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Abstract
Copper-titanium-silicon-carbon-graphite alloy materials were fabricated using
a cold-pressing sintering powder metallurgy method. The wear properties and
wear mechanisms of these alloy materials, as well as the effects of speed and
load on the friction and wear performance of the slider, were investigated using
a friction and wear testing machine and scanning electron microscope (SEM).
The results indicate that under conditions of higher speed or lower load, wear
volume increases linearly with sliding distance, and within the experimental pa-
rameter range, the overall curve of wear volume variation with sliding distance
demonstrates certain regularity. Microscopic analysis reveals that the sporadic
distribution of titanium-silicon-carbon and graphite on the worn surface signifi-
cantly enhances the wear resistance of the copper-based material. The primary
wear mechanisms are adhesive wear, abrasive wear, and oxidative wear.
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Abstract
A new Cu-based composite Cu/Ti3SiC2/C was prepared by powder metallurgy
using cold pressing and sintering. The tribological performance of the composite
was examined under different sliding speeds and loads using a specially designed
sliding apparatus, and the worn surfaces were characterized by scanning electron
microscopy (SEM) equipped with energy-dispersive spectroscopy (EDS). The
results show that under conditions of high speed or low load, wear loss increases
linearly with sliding distance, and within the experimental parameter range,
the overall wear loss curves exhibit consistent patterns with respect to sliding
distance. Microscopic analysis reveals that the scattered distribution of Ti3SiC2
and graphite on the worn surface significantly enhances the wear resistance of
the copper matrix material. The primary wear mechanisms are adhesive wear,
abrasive wear, and oxidative wear.
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Introduction
In the early 20th century, the former Soviet Union, Japan, Western Europe,
and other countries conducted extensive research on the development and appli-
cation of pantograph slider materials. China developed its first batch of powder
metallurgy pantograph slider materials in 1965. Since the 1980s, copper-based
powder metallurgy sliders have been widely used domestically; however, they
cause severe wear on contact wires [1-4]. Subsequently, metal-impregnated car-
bon slider materials combined the advantages of both carbon and metallic mate-
rials, essentially solving the problem of low mechanical strength of carbon sliders
while significantly improving wear resistance and reducing excessive wire wear.
However, these materials suffer from insufficient impact resistance, susceptibility
to chipping, and high cost [5]. Copper-graphite alloy materials exhibit excellent
heat resistance, wear resistance, and stable friction coefficients, making them
ideal for high-speed train braking applications.

The specific heat capacity of graphite is 1.648 J/(kg・K), substantially higher
than that of copper (0.39 J/(kg・K)). Adding graphite to copper-based alloys
can reduce the temperature at the material’s friction surface. Additionally,
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graphite functions as a solid lubricant and provides anti-welding properties [6],
making it widely used in conductive materials. Ti3SiC2 represents a novel multi-
functional material system that combines structural, electrical conductive, and
self-lubricating properties. It exhibits metallic characteristics such as electri-
cal and thermal conductivity and easy machinability, along with ceramic-like
features including light weight, oxidation resistance, and high-temperature sta-
bility. Ti3SiC2 can enhance the strength, hardness, and wear resistance of
copper-graphite alloys without compromising their self-lubricating and conduc-
tive properties [7-8].

The room-temperature electrical conductivity of Ti3SiC2 is 9.6$×10^{-6}$ Ω−1・
m−1, nearly two orders of magnitude higher than that of graphite. Its coefficient
of thermal expansion between 25-1000°C is (10-11)$×10^{-6}$ °C−1, close to
that of copper (17$×10^{-6}$ °C−1). The compressive strength, Young’s mod-
ulus, and hardness of Ti3SiC2 are 900 MPa, 326 GPa, and 4 GPa, respectively.
More importantly, Ti3SiC2 exhibits excellent oxidation resistance at 1300°C,
far superior to graphite. While numerous studies have investigated the prepa-
ration and wear properties of copper-graphite alloys [9-11], this work focuses on
preparing a Cu-Ti3SiC2-C graphite alloy material via cold pressing and sintering
powder metallurgy, studying its friction and wear performance, and exploring
the underlying wear mechanisms.

1. Experimental Procedure
1.1 Materials and Preparation

Table 1 lists the particle size and mass fraction of each powder used in the
experiments. The preparation process flow is shown in [Figure 1: see original
paper]. Raw powders were mixed mechanically for 12 hours, then pressed at 300
MPa using a side-acting powder compacting hydraulic press. The compacts were
sintered at 920°C for 3 hours under hydrogen protective atmosphere, furnace-
cooled to room temperature in the same atmosphere, and finally re-pressed at
300 MPa.

Table 1 Granularity and mass fraction of powders

Material Granularity (mesh) Mass Fraction
Ti3SiC2
Graphite

Figure 1 Preparation process flow diagram of copper-graphite alloy
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1.2 Wear Testing

Wear tests were conducted on a custom-built friction and wear tester shown in
[Figure 2: see original paper]. The apparatus features a 405 mm diameter cast
iron rotating disc with copper strip material fixed along its outer edge. The
linear speed at the disc periphery is adjustable from 0-100 km/h, providing
stable motion. Pin specimens measured 10 mm × 10 mm × 35 mm, with a 10
mm × 10 mm friction surface. Tests were performed at contact pressures of 20
N and 40 N, with relative sliding distances of 25, 50, 75, and 100 km. Prior to
testing, all specimens were polished with 800-grit sandpaper. Wear mass loss
was measured using an electronic balance with 1 mg precision. All experiments
were completed under laboratory ambient conditions.

Worn surface morphology and wear mechanisms were analyzed using a HITACHI
S-2360N scanning electron microscope (SEM) and a Quanta 200 FEG field-
emission environmental scanning electron microscope (ESEM) equipped with
energy-dispersive spectroscopy (EDS).

2. Results and Discussion
2.1 Effects of Speed and Load on Friction and Wear Performance

Figure 3 [Figure 3: see original paper] shows the relationship between wear
loss and sliding speed at a contact pressure of 20 N. Overall, wear loss increases
substantially with increasing speed, exhibiting nearly linear growth after 50 km
of sliding. At lower speeds (V < 50 km/h), wear loss initially increases with
sliding distance before stabilizing. At higher speeds (V ≥ 50 km/h), wear loss
shows stable linear growth with sliding distance. This behavior occurs because
increased speed leads to greater tangential impact forces on the surface, causing
particles with weak interfacial bonding to detach from the matrix under large
impact forces [12].

Figure 4 [Figure 4: see original paper] illustrates the relationship between
wear loss and applied load at a sliding speed of 50 km/h. Wear loss increases
with sliding distance. Under low loads, wear loss exhibits near-linear growth
with sliding distance, while under high loads, it initially grows linearly then
shows an upward trend. At sliding distances of 25 km and 50 km, wear loss
differs by nearly a factor of two between the two load conditions; at 100 km,
the difference approaches a factor of four. This is because higher applied loads
increase contact pressure, resulting in greater weight loss [13-14]. During friction,
plastic deformation of the subsurface layer under load causes dislocation slip
and accumulation, generating numerous vacancies and microcracks that severely
degrade alloy performance and wear resistance [15].
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2.2 Wear Surface Morphology

Figure 5 [Figure 5: see original paper] presents SEM surface morphology and
EDS analysis of the alloy after sliding 100 km under a 20 N load at 50 km/h. As
shown in Figure 5a, the wear tracks are generally aligned in the same direction.
The alloy surface exhibits numerous pits and some larger flake-like layers, with
plowed grooves visible in some regions. Localized oxide films are present on the
worn surface, and many particulate substances and large dark black residues
are uniformly distributed across the friction surface. EDS analysis of points A
and B in Figure 5a is shown in Figures 5b and 5c. Point A contains primarily
carbon, originating from graphite in the material that fractured during friction
and served a self-lubricating function. Analysis of point B reveals the presence
of Ti, C, Si, O, and Cu, indicating the formation of hard TiC crystalline phases
on the surface [16]. The detection of oxygen atoms suggests possible oxide
formation during the friction process.

The alloy wear surface contains substantial graphite. As a non-metallic, low-
strength brittle material, graphite’s strength is far lower than that of metallic
copper. Consequently, graphite easily fractures and flows under surface fric-
tional shear stresses, resulting in numerous graphite particles on the friction
surface [17]. Graphite has a hexagonal close-packed structure with excellent
lubricity. The extensive distribution of graphite particles on the surface en-
hances lubrication, reduces plowing forces between asperities, mitigates surface
grooving, and thereby decreases material wear.

Wear debris on the worn surface originates primarily from three sources: (1)
work-hardened or oxidized matrix material and a few hard particles from sin-
tered Ti3SiC2 agglomerates or friction-generated TiC crystalline phases [18]; (2)
crack initiation in localized surface regions, with crack propagation leading to
brittle fracture and spalling, where the detached debris acts as abrasive parti-
cles; and (3) fracture and detachment of oxide films formed on the wear surface,
which become abrasive particles causing abrasive and oxidative wear. Under
normal load, abrasive particles embed into the alloy surface and move along the
sliding direction under compressive and shear stresses, creating plowed grooves
or micro-cutting actions on the worn surface and raising ridges along groove
sides or fronts. These ridges undergo deformation during subsequent friction,
forming plastic deformation zones. Repeated plastic deformation leads to work
hardening and smoothens the wear surface [19].

Additionally, delamination pits are observed on the alloy surface in Figure
5a. This occurs because low-strength graphite preferentially fractures, creat-
ing surface pits. Due to poor bonding between graphite and the copper matrix,
graphite readily detaches into the friction interface during sliding, forming pits.
These pits become accumulation sites for particulate matter, and when frictional
stresses reach sufficient levels, the metal matrix at pit edges deforms and dam-
ages, allowing graphite and accumulated particles to be completely expelled.
The substantial graphite particles expelled from the friction surface provide
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lubrication.

Figure 6 [Figure 6: see original paper] shows the worn surface morphology of
the alloy under different loads. At low loads (Figure 6a), the wear surface is
relatively smooth with consistent wear track directions and fewer hard parti-
cles generated by friction. Higher loads produce greater normal pressure and
consequently larger shear stresses, which more readily generate adhesive wear,
causing material transfer and spalling that produces more hard particles. Fig-
ure 6b shows the wear surface under high load containing more hard particles,
though the wear tracks are less distinct and the surface is not smooth. Fur-
thermore, frictional heating raises the specimen surface temperature, softening
the material and reducing surface plasticity [20-21]. Increased temperature also
intensifies surface oxidation [22], resulting in a relatively rough wear surface.

For the studied copper-graphite alloy, adhesive wear occurs during the initial
wear stage. As wear progresses, accumulated abrasive particles increase, causing
abrasive wear. Under cutting action from abrasive particles, material is stripped
from the alloy surface to form wear debris, while plowed grooves form along the
sliding direction on the alloy surface. Over time, cutting by abrasive particles
intensifies, causing obvious plastic deformation on the alloy wear surface and in-
creasing wear loss. As friction continues, rising surface temperature exacerbates
oxidative wear.

3. Conclusions
1. Effect of speed on wear: The wear loss of Cu-Ti3SiC2-C graphite alloy

material shows consistent patterns, increasing linearly with speed. Under
low loads, wear loss increases linearly with sliding distance, while under
high loads, it initially increases linearly then shows an upward trend.

2. Microstructure benefits: During the wear process of Cu-Ti3SiC2-C
graphite alloy material, Ti3SiC2 and graphite are uniformly distributed
on the wear surface, significantly enhancing the wear resistance of the
copper matrix material.

3. Wear mechanisms: The wear mechanism of copper-graphite alloy is
primarily adhesive wear in the initial stage. With increasing wear, the
mechanism becomes dominated by adhesive wear and abrasive wear, ac-
companied by oxidative wear.

References
1. Kubo S, Kato K. Effect of arc discharge on wear rate of Cu-impregnated

carbon strip in unlubricated sliding against Cu trolley under electric cur-
rent. Wear, 216(2), 172 (1998).

chinarxiv.org/items/chinaxiv-202303.00313 Machine Translation

https://chinarxiv.org/items/chinaxiv-202303.00313


2. Sadayappan M, Zavadil R, Sahoo M. Mechanical properties of aluminum
bronze alloy C95400. Transactions of the American Foundry Society, Vol.
109, 1 (2001).

3. Qian Zhongliang, Sheng Wei, Zhang Zhimiao. Development of carbon con-
tact strips and research progress in China. Electric Drive for Locomotives,
(12), 5 (2003).

4. Gao Chunming, Ling Yuecheng, Qian Zhenhua. Development of wearless
carbon fibre composite pantograph slide bar. Electric Locomotives & Mass
Transit Vehicles, (7), 31 (2004).

5. R. S. Lee, J. L. Jou. Application of numerical simulation for wear anal-
ysis of warm forging die. Journal of Materials Processing Technology, 43
(2003).

6. Yin Yanguo, Liu Junwu, Zheng Zhixiang. Effect of graphite on the fric-
tion and wear properties of Cu alloy-matrix self-lubricating composites at
elevated temperature. Tribology, 25(5), 216 (2005).

7. X. C. Ma, G. Q. He, D. H. He, C. S. Chen, Z. F. Hu. Sliding wear behavior
of copper-graphite composite material for use in maglev transportation
system. Wear, 1087 (2008).

8. Huang Zhenying, Qu Hongxiang, Zhang Hongbing. Tribology properties
of Ti3SiC2 under the current-carrying conditions. Rare Metal Materials
and Engineering, 37(A01), 213 (2008).

9. Da Hai He, Rafael Manory. A novel electrical contact material with im-
proved self-lubrication for railway current collectors. Wear, 249(7), 626
(2001).

10. Guo Bin, Jin Yongping. A research on tensile strength and impact tough-
ness of copper matrix pantograph slider material. Materials Science and
Technology, 11(1), 59 (2003).

11. Anonymous. Basic of design engineering: Bronze and copper-alloy bear-
ings. Machine Design, 27(15), 126 (1995).

12. Ma Xingchi, He Guoqiu, He Dahai. Study on friction and wear behavior
of copper-graphite alloy material under electrical current. Tribology, 28(2),
167 (2008).

13. Liu Yuwen, Liu Jianhua. Influence of loads and sliding speed on friction
and wear properties of multi-component copper alloy. Material & Heat
Treatment, 37(16), 41 (2008).

14. Mi Guofa, Zhang Jinzhi, Wang Youchao. Microstructure and friction and
wear properties of novel aluminum bronze. Material and Heat Treatment,
(17), 32 (2010).

chinarxiv.org/items/chinaxiv-202303.00313 Machine Translation

https://chinarxiv.org/items/chinaxiv-202303.00313


15. Xu Jianlin, La Peiqing, Chen Chao. Friction and wear properties of as-cast
Cu-14Al-4Fe-Mn aluminum bronze alloy. Tribology, 24(5), 438 (2004).

16. Zhao Xiaogen. Study on tribological performance and microscopic mech-
anism of novel Cu-Ti3SiC2-C composite materials for use in rapid transit
railway system. Tongji University (2012).

17. Fu Rong, Gao Fei, Song Baoyun. Research on tribological behavior of
copper-graphite friction materials. Tribology, 30(5), 479 (2010).

18. Huang Zhenying, Qu Hongxiang, Zhang Hongbing. Tribology properties
of Ti3SiC2 under the current-carrying conditions. Rare Metal Materials
and Engineering, 37(A01), 213 (2008).

19. Bouchoucha A, Zaidi H, Kadiri E K. Influence of electric fields on the
tribological behaviour of electrodynamical copper/steel contacts. Wear,
203, 434 (1997).

20. Dai Anlun, Yan Gaochuang, Zhu Zhiyuan. Wear-friction behavior of novel
high aluminum bronzes alloy Cu-12Al-X in high temperature condition.
The Chinese Journal of Nonferrous Metals, 23(11), 3083 (2013).

21. Anonymous. Effect of current on wear in a sliding contact with cop-
per/chrome steel, and connection with the environment. Vacuum, 41(7-9),
2213 (1990).

22. Anonymous. Oxidation wear behavior of copper-graphite material under
electrical current. Tribology, 28(2), 167 (2008).

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202303.00313 Machine Translation

https://chinarxiv.org/items/chinaxiv-202303.00313

	Friction and Wear Properties of a Novel Copper-Titanium-Silicon-Carbon-Graphite Alloy Material: Postprint
	Abstract
	Full Text
	Preamble
	Introduction
	1. Experimental Procedure
	1.1 Materials and Preparation
	1.2 Wear Testing

	2. Results and Discussion
	2.1 Effects of Speed and Load on Friction and Wear Performance
	2.2 Wear Surface Morphology

	3. Conclusions
	References


