finally, 
electroless copper plating of graphite and TiB2 was 
completed within 60 min by electromagnetic 
agitation in the chemical solution with pH 12 and 
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60 °C. The chemical plating consisted of 16 wt.% 
copper sulfate pentahydrate (CuSO4·5H2O),      
2 wt.% sodium hypophosphate (NaH2PO2·H2O), 
and 1.5 wt.% sodium citrate (C6H5Na3O7). After 
vacuum filtration, Cu-coated graphite and TiB2 
were obtained; their morphologies are shown in 
Fig. 1. It can be seen that the coating thickness of 
Cu layer on the TiB2 and graphite powders is 2.1 
and 1.8 μm, respectively. 

Cu-coated graphite, Cu-coated TiB2, and Cu 
powders were prepared with a mass ratio of 7꞉5꞉88 
and placed in a QM−BP planetary ball mill for 4, 6, 
8, 10 and 12 h at 300 r/min. The ball-to-powder 
mass ratio was 5꞉1. The ground powders were 
poured into a graphite mold and placed in a rapid 

hot-pressing sintering furnace (FHP−828, China) 
under vacuum to obtain a cylindrical specimen with 
a diameter of 40 mm and a height of 10 mm. The 
sintering temperature was 800 °C, the holding 
period was 0.5 h, and the axial pressure was 
30 MPa. Figure 2 describes a schematic diagram of 
the specimen preparation process. 

 
2.2 Tests and characterization 

The tribological properties (friction coefficient 
and wear rate) of the composites at different  
milling time were analyzed using the ball-on-disk 
reciprocating sliding mode on an MFT5000 tribo- 
meter (Rtec, USA). Disk specimens were composites 
with dimensions of 20 mm × 10 mm × 10 mm, the 

 

 
Fig. 1 Morphology of powders: (a) Raw copper powders; (b) Raw flake graphite; (c) Raw TiB2; (d) Copper-coated 
graphite; (e) Copper-coated TiB2 

 

 

Fig. 2 Schematic diagram of specimen preparation 
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ball specimens were GCr15. The sliding distance, 
speed, and applied load were 100 m, 0.1 m/s, and 
9 N, respectively. The friction coefficient was 
displayed on a computer in real-time during the 
experiment. Each specimen was tested at least three 
times to ensure data authenticity. Before each test, 
the surface of the specimen was polished and 
ultrasonically cleaned to roughness of Ra≤0.1 μm. 
The wear rate of the composite disks was  
calculated in a similar manner to the method of 
MIAO et al [32]. 

The actual densities of the composites were 
measured using the Archimedes method, and the 
relative densities were obtained. The formula is as 
follows:  

( )
( )

( )
( )

( )
( )

2

0 0 0 2

1  100%
Cu C TiB
Cu C TiB

w w w
ρ

ρ ρ ρ

= ×
+ +

   (1) 

 
where ρ is the relative density of the composite; 
w(Cu), w(C) and w(TiB2) are the mass fractions of 
Cu, Cu-coated graphite and Cu-coated TiB2 
respectively; ρ0(Cu), ρ0(C) and ρ0(TiB2) are the 
actual densities of Cu, Cu-coated graphite and 
Cu-coated TiB2, respectively. The Vickers hardness 
of the composites was estimated using an HXD− 
1000TMSC/LCD (Shanghai Wujiu Equipment Co., 
Ltd., China), and the average value of each 
composite after measuring ten points under a load 
of 0.098 N for 10 s was presented. A PZ−60A 
digital conductivity meter was used to estimate  
the electrical conductivity of the composites. To 
ensure the reliability of the results, five points  

were randomly selected on each surface for 
measurement. 

By using the Image J, a free image processing 
software, the dimensions of the powder particles at 
different milling time were analyzed using scanning 
electron microscopy (SEM). To ensure the 
reliability of the results, at least 100 images were 
counted, and the average value was obtained. SEM 
was used to observe the microstructural evolution 
of the composites and characterize the worn 
surfaces (disk, ball and wear products). A 3D 
laser-scanning profilometer was used to analyze the 
three-dimensional (3D) structure of the disk worn 
surface. X-ray diffraction (XRD) was performed to 
investigate the phase composition of the composites. 
Energy dispersive spectroscopy (EDS) and X-ray 
photoelectron spectroscopy (XPS) were used to 
characterize the element composition and bonding 
type of the worn surfaces. 
 
3 Results and discussion 
 
3.1 Microstructure and properties of composites 

Figure 3 presents SEM images of the 
composite powders at different milling time. Due to 
the severe deformation, cold welding, and crushing 
of the powders during the milling process, the 
morphology, size, and distribution of the powders 
have changed significantly. Therefore, the sizes   
of the powders decreased with an increase in 
milling time, and the average particle sizes of the 
powders at milling time of 4, 6, 8, 10 and 12 h were 
25.60, 19.50, 9.42, 9.23 and 5.90 µm respectively. In 

 

 
Fig. 3 SEM images of composite powders at different milling time: (a) 4 h; (b) 6 h; (c) 8 h; (d) 10 h; (e) 12 h 
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addition, the size distribution of the composite 
powder particles tended to be uniform with an 
increase in milling time. When the milling time 
reached 4 h (Fig. 3(a)), the morphology of a 
significant amount of the powders changed to 
irregular morphology, but some powders still 
retained a spherical morphology. With further 
increasing milling time to 6 h, it was almost 
impossible to observe isolated single-phase 
particles, and the phase compositions of these 
particles could not be distinguished. More and more 
powders transformed into the flake form (Fig. 3(b)). 
However, long-term shearing and cold welding 
resulted in a decrease in the ductility of the 
composite powders, more serious particle fracture, 
and a more superfine flake-like morphology     
of the powder particles, as shown in Figs. 3(c−e). 
Therefore, the particle shape changed from 
spherical to flake during the early milling stage,  
and the shape of the composite powders became 
superfine flake-like structure with a further  
increase in milling time. It can also be said that   
the homogeneous distribution and morphological 
characteristics of the particles play a crucial role in the 
properties of the composites as found in previous 
study [33]. 

Figure 4 displays the XRD patterns of the 
composites prepared at different milling time.  
Only the diffraction peaks of C, TiB2 and Cu were 
observed, indicating that no chemical reaction 
occurred between the components throughout the 
powder metallurgy preparation process, and that  
the (C−TiB2)/Cu composites were successfully 
synthesized. The intensity of each diffraction peak 
decreased with increasing milling time; in particular, 
when the milling time exceeded 8 h, the peaks of C 
and TiB2 basically disappeared. This indicated that 
the crystallite size was below the XRD detection 
limit. In addition, the full width at half maximum 
(FWHM) steadily increased with increasing milling 
time. The main reason for this was that there were 
more defects and stresses in the powders, and the 
crystal structure was destroyed during the milling 
process, resulting in a decrease in the grain size and 
serious lattice distortion [34,35]. 

Figure 5 reveals the microstructures of     
the composites perpendicular to the hot-pressing 
direction at different milling time. The dimensions 
of the powders remained large when the milling 
time was short, and there was little difference in  

the raw powder morphology (Fig. 5(a)). The 
morphology of the particles became flatter, the size 
decreased, and the dispersion became more uniform 
with a further increase in the milling time (6 and   
8 h, Figs. 5(b, c)). As the milling time was further 
increased to 10 or 12 h (Figs. 5(d, e)), although the 
size of the particles was further reduced, there was 
clear agglomeration between the particles, and the 
splitting effect of the Cu matrix was also significant, 
which inevitably influenced the properties of the 
composites.  
 

 
Fig. 4 XRD patterns of Cu matrix composites at different 
milling time 
 

The physical and mechanical properties such 
as relative density, electrical conductivity, porosity 
and hardness of (C−TiB2)/Cu composites at different 
milling time are listed in Table 1. It is worth noting 
that the hardness of the composite increased with 
increasing milling time and was greater than that of 
pure copper (HV 86.5 [36]) at milling time higher 
than 6 h. On the one hand, the hardness increased 
owing to the effect of fine-grained strengthening. 
However, when the indenter underwent plastic 
deformation on the surface of the composite, the 
TiB2 particles effectively prevented the slipping of 
dislocations and grain boundaries in the matrix and 
improved the hardness. 

The relative density of the composites initially 
increased and then decreased with increasing 
milling time, and the maximum value appeared at 
6 h. When the milling time was short, the Cu powders 
transformed from spherical shape to flake-like 
shape (Figs. 5(a, b)), which effectively reduced the 
porosity at the interface and promoted uniform 
settlement of the reinforced phase at the phase 
boundary. Similar results have also been explained 
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Fig. 5 Microstructures of composites at different milling time: (a) 4 h; (b) 6 h; (c) 8 h; (d) 10 h; (e) 12 h 
 
Table 1 Physical and mechanical properties of composites at different milling time 

Milling time/h Hardness (HV) Relative density/% Porosity/% Electrical conductivity/%(IACS) 

4 84.8±2.9 91.8±0.4 8.3±0.5 19.8±0.7 

6 88.4±1.9 99.1±0.3 0.8±0.2 42.8±0.8 

8 89.1±2.3 95.7±0.6 4.5±0.4 25.2±0.4 

10 90.3±3.0 94.1±0.3 5.9±0.3 21.2±0.6 

12 92.8±2.4 92.3±0.5 7.6±0.6 20.4±0.6 

 
in other studies [37]. The dimensions of the particles 
decreased gradually with increasing milling time; 
however, the interfacial area between various fine 
particles increased, resulting in an increase in 
interfacial porosity and a decrease in density. 

For electrical conductivity, it also initially 
increased and then decreased with an increase in 
milling time, and reached the maximum value at  
6 h (42.8%(IACS)). One of the reasons for the 
electrical conductivity change was that the flake 
morphology of the powders after copper plating 
facilitated the uniform distribution of the particles 
in the Cu matrix (Fig. 5(b)). On the other hand, it can 
be observed that there were Cu regions deposits around 
the grains. With further increasing milling time, the 
grain size became smaller and the grain boundary 
increased, which improved the ability of electron 
flow and led to the decrease of electrical conductivity. 

3.2 Tribological properties 
Figure 6 shows the tribological properties 

(friction coefficient and wear rate) of the 
composites at various milling time. As shown in 
Fig. 6(a), the friction coefficient initially decreased 
and then increased with increasing milling time, 
with the lowest value appearing at 6 h (0.234). A 
possible reason for this was that the reinforcing 
phase size was large and the embedding matrix  
was incomplete when the milling time was short 
(Fig. 5(a)), resulting in the distribution of 
agglomerated graphite at the wear interface, and the 
tribofilm was not completely formed; the TiB2 
particles prevented the movement of the grinding 
ball on the friction surface and increased the friction 
coefficient. When the milling time was extended  
to 6 h, the distribution of the TiB2 and graphite 
particles in the Cu matrix was more uniform than 
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that at 4 h (Fig. 5(b)). This was also conducive to 
the formation of a uniform lubricating film on   
the surface of the composites, which reduced    
the friction coefficient. However, with a further 
increase in the milling time, the graphite and TiB2 
particles were broken after impact for a long time, 
and the particle agglomeration was significant, 
which caused poor interface bonding, severe 
particle drop, and the integrity and continuity of the 
lubrication film could not be guaranteed, resulting 
in an increase in the friction coefficient. 
 

 
Fig. 6 Tribological properties of composites at different 
milling time: (a) Friction coefficient; (b) Wear rate 
 

From Fig. 6(b), the wear rate initially 
decreased and then increased with increasing 
milling time, similar to the changes in the friction 
coefficient. The lowest wear rate of the composites 
was observed at a milling time of 6 h. At this time, 
the wear rate decreased by 40.4% compared with 
that at a milling time of 4 h. The main reason for 
this was that the particle distribution was more 
uniform at 6 h (Fig. 5(b)), but the actual contact 
area between the dual-ball and the composite was 
also reduced with an increase in the hardness of  

the composites (Table 1), which prevented the 
reinforced phases from falling off easily, and the 
surface was more conducive to the formation of the 
lubricating film. When the milling time exceeded 
6 h, the wear rate of the composites increased 
further. This was mainly because the dimensions of 
the particles decreased, the interface area increased, 
the porosity increased, and particle agglomeration 
intensified, resulting in further spalling of the 
particles during the friction process. In addition, the 
interfacial bond between the reinforced phases and 
Cu was weak, and the graphite and TiB2 phases 
were extruded into the tribo-pair during the 
reciprocating sliding process, resulting in three- 
body wear. The surface area of the composites and 
wear rate increased. 
 
3.3 Worn surfaces and wear mechanism 

To understand the tribological behavior of the 
composites at different milling time, the 3D profiles 
and roughness Ra of the wear scars were analyzed, 
as shown in Fig. 7. The results revealed that the 
width and roughness of the wear scars initially 
decreased and then increased with increasing the 
milling time. The wear scars at 6 h had the smallest 
width and roughness of (950.32±39.75) µm and 
(241.04±13.86) nm, respectively. This was mainly 
due to the uniform dispersion of the reinforcement 
particles and the formation of surface lubrication 
film. Therefore, compared with those at 12 h, the 
width and roughness of the wear scars at 6 h were 
reduced by 21.1% and 19.1%, respectively, which 
was consistent with the tribological behavior 
analyzed above (Fig. 6(b)). 

The SEM images of the worn surfaces, dual- 
balls, and wear debris of the composites at different 
milling time are shown in Fig. 8. The worn surface 
of the composite had more pitting corrosion, more 
furrows, and clear peeling at 4 h (Fig. 8(a)), while 
the dual-ball also showed significant furrows and 
peeling (Fig. 8(a1)), similar to the composite worn 
surface. This was precisely due to the greater 
roughness of the worn surface, where the size of the 
wear debris was larger (Fig. 8(a2)). Therefore, the 
wear mechanism was fatigue wear. When the 
milling time increased to 6 h, the worn surface was 
the smoothest; only a few shallow furrows were 
observed (Fig. 8(b)) and a uniform tribofilm was 
formed on the dual-ball surface (Fig. 8(b1)). As  
the wear surface had a good tribofilm, it had good 
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Fig. 7 3D profile and roughness of wear scars perpendicular to sliding directions of composites at different milling time: 
(a) 4 h; (b) 6 h; (c) 8 h; (d) 10 h; (e) 12 h 
 
tribological properties, which was consistent with 
the previous analysis of the wear rate. Consequently, 
it exhibited less wear debris (Fig. 8(b2)). 
Subsequently, abrasive wear was dominant at 6 h. 
In addition, numerous pits and small amounts of 
peeling appeared on the surface of the composite 
after 8 h (Fig. 8(c)). There were significant deep 
furrows and adhesion of tribo-products on the 
dual-ball surface (Fig. 8(c1)). Therefore, the size of 
the wear debris at this time was larger than that at 
6 h (Fig. 8(c2)). The results revealed that the 
primary wear mechanism was oxidative. With a 
further increase in the milling time to 10 and 12 h, 
large-scale peeling of the worn surface occurred, 
broken graphite-phase particles could also be 
observed (Figs. 8(d, e)), and the dual-ball surface 
adhered to a large number of tribo-products 
(Figs. 8(d1, e1)). Meanwhile, the size of the wear 
debris was too large because of the large-scale 
peeling of the reinforced phase (Figs. 8(d2, e2)). 
Thus, the adhesive wear was dominant. 

To further explain the wear mechanism of the 
composites, EDS analysis was conducted on the 
points of the composite worn surfaces and dual- 
balls identified by the capital letters, as listed in 
Table 2. C, O, Fe, Cu, and Ti were observed on both 
the composite worn surfaces and the dual-balls, 

indicating that oxidation occurred during the 
reciprocating sliding process. The O content on the 
composite surface initially increased and then 
decreased, whereas the Fe and Cu contents initially 
decreased and then increased with increasing 
milling time. A possible explanation was that a 
tribofilm was formed on the worn surface when the 
milling time was short, and the tribofilm was peeled 
off owing to the agglomeration of the reinforcing 
phase with increasing milling time, leaving the 
matrix exposed. Together, the oxidation and 
lubrication films formed a tribofilm on the surface. 
Moreover, the composition of the dual-ball surface 
was similar to that of the tribofilm generated by  
the composite surface, which revealed that the 
formation of the dual-ball surface may be due to  
the transfer of tribo-products onto the composite 
surface. In particular, it should be noted that only C, 
O, Fe, and extremely small amounts of Cu were 
detected on the dual-ball surface at a milling time of 
6 h, suggesting that only small or even negligible 
amounts of products were transferred from the 
composite surface. The Cu content on the dual-ball 
surfaces initially decreased and then increased with 
increasing milling time, which indicated that the 
effect of adhesive wear initially decreased and then 
increased with increasing milling time. 
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Fig. 8 SEM images of worn surface (a−e), dual-balls (a1−e1), and wear debris (a2−e2) of composites at different 
milling time: (a, a1, a2) 4 h; (b, b1, b2) 6 h; (c, c1, c2) 8 h; (d, d1, d2) 10 h; (e, e1, e2) 12 h 
 

To determine the lubrication mechanism of the 
composite and the chemical bond composition of 
the tribofilm at a milling time of 6 h, the chemical 
composition of the tribofilm was analyzed using 
XPS. After the back and bottom were removed, the 
fine spectrum of each element was fitted using the 
Avantage software, as shown in Fig. 9. For the fine 

spectrum of C 1s (Fig. 9(a)), the peaks at 284.8 and 
286.5 eV were attributed to C—C and C—O—C of 
graphite, respectively, while the peak near 288.3 eV 
was derived from C=O of the graphite [38], which 
indicated that graphite was involved in the 
formation of tribofilm. The fine spectrum of  
Cu 2p consisted of four peaks (Fig. 9(b)): the peaks  
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Table 2 Element contents of various points in Fig. 8 on worn surfaces and dual-balls (at.%) 

Element A B C D E F G H I J 

C 20.27 25.21 21.47 23.41 26.85 23.37 22.89 20.04 26.22 21.31 

O 30.25 33.67 30.31 28.64 18.48 58.86 58.52 59.34 50.19 54.73 

Fe 6.88 5.17 5.79 6.41 6.9 15.49 18.29 18.01 16.31 11.25 

Cu 39.53 34.96 39.34 40.09 45.55 2.07 0.3 2.5 7.11 8.39 

Ti 3.07 0.99 3.09 1.45 2.22 0.21 0 0.11 0.17 4.32 

 

 
Fig. 9 Worn surface XPS spectra of composite at milling time of 6 h 
 
located around 931.3 eV (CuO) and 932.6 eV 
(Cu2O) belonged to the Cu—O species, and the 
other peaks near 930.8 and 951.3 eV demonstrated 
the existence of Cu. In terms of the fine spectra of 
Fe 2p, the characteristic peaks of Fe (705.8 eV [39]), 
Fe2O3 (711.3 eV [40]) and Fe3O4 (709.2 eV [41]) 
were obtained (Fig. 9(c)). The results show that 
there was material transfer between the composite 
and dual-balls during the sliding process, which 
indirectly confirmed the occurrence of adhesive 
wear. This demonstrated that the agreement between 
this phenomenon and the distribution of elements 
on the worn surface was quite good. From the fine 
spectrum of O 1s, the peak near 530.6 eV was proven 

to be a metal oxide, which not only indicated the 
occurrence of oxidative wear, but also showed the 
existence of an oxide film in the tribofilm (Fig. 9(d)). 
Ti 2p exhibited three peaks (Fig. 9(e)), of which the 
characteristic peaks near 451.8 and 458.4 eV were 
attributed to Ti, and the peak at 450.9 eV belonged 
to TiO2. Therefore, the tribofilm mainly consisted of 
a Cu matrix, graphite, CuO, Cu2O, Fe, Fe2O3, Fe3O4 
and TiO2. Several studies have reported relevant 
lubrication mechanisms. One of the main reasons is 
that dual role of the formation of oxidation and 
lubrication films on the composite surface can 
effectively increase the wear resistance and reduce 
the friction coefficient [42−44]. 
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4 Conclusions 
 

(1) Only C, TiB2 and Cu were observed in the 
XRD patterns, indicating that no chemical reaction 
occurred between the powders at different milling 
time. The particle size of the powder decreased with 
increasing milling time. It can be seen that the 
copper plating reinforcement phase was more 
homogeneously distributed in the Cu matrix at 6 h, 
which played a crucial role in improving the wear 
rate and electrical conductivity of the composites. 

(2) The relative density and electrical 
conductivity of the composites initially increased 
and then decreased with increasing milling time. 
Samples with the highest relative density (about 
99.1%) and electrical conductivity (about 
42.8%(IACS)) were found at a milling time of 6 h. 
The hardness of the composites increased with 
increasing milling time, and it was HV 84.8, 
HV 88.4, HV 89.1, HV 90.3 and HV 92.8 at milling 
time of 4, 6, 8, 10 and 12 h, respectively. 

(3) The friction coefficient and wear rate of the 
composites initially decreased and then increased 
with increasing milling time, with the lowest values 
appearing at 6 h (0.234 and 1.974×10−5 mm3/(N·m), 
respectively). The composites with excellent 
comprehensive properties were achieved at milling 
time of 6 h. The primary wear mechanism of the 
composites after milling for 6 h was abrasive wear. 
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摘  要：研究球磨时间对 TiB2−石墨杂化增强铜基复合材料显微组织和摩擦学性能的影响。采用热压烧结法制备

了不同球磨时间下(4、6、8、10 和 12 h)的铜基复合材料，并对其摩擦学性能进行了研究。结果表明：复合材料

的相对密度和电导率随球磨时间的延长先增加后下降；经 6 h 球磨后制备的复合材料的相对密度和电导率最    

高，分别为 99.1%和 42.8%(IACS)。复合材料的摩擦因数和磨损率随球磨时间的延长为先降低后增加。经 6 h 球磨

后合成的复合材料的摩擦因数和磨损率最低，分别为 0.234 和 1.974×10−5 mm3/(N·m)。球磨 6 h 后制备的复合材料

的主要磨损机制为磨粒磨损。 

关键词：金属基复合材料；磨损机制；球磨时间；热压烧结；摩擦学性能 
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