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Abstract: The research progresses on current-carrying tribological behavior of materials under service
environmental influences were reviewed herein. It was summarized that the tribological performance and
the dynamic evolution of electrical arcs under various environmental conditions such as humidity , tempera-
ture, atmosphere, crosswind, and air pressure. The mechanism of current-carrying wear under different
service environments was clarified, along with the roles of third-body media (e. g. . water, ice, oxide
films) induced by the environments in wear damage and arc erosion of the friction pairs. The intrinsic rela-
tionship between external environmental factors and material damage in current-carrying friction pairs was
revealed to advance the development of current-carrying friction theory.
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Fig.1 Current-carrying friction relationship diagram"
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Fig.2 Current-carrying friction mechanism of C/Cu

under different ambient humidity""
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Fig.3 Wear morphology of carbon contact strip at different temperatures
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Tab.1 Typical wear behavior of friction materials

under different environmental conditions
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Fig.4 Schematic diagram of arc generation™

TE U EE 45, H SRR XS B R A R ik 5 45
P RN B AR B GV o U 4 R AR B E
8 I i 0 o ) B N S T N S S o - e 1
HH L R ICAR ol P I 2l B 4 I 3R T 32 T
b, £L 2 T ZObH R T B8 A It 3l R A 4
P30 T 4 R R O A R O A R
s B FEL DI AR B4 407 . R P 4 R P R R
SRR HL A A iR ) AN 0 Pk, HLH IRE AR LRSI R

]

t=0.5 ms

t=1.0 ms t=1.5ms

t=3.5ms t=4.0 ms t=4.5 ms

t=6.5 ms t=7.0 ms t=7.5 ms

TR, 55 A BE A5 RIE BE L S B0 HI O 0 ) £ =
i1 32 S A . MIDYA 45 ffi e 4
SHLILEE 5 W R 48 B oL IO 25 FUROIURRALE . K B
Wt A 2 fokh v T AR T 20 B T ) 4 KL R OICHY B A%
RN, . 5 R0 B AR P i U A5 R B
SR B S 184 2 B SICHRE  {ELJR DI A 1] S R s g A
AE H 3G I 2 B AT BE A 2R o0 2R AT 2R 24
AR TR SICRE LA I3 e AR R I R 5 AN BB
BRI ST AN v R AR LR 4 IR
A I8 L 9IRS Bl 253 A 7 23 o DO AN B B B
A TR RS E AR BRI N 5 B s L RO
1 B2 H P A SR R A AR . SCHR[106-107 ]
BIF 5 R A F BIXT 28 B 458 114 5 W) I L I
AR AR g A B BT AR R 2R R
P23 SO IR K T B VL WAL 7 R A PR 4 e v
R /N i TR AN S 2 M B ELBE A 70 B
JE AR vy o A A f S R DI AR 8] 45 R o Al 94 o T
RN

t=2.0 ms t=2.5ms t=3.0 ms

t=5.0 ms t=5.5ms t=6.0 ms

t=8.0 ms t=8.5 ms

E5 80 A TR MM

Fig.5 Arc ignition process of arc at 80 A'

2.2 B EERHREREETANEIE

A0 VEE 8 S B — fB 43 S ML B b 2 B b
LIRS R R £ 7 NN S I WS W
MORHE AR P H AR ok 2 K AT R B A R B 46
IR F2 B 2L IO i R BRI R A
AT TR 52 ) BRE ST IR 5 I ) 2 IR T e R
3000~5000 K", H BI04 folt foff 2 482 ) 2 1D R
BET I B R R I B G, R 6 TR
FL SIAR Dol A 2 B 0 R 7 R 4 ) 0, S BRI
RERE J3 B8 488 DR B0 K, I 00 5 008 Jon B 48 4 L 1 B
P o R o 1k BB R S A B, WP R,
FEL I 4 K L R T v 4 B o R IR ke
3 15t 5 H SR PR A O AR S Y A S L B L

105]

A7 A I F T R 45 R A T TR 3R AL OIR
b o T LR ICRE i /0N IR R A5 A R 5 A 2
A LB B R IICRE R A R A R R
B L B 2 S B
2.3 MEHFHXRIMGTAREEMTHE R
i E PRSI T 5 e 30T EE 5 AR P B R B
JHCHL o DRI ) HL IO R R PR ST T R BB SE . hi
FEL IR AT A TR Al 3 T K AR B 2 T R
I LRI A S e — A B A R R S 2 3T
o QIAN FE A UM R 43 4% 1R 5 kAR
IS B 7 CH R ) B 80y 2E T 52 i vl 9K 69 2
Ao ELES R BEAE R 1A BT A A R g R 28 R I
S ik 1) B AR 0 S O I (TR U A
. ’7 .

H



hEHL T AR 37 B 2 13 2026 51 H

(@b

(Qzzp ey S

(o) 550k

6 XM RHR M E AR R R G T

Fig.6 Different damage morphologies of arc on material erosion

AR AL A IR R ORI, TR B
PSSR BE BRI AT A R B B AR T A R
Be o JE LR AR X R i AR R S R G A
PEIEAT U7 FAL, K IR AR T 9 e IR 76 W
M 2 T 45 B B ) G MR AR A S . X S B
SRR ¥ AR A 2 ok B 2 R A b il R TR
SEREET R GG T B UK 555 XS ) HL R
(1852 T 5 2 302 fih 1) 78 DK R T2, 5 ) R B ) 2 20 A
K 5 55 FABE T B I IR AL L BUR ) 4R
BT ML, S BURICR BT, w908 n s 4
A2 B H IO 28 5 KU K 38— s R B T e )
RARAEF S 08 be bl B 7% 91 B2/ T 91 o
JE TG T B R R AR I [, 5 R 4 1
O ol R0 S AL A A AR A, T O
JEE A% ) 11 A A% B 15 %ot Hht BICTE o ) 52 1) AR T 2200
24 BN A

28 I B A o ) %) PR T R T 2 B T T M
DLk, 55 3R e A6 T R B v o LSRR
RN it kg T E K R Rk i B A 7 B 4G
B IR AR BB i A . S e IR A AR
T2 A R N o R o g iR AR Sk R A S R
Gi i) is 4T Wa P 5 A5 - SR FH AL A% 0 0 3 0 42 e
(18 TUART 4R AIE 5 DA T 488 B o 0 A A5k 1 | I £
IR 9% 5 AE LU S Al E 4R M T 5 IO e A SO0 R A s A
A4 97 ¥ . HUANG ™ g 7 1 % 2 e g
BLRR T 289G W T o S22 LR,
WS HPEEE SHIMKENXER, YAN
078y SR R JE 2% 2 4K Inception V3 5
R PR T SRR B UREAE . TANG 731
Pl N 2% Ty 4 v R B MR S AR e U L TR
AR ENZR S RG. e T 2055k E
AN T s o= g 79 R L B N
SER Y — P LA S 2 A RR I 1 81 4
55 BRSS9 o S T K 81 7 5 1A AR K
RS REBIAL, 28 LTk X F IF A bE
HLR , B 55 3 22 ol FH R B 2 ) ik sl 1 O

NS N =il (113 A2 I e SR <1
F;él:_:[mﬂo

3 HwHRZ

AR JEE PR IE v L 7K 28 O BT b S T
B v 20 A0 WY A AR AT o b A R A
oG D LRI v ik 2 T R S ) K TR R I 23 5
Wi JEE J5 A4 ek 22 18] 8 42 DR 2 o S B0R I A2 19 03
IR

2) itk JE T A B S R R e A = D
P3G R Az AT I BE T g 42 0 e 4 A AR P A
8RR A A R 2 THT 9 ™ (A AL 5 O BRI il
oG 2 I RE A AT A SR A o i R 45 A v T AR Y
R I B A A A e A S R O IR
JEE AR N o A Rk 2 T B 2 ) 7K 2 OBE SN IR 2
PR 55 i v IORR A T R A L S TR
% LB DK I 4 4 A T 7 A4 T (P9I
T HEL SR R R ROS 0 O S B R AR
FHHOK.

3) B BE AT O 3 RS R 1 R Y
Wi 2 2 LA 0 28 5 BRI A R P b
ek THT BT S S L B 4 DR ORI B 43 i/ T T 4
A 55 H B4 X IO M 5 20 R 40 A A A B SRR
FL AR AR 3 I i ol BEL R 2 B T e

4) RLIICAY A R J2: Bl 25 9 BRI A T T R AR
S RE JEAR I i e B R SRS T R 4 A 1R
LI E R N - S (A 1 & et W o ]
RN A AR BE RO T H S 38 U VB UK 55 36
L2 3 R AL IR A AR R IR T o X A e
gk

AR X AL B A R A WS H A 22 L (R
BT 5T R 22 38 i 7 Bl UL S 56 ) O AR R L B
P55 S PR T 00T 1Y I BI040 A7 78 — 7E i 22
A FRE IR SEWT ST BR . IR PR B A 2478 o 2
JEE $5 VB 4052 T 1) A O BELVE O AN S8 1 SRR I R
W T ) 48 O R 4 400 403 1) ek AR A B 5 I A A R 7 R



FRAE R M) B A R 28 0 P 4 2 AT D F 9k S —— TR W

MR Riga %

TR BRI AR IR LS P A L ik S AR SR Y
T

Fig . e ST iR AL B PR BT

F1% AL 1 7 1Y

BT 501 O 80 0 1K 46 B 2 BE RS T4 45 2
52 29 TR B IR ARG T 00 5 A R 4 0 A R g g o
Oy PR 45 R 1) 7 i TN £ 3t RV A A0

SEHk:
[1] WANG Yunfeng, LUO Xinbao, WANG Fu, et al. Inter-

(2]

[3]

[4]

[5]

L6]

[7]

(8]

9]

[10]

[11]

face Analysis for Diamond-like Carbon Film Sliding
Against 9Cr18 Steel under Current-carrying Conditions[ J].
Diamond and Related Materials, 2024, 144: 111006.
HUANG Qirui, SONG Chenfei, LIU Zili, et al. Research
Progress on the Characteristics of Current-carrying Tribol-
ogy in Electrical Transmission[J]. Space Solar Power and
Wireless Transmission, 2024, 1(1). 37-47.

LI Shuaibing, YANG Xingzu, KANG Yongqiang, et al.
Progress on Current-carry Friction and Wear: an Overview
from Measurements to Mechanism[J]. Coatings. 2022. 12
(9): 1345.

AR PVR R TRORR A8 U 4 T 5 AR i
[J]. BkiEf S5 25F, 2005, 27(1) : 82-84.

LI Zhanjun, SUN Lemin. ZHANG Yongzhen. The Pres-
ent Research Status as Well as Prospective of Current-carri-
er Friction Abrasion[ J]. Railway Transport and Economy .,
2005, 27(1): 82-84.

PR TR VG VEAE . AR IR R BN T O
(I, i 5% 4, 2022, 47(7): 153-167.

LI Conghui, ZHANG Yanyan, ZENG Zexiang, et al. Re-
search Progress of Current-carrying Friction and Wear[ J].
Lubrication Engineering, 2022, 47(7): 153-167.

LIU Xinlong, ZHENG Yiting. DENG Guohong, et al.
Comparative Study of the Current-carrying Property of Dif~
ferent Copper-impregnated Carbon Skateboards/Contact
Wires[J]. Tribology International, 2024, 195: 109630.
WU Guangning, DONG Keliang, XU Zhilei, et al. Panto-
graph - Catenary Electrical Contact System of High-speed
Railways: Recent Progress. Challenges. and Outlooks[J].
Railway Engineering Science, 2022, 30(4) . 437-467.
AR, BROGHE, AR . SRR SRR SOV
5% %, 2009, 34(7): 102-106.

DONG Lin, CHEN Guangxiong, ZHOU Zhongrong. Re-
search on the System of Friction and Wear with Electric
Current [J]. 2009, 34 (7) .
102-106.

JKOKAR . IR . RS, &L I RUBOR SR B AT R
LI]. 0 pg BHE 22 4 CA SR BF 24 i) » 2012, 33(5) -
9-14.

ZHANG Yongzhen, YANG Zhenghai, SHANGGUAN
Bao. et al. Electro-tribology Behaviors of Typical Materials

Lubrication Engineering,

[J]. Journal of Henan University of Science &. Technology
(Natural Science) » 2012, 33(5): 9-14.

PAILEAE, BRI . 2052 mERE] b4
PR, 1997(1) : 52-60.

SONG Shanjinzuo, LI Chunyang. Current-collecting Tri-
bology of Pantograph[ J]. Control and Information Technol-
ogy» 1997(1): 52-60.

T B 52 S/ M £ R I A R B R
WEFELD . AR . 74 e 203 K2 2011,

DING Tao.
Properties of Pantogragh Strip/Contact Wire Materials in

Friction and Wear Behaviors and Electrical

Electric Railway[ D]. Chengdu: Southwest Jiaotong Uni-

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

versity. 2011.

Jlg s . BRI, IR, SR IR A A BE A A Y
WEFE sk LT ], BEHE A2, 2013, 33(4) . 420-428.
ZHOU Tingting, MU Minglei, BAI Xiugin, et al. Re-
search Progress in Tribological Problems of Ocean Structure
[J]. Tribology. 2013, 33(4): 420-428.

Wit AL ISR, AL U AL R NbSe, IR )2 (1) B 25
AU BE B A AT O L] B R AR 2 i, 2022, 42(4)
803-811.

YANG Yang, JI Li, JU Pengfei, et al. Vacuum Current-
carrying Tribological Behavior of NbSe, Coatings on Tex-
tured Surfaces[ J]. Tribology, 2022, 42(4): 803-811.
IV TRV AR TR A L AR I R A ek 28 I S 4
BSZ M L], R AR R 2 (A AR R - 2018, 39
(1): 1-4.

SUN Yixiang. YUE Yang, SONG Chenfei, et al. Effect
of Relative Humidity on Triboelectric Wear of Copper[J].
Journal of Henan University of Science and Technology
(Natural Science), 2018, 39(1): 1-4.

AR . MVRES . BEE. B S /R T B R AR T BE
BRI 55 200 00 00 BE HE S BUME AR BIF L0, W30 5 %
+, 2007, 32(11): 105-107.

HU Daochun, SUN Lemin, SHANGGUAN Bao, et al.
Tribological Characteristics of T2/QCr, ; Rubbing Pairs un-
der Electric Current with and without Water[ J]. Lubrica-
tion Engineering, 2007, 32(11): 105-107.

HUANG Mian, YANG Bing, RONG Youxin, et al.
Study on Friction and Wear Properties of Copper-
Impregnated Carbon Slide Plate under Different Humidity
Conditions [J]. Tribology Transactions, 2023, 66 (5) :
953-964.

BB, EA . SR A AR B PR T R
AT ML) S Bid, 2011, 32(2) . 90-93.

HU Daochun, WANG Lei. Corrosion and Abrasion Behav-
iors of T2 Sliding-collecting-current Material in Rainy Envi-
ronment [J]. Corrosion &. Protection, 2011, 32 (2) :
90-93.

HOCAE, BB, 2B, AF O[] 5 PR v A/ T R
FEEARPEREAT LT ], M S EEf, 2010, 35(4) . 24-27.
YUAN Wenzheng, QIU Ming, LI Xijun, et al. Study on
Tribological Properties of Steel-copper Couples in Different
Humidity Environments [J].
2010, 35(4): 24-27.

SHEN Mingxue, JI Dehui, HU Qiang, et al. Current-
carrying Tribological Behavior of C/Cu Contact Pairs in Ex-

Lubrication Engineering,

treme Temperature and Humidity Environments for Rail-
way Catenary Systems[J]. Science China Technological
Sciences, 2024, 67(8): 2537-2548.

SHIN M W, RHEE T H., JANG H. Nanoscale Friction
Characteristics of a Contact Junction with a Field-induced
Water Meniscus[ J]. Tribology Letters, 2016, 62(2): 31.
JI Dehui, LT Hanxin, SHEN Mingxue, et al. The Role of
Relatively Humidity in Friction and Wear Behaviors of Car-
bon Sliding against Copper with Electric Current[J]. Sur-
face Topography: Metrology and Properties, 2021, 9(4) .
048001.

TR, AR A BROGHE, F L FREEIR X R G 6 AR
JEE AR B TS ()] e N 5 . 2024, 49(2) .
98-105.

ZENG Ziyi, HE Quanxin, CHEN Guangxiong, et al. In-
fluence of Environment Humidity on Wear and Tempera-
ture Rise of Metal-impregnated Carbon Strip[J]. Lubrica-
tion Engineering, 2024, 49(2) . 98-105.

ZHI Xingshuai, ZHOU Ning, CHENG Yao, et al. Effect
and Behaviors of Ambient Humidity on the Wear of Metal-
impregnated Carbon Strip in Pantograph-catenary System

« 9 .



hEHL T AR 37 B 2 13 2026 51 H

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[J]. Tribology International, 2023, 188: 108864.

TS R, ER T A WA R T U R R R
[T, mEHLER, 2018, 54(7): 292-296.

WANG Meng, GUO Fengyi, WANG Zhiyong. et al.
Study on the Wear Characteristics of Slide Plate under Wet
Conditions [J]. High Voltage Apparatus. 2018. 54 (7) .
292-296.

WU Ruixuan, SONG Chenfei, WU Haihong, et al. Effect
of Relative Humidity on the Current-carrying Tribological
Properties of Cu-C Sliding Contact Pairs[ J]. Wear, 2022,
492. 204219.

IR B, TEWIAA, AF L BRI IR R X A/ 1 Bl
Rl 43000 R B AT M RO I [T, R A . 2022, 42
(4).709-718.

LI Hanxin, JI Dehui, SHEN Mingxue, et al. Effect of En-
vironmental Humidity on Tribological Behavior of Carbon/
Copper Current-carrying Sliding Contact Pairs[ J]. Tribolo-
gy, 2022, 42(4); 709-718.

fIRT iR SOG4 ke i, A5 . A A0 E X I AR RE KR
MBS, AR ERGE . 2023, 34(HE T 2) : 61-63
HE Kexin, GUAN lJinfa, HAN Feng, et al. Study on the
Influence of Air Humidity on Skateboard Wear and Temper-
ature Rise[ J]. Electric Railway, 2023, 34(S2): 61-63.
TRE, F, RFE, 5. AR E T /4 585
W E R RE BT ST LT W R R O R (A AR
Ji2) . 2022, 43(3): 9-13.

WANG Xingxing, XIN Shun, WU Ruixuan, et al. Study
on Current-carrying Tribological Properties of Copper/Car-
bon Pairs in Different Relative Humidity [J]. Journal of
Henan University of Science and Technology (Natural Sci-
ence), 2022, 43(3): 9-13.

FEHEM. Zadr. B, . WK T WREZ S MR
B E AR R RE LT ] MUBR TR AL ORE, 2023, 47(1) .
93-99.

REN Yubo, PENG Jinfang., CAO Chao, et al. Current-
carrying Friction and Wear Performance of Carbon Ceramic
Composites in Rain Water Environment[ J]. Materials for
Mechanical Engineering, 2023, 47(1): 93-99.

WANG Hong, GAO Guoqgiang, DENG Lei, et al. Study
on Current-carrying Tribological Characteristics of C-Cu
Sliding Electric Contacts under Different Water Content
[J]. Coatings, 2023, 13(1): 42

WANG Xiao, YANG Zefeng. GAO Guogiang, et al. Ef-
fect of Wet Condition on the Wear Performance of Carbon
Strip and Metal Contact Wire with Electric Current[ C]//
2020 IEEE International Conference on High Voltage Engi-
neering and Application (ICHVE). IEEE, 2020 1-4.

LIU Xinlong, ZHENG Yiting, GUAN Xin, et al. An In-
vestigation Revealed the Influence of the Different Magni-
tude and Duration of the Current-impact on the Wear Prop-
erty to the Carbon Skateboard/Stainless Steel Contact[J].
Wear, 2024, 548: 205366.

SONG Chenfei, SUN Yixiang, ZHANG Yanyan, et al.
Current-carrying Property and Damage Mechanism of Roll-
ing Contact Pairs in Different Water Conditions: from Va-
por to Liquid[J]. Wear, 2021. 477 203857.

SUN Yixiang, SONG Chenfei, LIU Zili, et al. Effect of
Relative Humidity on the Tribological/Conductive Proper-
ties of Cu/Cu Rolling Contact Pairs[ J]. Wear, 2019, 436
203023.

JI Dehui, XIAO Li, HU Qiang, et al. The Effect of Tem-
perature on the Current-carrying Tribological Behaviour of
C/Cu Contact Pairs in High Humidity Environments[J].
Tribology Letters, 2024, 72(2) : 63.

KATHALINGAM A. SHANMUGAM K, PARK H C,
et al. Fabrication of Arrayed Metal Oxide Structures by

10 -

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Electrochemical Local Oxidation Using Metallic Tip with
Electric Field and Humidity [ J]. Journal of Materials Pro-
cessing Technology. 2018, 252: 304-312.

R RJR K A A H XK RS AR B
AU B A AN 15 B R W [0 B R 2 2 4T, 2021, 41(3)
365-372.

SUN Yixiang, SONG Chenfei, LI Jiawei, et al. Effect of
Rotating Speed on Surface Damage of Rolling Current-car-
rying Pairs in a Water Environment[ J]. Tribology. 2021,
41(3): 365-372.

SUN Yixiang, SONG Chenfei, LIU Zili, et al. Tribologi-
cal and Conductive Behavior of Cu/Cu Rolling Current-
carrying Pairs in a Water Environment[ J]. Tribology Inter-
national, 2020, 143: 106055.

PRI . 7K PR X R B 3R A A R S W SR LD
Je st HUBRL A 05 SR L 2021

SUN Yixiang. Study on the Influence of Water and Oxygen
Environment on the Rolling Current-Carrying Tribological
Characteristics[ D . Beijing: China Academy of Mechanical
Sciences,2021.

OUYANG Haibo, WANG Peng, LI Cuiyan, et al. Effect
of Humidity on the Friction and Wear Behavior of C/C-
CuNi Composites [J]. Diamond and Related Materials.
2024, 146 111144.

ZHANG Yanyan, LI Conghui, PANG Xianjuan, et al.
Evolution Processes of the Tribological Properties in Panto-
graph/Catenary System Affected by Dynamic Contact
Force during Current-carrying Sliding [J]. Wear, 2021,
477: 203809.

SHANGGUAN B, ZHANG Y Z, XING J D, et al. Study
of the Friction and Wear of Electrified Copper against Cop-
per Alloy under Dry or Moist Conditions [J]. Tribology
Transactions, 2010, 53(6): 927-932.

WANG Xing: YAO Pingping. LI Yuxing. et al. Effects of
Material Transfer Evolution on Tribological Behavior in Cu-
CrZr Alloy Paired with 7075 Al Alloy under Current-
carrying[ J]. Tribology International, 2023, 179: 107960.
W& ST, XE . A5 B R AR 4 bk
P A O 7 s W T (D], BROH AR 8L 2022, 66
(10): 179-184.

XIE Baozhi, HE Zhijiang, DENG Lei, et al. Wear Predic-
tion of Metal-impregnated Carbon Strip Considering Tem-
perature Effect [J]. Railway Standard Design. 2022. 66
(10): 179-184.

ZHOU Yuankai, DU Mengdi. ZUO Xue. Influence of
Electric Current on the Temperature Rise and Wear Mecha-
nism of Copper - Graphite Current-carrying Friction Pair
[J7]. Journal of Tribology, 2022, 144(10): 101701.
ZHANG Huijie, SUN Lemin, ZHANG Yongzhen, et al.
The Study of Arc Rate, Friction, and Wear Performance of
C/C Composites in Pantograph — Catenary System[J]. Tri-
bology Transactions, 2014, 57(6). 1157-1163.

R SRR TREEAR, AL R X R A/
Ui PC ) 2% AT 3 L R EE 5 A R R S L) ] P A R R
24, 2008, 18(7): 1237-1241.

SHANGGUAN Bao, ZHANG Yongzhen, XING Jian-
dong, et al. Effect of Current Density on Surface Tempera-
ture and Tribology Behavior of Chromium Bronze/Brass
Couple [J]. The Chinese Journal of Nonferrous Metals.,
2008, 18(7): 1237-1241.

WRe. T e S0 . 5 ARG A/ I O P
BEAELT ). BAHRS . 2019, 52(11): 63-67

YANG Zhen, DING Tao, GUO Yuan. Friction and Wear
Behaviors of Copper Disc/Carbon Pin in Pantograph-cate-
nary System with Electric Current [J]. Materials Protec-
tion, 2019, 52(11): 63-67.



FRAE R M) B A R 28 0 P 4 2 AT D F 9k S —— TR W

MR Riga %

[49]

[50]

[51]

[52]

[54]

[56]

[57]

[58]

[60]

[61]

LIU Xinlong., CAI Zhenbing. HE Jifan, et al. Effect of El-
evated Temperature on Fretting Wear under Electric Con-
tact[J]. Wear, 2017, 376: 643-655.

DING Tao, CHEN Guangxiong, LI Yumei, et al. Fric-
tion and Wear Behavior of Pantograph Strips Sliding
Against Copper Contact Wire with Electric Current [J].
AASRI Procedia, 2012, 2: 288-292.

DING T, CHEN G X, WANG X, et al.
Wear Behavior of Pure Carbon Strip Sliding against Copper
Contact Wire under AC Passage at High Speeds[J]. Tri-
bology International, 2011, 44(4) . 437-444.

WA, VAR B, AF L OBRUE BUR T Sl T B X AR
JE& B R g ST [T ] EE R R R . 2015, 35(6) ¢
677-683.

HU Yan, DONG Bingjie, HUANG Hai, et al. Experi-
mental Study on the Temperature Rise of a Carbon Strip

Friction and

and Its Influence on the Wear Performances of the Carbon
Strip[ J]. Tribology, 2015, 35(6): 677-683.

. SR, BRI A IR PR R R A P A I
A BRIGO5 For A RO B [0, A R LA TR . 2019, 30
(15): 1867-1872.

GAO Cheng, ZHANG Rui, HUANG lJiaoying, et al. Fi-
nite Element Simulation Analyses and Tests on Internal
Temperatures of Electrical Connectors under High Temper-
atures[ J]. China Mechanical Engineering, 2019, 30(15) :
1867-1872.

F AL, SR, SROMERE . S AR IR B0 R LRl
Sy 2R e S b v rg A Br LT, T EALAR R, 2021, 32
(19): 2383-2389.

XTIAO Shihong, ZHANG Jingke. ZHANG Huiyao, et al.
Analysis of Mechanics Characteristics and Contact Perfor-
mance for Electrical Contacts under Great Temperature
Variation Conditions [J]. China Mechanical Engineering,
2021, 32(19): 2383-2389.

SN, DhE, ZRMET, AF L s o FE A A R
Fr ML), T EBLR TR, 2018, 29(3): 333-339
LUO Yanyan, MA Xuan, LI Xiaoning, et al. Thermal Cy-
cling Test and Life Prediction of Aviation Electrical Connec-
tors [J]. China Mechanical Engineering. 2018, 29 (3) :
333-339.

T B - ) AT R A X AT A A AL L
FELD 1 D . V4R A0 R, 2022,

WANG Hong. Research on the Influence of Interface Oxi-
dation on the Characteristics of Friction and Wear of Car-
bon-copper Electrical Sliding Contacts [D]. Chengdu:
Southwest Jiaotong University , 2022.

TUREL A, SLAVIC I, BOLTEZAR M. Electrical Con-
tact Resistance and Wear of a Dynamically Excited Metal -
Graphite Brush[J]. Advances in Mechanical Engineering,
2017, 9(3): 1687814017694801.

LIU Rutie. CHENG Kai, CHEN lie, et al. Friction and
Wear Properties of High Temperature and Low Tempera-
ture Sintered Copper-graphite Brushes at Different Ambient
Temperatures[ J]. Journal of Materials Research and Tech-
nology. 2020, 9(4): 7288-7296.

MR T BROGHE . X 52 5 BB R LA 5 TR
CJ0. i 5% 8, 2010, 35(5): 22-25.

BU Jun, DING Tao, CHEN Guangxiong. Effect of Tem-
perature on the Wear Behaviour of a Pantograph Strip Mate-
rial[J]. Lubrication Engineering, 2010, 35(5): 22-25.
WANG Hong, GAO Guoqgiang, WEI Wenfu., et al. Influ-
ence of the Interface Temperature on the Damage Morphol-
ogy and Material Transfer of C - Cu Sliding Contact under
Different Current Amplitudes[J]. Journal of Materials Sci-
ence, 2022, 57(8): 5006-5021.

WL, k. BT, AF L 2l S B RERF T R IR LT ], AL

[62]

[63]

[64]

[65]

[66]

[67]

[68]

£69]

[70]

[71]

[72]

BT 24, 2025, 61(8) . 193-213.

HUANG Mian, YANG Bing. LIAO Zhen. et al. Re-
search on Wear of Pantograph Slide Plate: a Review[J].
Journal of Mechanical 2025, 61 (8)
193-213.

TELLZE &2 [ AR I X iy €l IX e K 1 5 ) B o
XEFRELT]. b E Bk, 2023(11) : 101-104.

NING Hongjun. Influences of Natural Disasters in Winter

Engineering

on High Speed Railways in Alpine Regions and Counter-
measures[ J . China Railway. 2023(11): 101-104.

Wrbd . BB, FUE A, A5 . BREE IR T 3 Bk R 2 Ak 19 5
55 M Z AT )], P4 AL g, 2024(1) .
152-165.

YANG Gang, LYU Kun, KONG Guowei, et al. Influ-
ence of Environmental Temperature on the Elasticity of Rig-
id Catenary and Pantograph-catenary Current Collection
Quality of Subway Lines[J]. Electric Drive for Locomo-
tives, 2024(1): 152-165.

RITT B W . SO RLT] S
JEHA , 2016, 42(11) : 3495-3506.

WU Guangning. ZHOU Yue, LEI Dong. et al. Research
Advances in Electric Contact between Pantograph and Cate-
nary[ J]. High Voltage Engineering. 2016, 42(11) : 3495-
3506.

KLOOW L. & Z A4 1 T i W g 51 iz 8 (25 )T ).
E SM kB 4245 . 2015, 52(4) : 1-9.

KLOOW L. High Speed Train Operation under Winter Cli-
mate Conditions (Continued) [J]. Foreign Rolling Stock.,
2015, 52(4): 1-9.

JERESE XMy . JL Bk 645 2k 2 S T AR S IS FEBE AT
(7). HEEPLAZA, 2019, 39(S1): 51-54.

ZHOU Chengyao, LIU Chang. Research on Abnormal
Wear of Pantograph Slide Plate/Carbon Strip on Beijing
Metro Line 6[J]. Railway Locomotive & Car. 2019, 39
(S1): 51-54.

WA . VR HE A T B K B G 1 8 LA RO X R LT
AR, 2011, 22(3) : 30-32.

ZHEN Lei. Analysis of Hazard of Ice Coating on Overhead
Contact System and Its Counter-measures [J]. Electric
Railway, 2011, 22(3): 30-32.

XTI BEARFFHER 152 S N 5 W S FE 5T KA
DI, B S 4R . 2021(20) : 32-33.

LIU Yu. XU Ping. Research on Abnormal Wear of Panto-
graph-Catenary System and Solutions for Urumqi Metro
Line 1[J]. Plant Maintenance Engineering. 2021 (20) :
32-33.

T, 2R R, B, A5 B IR g8 O R O
FEBARLT . A AR A R 24, 2021, 38(4): 113-125.
SHEN Mingxue, LI Hanxin, JI Dehui, et al. Research
Status of Current-carrying Friction and Wear in Pantograph-
catenary System[ J]. Journal of East China Jiaotong Univer-
sity, 2021, 38(4): 113-125.

YAO Yongming, ZHOU Ning, MEI Guiming, et al. Dy-
namic Analysis of Pantograph-catenary System Considering
Ice Coating [J]. Shock 2020, 2020
8887609.

Aia R 0 HL OO B DK i [ S R 5L D ] RHE
P 380 R, 2017,

LI Yunliang. Study on the Influence of Pantograph-catena-

and Vibration,

ry Arc on Ice Covered Catenary[ D]. Chengdu: Southwest
Jiaotong University, 2017.

TS SZ B . 75 T e IR ARl WL 39 R B 5 A A X =t 114 52
WFFE[D 1. Jbat: JEatsgiE ks . 2020.

XING Licheng. Erosion Mechanism of Pantograph Arc and
the Influence of Environmental Variables on Erosion[ D ].
Beijing: Beijing Jiaotong University, 2020.

< 11 -



hEHL T AR 37 B 2 13 2026 51 H

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

¥

B G R JE RTINS 6 fh R 45 P A R AT Y
[D]. BiF - RARLH K, 2022,
LI Zhihao. Research on the Wear Properties of Carbon

o

Strips and Contact Wires at Frigid and Alternative Temper-
atures [D]. Nanchang: East China Jiaotong University,
2022.

WANG Wenlin, LIANG Yuwen, ZHANG Weihua, et al.
Experimental Research into the Low-temperature Charac-
teristics of a Hydraulic Damper and the Effect on the Dy-
namics of the Pantograph of a High-speed Train Running in
Extreme Cold Weather Conditions[ J]. Proceedings of the
Institution of Mechanical Engineers, Part F: Journal of Rail
and Rapid Transit, 2020, 234(8): 896-907.
BARNAWIE, SAWA K, MORITA N, etal. The Effect
of Various Atmospheric Temperature on the Contact Resis-
tance of Sliding Contact on Silver Coating Slip Ring and Sil-
ver Graphite Brush[ C]//2011 IEEE 57th Holm Conference
on Electrical Contacts (Holm). Minneapolis, 2011: 1-8.
FNOH . E B S A R B Ak ) A B e
XPRLT]. M Z AR, 2019, 21(9): 15-19

WU Xuxiang, WANG Shaohua. The Effect and Counter-
measure of Atrocious Weather in Overhead Catenary of
Electrified Railway[ J]. Electric Safety Technology. 2019,
21(9): 15-19.

LIU Xinlong, LI Zhihao, HU Mingjie., et al. Research on
the Wear Properties of Carbon Strips and Contact Wires at
Frigid Temperatures[ J]. Wear, 2021, 486 204122.
ANDERSSON J, ERCK R A, ERDEMIR A. Friction of
Diamond-like Carbon Films in Different Atmospheres[J].
Wear, 2003, 254(11): 1070-1075.

EEPUIN AV i &/ i I N N G R W N R 2 8 e ek D
JEE 452 B ) e T O Bl BE A R AR PR ST L], PR Rk
. 2007, 27(4): 346-351

WANG Guanmin, ZHANG Yongzhen. DU Sanming,
et al. Study on Tribological Behavior of Steel-brass Cou-
ples in Different Atmosphere under High Speed and Dry
Sliding[ J]. Tribology. 2007, 27(4): 346-351.

ZAIDI H, CSAPO E, NERY H, et al.
cient Variation in a Graphite-graphite Dynamical Contact

Friction Coeffi-

Crossed by an Electric Current[J]. Surface and Coatings
Technology. 1993. 62(1/3): 388-392.

PAULMIER D, MANSORI MEL, ZAIDI H. Study of
Magnetized or Electrical Sliding Contact of a Steel XC48/
Graphite Couple[ J]. Wear, 1997, 203 148-154.

LM . T BROGME . PR R IR P A
Jr g L RE 5 A ) X S E SR LT 1. dE T 2, 2008, 33
(6): 35-37.

JIA Buchao, DING Tao, CHEN Guangxiong. Friction
and Wear Behaviour of Stainless Steel/Copper-impregnat-
ed Metallized Carbon with Electric Current in the Nitrogen
and Air Environments[ J]. Lubrication Engineering, 2008,
33(6): 35-37.

AR B, BB, S RE A DCS B fE I %
0 R Sl B R AR R LT]. R HLAR TR L 2024, 35
(11): 2063-2070.

WANG Dongwei, LI Fagiang, ZHAO Yang, et al. Tribo-
logical Performance of Electrical Contacts at Risk Frequen-
cy of Nuclear Safety Level DCS Equipment[ J]. China Me-
chanical Engineering, 2024, 35(11): 2063-2070.

LIU Xinlong, CATI Zhenbing, CUI Ye, et al. Effect of Dif~
ferent Atmospheres on the Electrical Contact Performance
of Electronic Components under Fretting Wear[ J]. Journal
of Physics D: Applied Physics, 2018, 51(15): 155302.
KA L IREE AR AT X C/C A MR IR AY 7= A B 4
TSR IEPERE RO D ], ¥ . SRR, 2014,
ZHANG Huijie. Environmental Atmosphere on the Arc

12 -

[86]

[87]

[88]

[89]

[90]

[91]

[92]

93]

[94]

[96]

[97]

Caused of C/C Composites and Current-carrying Friction
and Wear Properties[ D]. Luoyang: Henan University of
Science and Technology, 2014.

KA, MR SROKIR. 5 BRI C/CES
BRI A5 2 M R S [T ] JRE 5o 244l 2015, 35
(2):236-241.

ZHANG Huijie, SUN Lemin, ZHANG Yongzhen, et al.
The Influence of Environmental Atmosphere on the Tribo-
logical Performance of C/C Composites under Electrical
Current[ J]. Tribology. 2015, 35(2): 236-241.

HUANG Shiyin, FENG Yi, LIU Hongjuan, et al. Electri-
cal Sliding Friction and Wear Properties of Cu - MoS, -
Graphite - WS, Nanotubes Composites in Air and Vacuum
Conditions [J]. Materials Science and Engineering: A,
2013, 560: 685-692.

S /N IR SRR ST R R B LAY
ATEEERFSELT ). AL, 2018, 51(9) . 29-31

ZHAO Hao, FU Xiaomin, XIE Zhenfeng, et al. Research
on Reliability of DC Motor in Damp Heat and Salt Mist En-
vironment[ J]. Micromotors, 2018, 51(9): 29-31.
BRIFIZ . 4R B AR R p BRI HL%
ML), 2005(2) : 19-22.

CHEN Kaiyun. Working Characteristics and Design Re-
quirement of Electric Equipment for High Height above Sea
Level [J]. Electric Drive for Locomotives, 2005 (2) :
19-22.

A0 K IR AR SN 5k /] Sl R 28R A R 42 S 1 R 1Y
SMBEFELD]. s . P4 R 3T KA, 2022.

NI Ziran. Study on the Effect of Low Air Pressure and Oxy-
gen on the Friction and Wear Performance of the Carbon/
copper Contact Pair with Electric Current[DJ. Chengdu:
Southwest Jiaotong University , 2022.

FRAS . IR RS - R BT B A S R Y
(DI, 2290 22 M 2EB R, 2021.

ZHANG Xi. Research on Dynamic Current Collection
Characteristics of Highspeed Double-pantograph-catenary
System under Wind Load[ D]. Lanzhou: Lanzhou Jiatong
University, 2021.

Ba, FT . B, A B T S W3l ) A v dE
SrATLI). RS S ik, 2014, 33(24): 39-44

LI Ruiping, ZHOU Ning, LYU Qingsong, et al. Panto-
graph-catenary Dynamic Behavior under Cross Wind [J].
Journal of Vibration and Shock, 2014, 33(24): 39-44.
K XURER, #hAEAR . B XS R G s A e
WARESELT]. BRI . 2012, 34(10) : 36-42.

ZHAO Fei, LIU Zhigang, HAN Zhiwei. Simulation Study
on Influence of Stochastic Wind Field to Dynamic Behavior
of Pantograph-catenary System [J]. Journal of the China
Railway Society, 2012, 34(10): 36-42.

RTE . IR i H Bk 8% = W S A2 W AR E I FELD ] IR
# . PRI A KA, 2018,

SONG Yang. Study on High-speed Railway Pantograph-
catenary Current Collection Quality under Environmental
Wind Laoad[D]. Chengdu: Southwest Jiaotong Universi-
ty, 2018.

WANG Zhiyong, GUO Fengyi, WANG Xili, et al. Ex-
perimental Research on Radiated Electroma Gnetic Noise of
Pantograph Arc[ C]//2015 IEEE 61st Holm Conference on
Electrical Contacts (Holm). San Diego, 2015: 256-261.
SRR B IETE . B O R A AT 5 BIR  Bk
(1. A%kZeak, 2014, 36(4): 256-263

ZHANG Yongzhen, YANG Zhenghai, SHANGGUAN
Bao. Research Progress and Challenges in Tribo-electric
Systems [J]. Chinese Journal of Nature, 2014, 36 (4) :
256-263.

RPUR, BRI 2T SN R G Al AR L]



FRAE R M) B A R 28 0 P 4 2 AT D F 9k S —— TR W

MR Riga %

o E E B L 2008, 29(3) : 106-109.

WU Jigin. QIAN Qingquan. Characteristics of the Electri-
cal Contact between Pantograph and Overhead Contact Line
[J]. China Railway Science. 2008. 29(3): 106-109.

(98T EBH, XISt R . =W, 45 . 2RI J5E I 40 o2 AR % e 22
(7). MRS, 2019, 33(13); 2272-2280.

HUI Yang, LIU Guimin, YAN Tao, et al. Research Sta-
tus and Prospect of Current-carrying Friction and Wear[ J .
Materials Reports, 2019, 33(13): 2272-2280.

[99] BRARH . WEAKPE . LB = M sl R AT 52 (1], T
W AERFFEAL. 2016, 29(9) : 144-145.

CHEN Lerui) , PAN Qiuping. Research on Arc Phenome-
non between Pantograph and Catenary in Electrified Railway
[J]. Industrial Control Computer, 2016, 29(9): 144-145.

[100] LIU Xinlong. GUAN Xin, ZHONG Yuan, et al. Effect of
Different Gaps in the Conductor Rail Joints on the Current-
carrying Wear Performance of Carbon Skateboards/Conduc-
tive Rail Contact[ J]. Wear. 2024, 536 205172.

[101] YANG Hongjuan, WANG Kai, LIU Yanhua, et al. The
Formation of the Delamination Wear of the Pure Carbon
Strip and Its Influence on the Friction and Wear Properties
of the Pantograph and Catenary System[J]. Wear, 2020,
454 203343.

L1020 faf i 2n, =77, SRS R, 46 L gesz il 5 -4l M R e
I AIHEFELC 1/ 2008 [ AL g 22 G AR 55 o 2 A BF
PR . M6, 2008 724-728.

[103] MIDYA S, BORMANN D, SCHUTTE T, et al. Panto-
graph Arcing in Electrified Railways—Mechanism and Influ-
ence of Various Parameters: Part II: with AC Traction
Power Supply[J]. IEEE Transactions on Power Delivery.
2009, 24(4): 1940-1950.

[104] CHEN G X, YANG H J, ZHANG W H, et al. Experi-
mental Study on Arc Ablation Occurring in a Contact Strip
Rubbing against a Contact Wire with Electrical Current[ J].
Tribology International, 2013, 61: 88-94.

L1051 =77, oyl s, &5 . 5 M AU &Rl g A 52

(] @i RH A, 2015, 41(11) . 3531-3537.
WU Guangning, GU Zhen, GAO Guogiang, et al. Experi-
mental Research on Morphological Characteristics of Panto-
graph-catenary Arc[J]. High Voltage Engineering, 2015,
41(11): 3531-3537.

[106] ki, ik, LB, & . AN 43 B8 H R /) o L o 30 JEE

ERIAT y Be b e F LT I B R A A 4 (A AR
), 2020, 41(4): 1-6.
ZHANG Xu, YANG Zhenghai, SHANGGUAN Bao,
et al. Behavior and Ablation Hazard of Small Current Slid-
ing Friction Single Arc at Different Separation Speeds[J].
Journal of Henan University of Science and Technology
(Natural Science) , 2020, 41(4): 1-6.

L107] M IE i REKTE W40 46 . PR A oAT S B X 3 3l

L EE A A L) ] R R R (A R
2018, 39(5): 7-11.
YANG Zhenghai, SONG Lianmei, CHANG Honghui,
et al. Behaviors of Associated Arc and Its Influences on
Sliding Current Carrying Friction [J]. Journal of Henan
University of Science and Technology (Natural Science) »
2018, 39(5): 7-11.

[108] 4%k, Wb . SRk R, S5 . o) 8 5l 3 X 3 20 0000 BE 4
o i 9I B B il B S [T ], R R R A A (AR
BT L 2018, 39(4): 1-5.
CHANG Honghui, YANG Zhenghai, ZHANG Yong-
zhen, et al. Effect of Breaking Velocity on Arc and Erosion
in Sliding Current-carrying Friction[ J]. Journal of Henan
University of Science and Technology (Natural Science) ,
2018, 39(4): 1-5.

[109] SENOUCI A, ZAIDI H, FRENE J, et al. Damage of

Surfaces in Sliding Electrical Contact Copper/Steell J]. Ap-
plied Surface Science, 1999, 144 287-291.

[110] SUNAR O, FLETCHER D. BEAGLES A. Laboratory
Assessment of ARC Damage in Railway Overhead Contact
Lines with a Case Study on Copper-silver and Low Oxygen
Content Copper[J]. IEEE Transactions on Power Deliv-
ery, 2021, 36(5): 3074-3081.

[111] BARES J A, ARGIBAY N, MAUNTLER N, et al.
High Current Density Copper-on-copper Sliding Electrical
Contacts at Low Sliding Velocities[ J]. Wear. 2009, 267
(1/4): 417-424.

[112] DING T, CHEN G X, ZHU M H, et al. Influence of the
Spring Stiffness on Friction and Wear Behaviours of Stain-
less Steel/Copper-impregnated Metallized Carbon Couple
with Electrical Current[J]. Wear, 2009, 267(5/8): 1080-
1086.

[113] DONG L, CHEN G X, ZHU M H, et al. Wear Mecha-
nism of Aluminum - Stainless Steel Composite Conductor
Rail Sliding against Collector Shoe with Electric Current
[J]. Wear, 2007, 263(1/6): 598-603.

[114] HU Yan. HUANG Panpan. CHENG Chun. et al. Influ-
ence of Arc Discharge on the Temperature and Wear Behav-
iors of the Contact Strip in Pantograph-rigid Catenary Sys-
tems under AC Conditions[ J]. Wear, 2024, 546 205368.

[115] MEI Guiming. Impact of Voltage on the Electric Sliding
Tribological Properties of Current Collectors against Over-
head Lines[ J]. Wear, 2021, 474 . 203868.

[116] REN Wenjuan, CHEN Guangxiong, DONG Bingjie,
et al. Experimental Study of the Effect of Contact Line Pro-
files on the Wear Mechanism of a Skateboard[J]. Tribol-
ogy International, 2024, 192: 109317.

[117] MEI Guiming. FU Wenming. CHEN Guangxiong. et al.
Effect of High-density Current on the Wear of Carbon Slid-
ers Against Cu-Ag Wires[J]. Wear, 2020. 452. 203275.

[118] QIAN Gang, FENG Yi, LI Bin, et al. Effect of Electrical
Current on the Tribological Behavior of the Cu-WS,-G
Composites in Air and Vacuum[J]. Chinese Journal of Me-
chanical Engineering, 2013, 26(2) . 384-392.

L1197 ¥l , Shar, s S, & . 408 Wi 28 & 9 80U 25 28 40 1

Z5 RIS S RO SE 0] g T RE A B R L 2021
(2):19-24.
JIANG Yuan, MA Li, WU Jianwen, et al. Metal Droplet
Evaporation in Post-arc Breakdown Process of Aviation
Variable Frequency Vacuum Arc[J]. Electrical & Energy
Management Technology, 2021(2): 19-24.

[120] =FM8, sCESC, Xk . Hy fas ST /Y B O T I e 9K #4590
FRtEA LI ] AR HLAS . 2011(10) 2 6-9.

XIN Chao, WU Jianwen. LIU Bin. Characteristic Analy-
sis of DC Arc Interrupting under Hydrogen and Air[J].
Low Voltage Apparatus, 2011(10) : 6-9.

(1217 B, #iEse . 81, 5. SMASEL B IERTE

LT s g R PERT LT ] v A L TR AR . 2021, 41
(15): 5412-5421.
ZHOU Yuhan, YANG Zefeng, LLU Chao. et al. Research
on Motion Characteristics of Offline Arc in Pantograph Cat-
enary System under Low Air Pressure Environment[J].
Proceedings of the CSEE, 2021, 41(15) . 5412-5421.

[122] LIU Xinlong, ZHOU Chaowei, ZHOU Xinjian, et al. In-
fluence of Different Arc Erosion Durations on the Wear
Properties of Carbon Skateboards/Contact Wires under
Low Temperature[ J|. Wear, 2023, 516: 204600.

[123] XU Zhilei. GAO Guogiang. WEI Wenfu. et al. Character-
istics of Pantograph-catenary Arc under Low Air Pressure
and Strong Airflow[ J]. High Voltage. 2022, 7(2) : 369-
381.

(F#EE2153)
.13 -



