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Abstract: In this paper, polyurethane sponge was used as a three-dimensional continuous network
structure template, and graphite slurry was uniformly coated on the surface of the polyurethane
sponge skeleton by dipping to construct a graphite skeleton with a three-dimensional continuous
network structure, and then populate a quantity of copper alloy powder was filled in the graphite
skeleton. Then, the copper/graphite self-lubricating composites with a bi-continuous
three-dimensional structure of graphite phase and metallic copper were prepared by
degumming-hot pressing sintering process. The study investigated the effect of the
three-dimensional bi-continuous structure on the carrying capacity and impact resistance of the
material, and explored friction and wear behavior of the material under heavy load. The results
showed that the enrichment state and distribution form of graphite phase could be effectively
changed by three-dimensional bi-continuous structure design, and the anti-wear properties of the
material under heavy load were significantly improved by the high bearing capacity of copper
matrix. When the experimental load was up to 180 N and the friction pair was bearing steel, the
Cu663 block and the homogeneous copper/graphite composites both showed severe wear and
‘jamming’ against with the friction pair. The test stopped due to the serious ‘jamming’ of Cu663
block and the friction pair. Although the homogeneous copper / graphite composite did not stop
experiment with the friction pair ‘jamming’, its grinding depth was as high as 1.19 mm. However,
the friction coefficient of the copper/graphite composites with a three-dimensional bi-continuous
structure could be maintained at about 0.12 over time, the wear rate was only about 5.3<10°
mm?® N™'m?, and the wear scar depth was 0.16 mm. Compared to the other two composites, this
material exhibits excellent long-time wear stability. At the same time, the structure design could
greatly reduce the number of weak interface between graphite phase and copper matrix, and
effectively utilized the ‘disproportionation’ guidance of continuous graphite on the crack
propagation path and the passivation effect of metal copper on extended cracks, so that the

composites could maintain the high load capacity of the copper alloy and significantly improved



impact resistance of the material. The bending strength of copper/graphite composites with
three-dimensional bi-continuous structure was as high as 372 38 MPa, which was comparable to
the Cu663 block, which was twice stronger than that of homogeneous copper/graphite composites.
In addition, the copper/graphite composite material with a three-dimensional bi-continuous
structure also has better resistance to external load impact damage, and its impact toughness was
as high as 32.8+3.1 J-em? which was 11.1 times higher than that of the homogeneous
copper/graphite composites, and even 2.2 times higher than that of the Cu663 block.

Key words: Copper/graphite; Bi-continuous Structure; Heavy Load; Antifriction and Anti-wear;
Impact Resistant
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Fig. 1 Preparation method of 3D bio-continuous copper/graphite self-lubricating
composites
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(a) Optical microscopic and (2') local enlarge image of Cu-G10



(b) Optical microscopic and (b") local enlarge image of 3Dy-Cu-G10
Fig. 2 Typical morphologies of copper/graphite self-lubricating composites with
different structures
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Table. 1 Mechanical properties of copper/graphite self-lubricating composites with

different structures
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Mechanical Material Type

properties Cu Cu-G10 3D4-Cu-G10
Flexural strength (MPa) 364413 190+10 372438
Impact Toughness (J-cm™) 10.440.5 2.74.1 32.843.1
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(a) Profile view image of Cu (b) Profile view image of Cu-G10

(c) Profile view image of 3D4-Cu-G10 (d) Frontal view image of 3D4-Cu-G10

Fig. 3 Crack propagation paths of different copper/graphite self-lubricating
composites in three-point bending tests
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Fig. 4 Load-displacement curves of different copper/graphite self-lubricating
composites in three-point bending tests
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(a) Material Cu

(b) Material Cu-G10

(c) Material 3D4-Cu-G10
Fig. 5 The optical microscopic and 3D topography of fracture surface of different

copper/graphite self-lubricating composites after impact tests
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Fig. 6 The friction coefficient curves, wear rate and depth of wear scar of different
copper/graphite self-lubricating composites at 120 N
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(a) At 10N

(b) At 60 N

(c) At 180 N

Fig. 7 The friction coefficient, wear rate and depth of wear scar of different
composites at under different frictional loads
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(a) Material Cu

(b) Material Cu-G10

(c) Material 3D4-Cu-G10
Fig. 8 Schematic diagrams of frictional process of materials Cu, Cu-G10 and
3Dg4-Cu-G10 under high load
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(c) Material 3D4-Cu-G10 at different loads
Fig. 9 3D topography and microstructures of wear scars of different materials at

different frictional loads
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Fig. 10 Friction coefficient curve and microstructure of wear scar of material
3D4-Cu-G10 in long frictional distance at 180 N
B 10 F18} 3D4-Cu-G10 £ 180 N KATFEEES A A [ BE 45 A 50t LA B 45
RIMIEH

3 4



a. KR BHHIE T =B LN 2 2540 A S5 48, A F i A & &8
FHE Be sl T2 BNl 2% 7 A0 S RN 4 ) 52 00 82 = 4 52 4 B 45 1y V) 4 5
SEMEL, REFRD T A A S 4 R (] 1 59 SR, 3K TR BRI = 4
Btk

b. MRLNGI R SG, KR &Y BTN S S A 3, fEL
AR H = o X 28 43 W P SR 2 e BBk, A B A A B R AL
AR, SRR m ARSI HP T IRRE 1. MKl 3Dg-Cu-G10 [T 25 5
A 023 i W] ik 372438 MPa Al 32.8+3.1 J-em™

C. R BUELL AT, WIS A S A 5 ) i i T B8 ) TH TR Pl Y AT
FEAEIE, (R IE PT A R B A A T AR A G T ™ B R B AR
FL SR G A, AR BB KA R ) B AR S R e BE B PR AR . AR
3Dg-Cu-G10 £ 180 N Hifir 551 T HYKAT R EEAG AL AR v (¥ -F 35 B 1 R BOR BE 451
OB E 0.12 1 5.3X10° mm® N'm™?



S5k

[1] Jin K, Qiao Z, Zhu S, et al. Friction and wear properties and mechanism of bronze-Cr-Ag
composites under dry-sliding conditions[J]. Tribology International, 2016, 96:132-140. doi:
10.1016/j.triboint.2015.12.031.

[2] Liu X L, Cai Z B, Qian X, et al. Fretting wear behavior of brass/copper-graphite composites as
a contactor material under electrical contact[J]. International Journal of Mechanical Sciences,
2020, 184. doi:10.1016/j.ijmecsci.2020.105703.

[3] Xu Zhihong. Fault Analysis of Joint Bearings for Aircraft Landing Gear and Development of
Substitution Bearings[J]. (in Chinese) [V %%, CALEC V& H8 FH 51 il AR g e 43 B % 25 AR el
A HI[I]. Fh7K, 2019(08):36-41]. doi:10.19533/j.issn1000-3762.2019.08.010.

[4] Su Y F, Zhang Y S, Song J J, et al. Tribological behavior and lubrication mechanism of
self-lubricating ceramic/metal composites: The effect of matrix type on the friction and wear
properties[J]. Wear, 2017, 372: 130-138. doi: 10.1016/j.wear.2016.12.005.

[5] Huang Guowei, Fan Shukai, Li Ting, et al. Construction of Graphite-Copper 3-D Composite
Lubricating Layer on Cu663 Alloy Surface and its Tribological Performances[J]. Tribology,
2021 (05): 1-28. (in Chinese) [3 [El &L, #&70l, 205, 5. Cu663 & 3L A1 a-4 =45
GO E MRS EE B MR ST [0). BE R 4 52 4k 2021(05): 1-28]. doi:
10.16078/j.tribology.2020171.

[6] Chen Rushi, Xiao Zhu, Dai Jie, et al. Study on the Relationship Between the Properties of
Copper-graphite Composite and the Shape and Particle Size of Graphite[J]. Nonferrous metal
materials and engineering, 2019, 40(05): 1-7. (in Chinese) [MEanid, MAE, A, 25 -4
BEAMEMERE S A SBITLARFRAS A S AU 0], A & @A kLS TR, 2019, 40(05):
1-7]. doi: 10.13258/j.cnki.nmme.2019.05.001.

[7] Zhang Xiaoyu, Fan Hengzhong, Huang Xiaopeng, et al. Influence of Graphite Morphologies
on Tribology Properties and Reliability of Copper/Graphite Composites[J]. Tribology, 2022,
42(2). (in Chinese) [7K &, BEEH, LM, . ASABSN W0 R E GBS~
PEAEFI T SEME RS [I]. BEHE AR, 2022, 42(2)]. doi: 10.16078/j.tribology.2021031.



[8] Jiang X F, Song J J, Su Y F, et al. Novel design of copper—graphite self-lubricating composites
for reliability improvement based on 3d network structures of copper matrix[J]. Tribology
Letters, 2018, 66(4): 1-11. doi: 10.1016/j.wear.2015.07.017.

[9] Song Junjie, Zhang Yongsheng, Fan Hengzhong, et al. Optimization Design of Macro/micro
Structures and Properties of Alumina Laminated Self-lubricated Composite Ceramic[J].
Advanced Ceramics, 2020, 41(04): 195-216. (in Chinese) [RIEZs, Kk M, #iE T, 24,
AR Z R BT A B R IROML S5 G B uh R RE TR [3]. AR BE #2020,
41(04): 195-216]. doi: 10.16253/j.cnki.37-1226/tq.2020.04.001.

[10] Sun Q, Wang Z, Yin B, etal. The tribological properties and wear mechanism of copper
coated graphite doped Sialon ceramic composites at wide range temperature from 25 to
800 C [J] Tribology International, 2018. 123: p. 10-16. doi:
0rg/10.1016/j.triboint.2018.03.002.

[11] Miao Yingchun, Zhang Ping, Wang Yadong, et al. Preparation of copper-graphite composites
by hot pressing sintering and their tribological properties[J]. Nonferrous metal engineering,
2015, 5(05): 6-10.(in Chinese)[Hjil#E, 7KF, LR, &. MIERELHSWH-AEE A
MoRE R HOEE B E M RE N A 8 & J8 L R, 2015 5(05): 6-10]. doi:
10.3969/j.issn.2095-1744.2015.05.002.

[12] Jiang X F, Song J J, Chen S N, et al. In-situ fabricated bulk metallic glass/graphite
composites with a 3D lubricating layer: Tribological properties under dry sliding and in
seawater[J]. Tribology International, 2020:106301. doi: 10.1016/j.triboint.2020.106301.

[13] Liu J, Sun K, Zeng L, et al. Microstructure and properties of copper—graphite composites
fabricated by spark plasma sintering based on two-step mixing[J]. Metals-Open Access
Metallurgy Journal, 2020, 10(11):1506. doi: 10.3390/met10111506.

[14] Song Junjie, Fan Hengzhong, Su Yunfeng, et al. Tribological Properties and Lubrication
Mechanism  of  Al,O3/Graphite-BaSO, Laminated = Composites[J].  Tribology,
2019,39(06):723-729. (in Chinese) [RIRA, Barh, Jrmlg, & A/ A =-RRIE
R AW B8 82 2 1 B B i v WL [J). BE R 2F 23R, 2019, 39(06): 723-729]. doi:
10.16078/j.tribology.2019071.

[15] Jia Junhong, Zhou Huidi, Wang Jingbo, et al. A Comparative Investigation of the

Tribological Behavior and Wear Mechanism of Bronze-graphite Composite under Dry- and



Water-lubricated Sliding against Steel[J]. Tribology, 2002(01):36-39. (in Chinese) [Z1 341,
JAELE, R, S5 WA RS ORE T EEBE A K T ) BE B B 40 1 e S 40

PLERRFFC[]. EHES2 2231, 2002(01): 36-39]. doi: 10.3321/j.issn:1004-0595.2002.01.009.



