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Ultrasonic detection of epoxy/silicone rubber interface stress under
extreme cold conditions

Li Yan', Li Yan", Zhong Yuyao', Hu Xiaobin', Lan Lingyuan', Liu Chunbo?
(1. North China Electric Power University, Baoding 071000, China;
2. Jilin Electric Power Research Institute Co., Ltd., Changchun 130000, China)

Abstract: Insulation interface defects are a major cause of cable terminal failure in extreme cold environments, and the
stress state at the epoxy resin/silicone rubber interface directly determines the mechanical integrity and the stability of
thermal and electrical properties of the cable terminal interface. In this study, a simplified model of the epoxy resin/silicone
rubber interface in cable terminals was first designed based on the actual assembly process. The interface stress of this
simplified model under extreme cold conditions was calculated using finite element analysis. Then, a quantitative
relationship model between the interface stress and the reflection coefficient of epoxy/silicone rubber composite samples
was established using an ultrasonic pulse detection system. Finally, a simplified terminal model was fabricated, and
ultrasonic pulse detection experiments were carried out under extreme cold environments ranging from 20°C to -40°C. The
interface stresses at different temperatures were inverted using the quantitative model and compared with the simulation
results. The results show that the ultrasonic velocity in epoxy resin increases linearly with the decrease of temperature, and
the increase rate is 3.446 7 m/(s* ‘C). During the process of cooling from 20°C to -40°C, the interface stress of epoxy/silicone
rubber decreases significantly due to the loss of interference caused by the temperature drop. The error between the
simulation and experimental results remains around 5%, confirming the reliability of the proposed interface stress back-
calculation method under extreme cold environments.

Key words: ultrasonic pulse method; interface stress; extreme cold environment; high-voltage cable terminal; non-

destructive testing
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Fig.1 The propagation mechanism of

ultrasonic waves at the interface
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Fig.2 Equivalent spring model of the contact interface
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Fig.3 Simplified model structure diagram of

high-voltage cable terminal
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Table 1 Simulate material parameters
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Fig.5 Epoxy/silicone rubber interface displacement at

different temperature
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Fig.6 Simulation results of interfacial stress at

different temperature
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Fig.7 Ultrasonic test experimental platform
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Table 2 Stability test results of reflection coefficient
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Fig.8 Time-domain plot of a primary echo
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Fig.9 Reflection coefficient at different interfacial pressure
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Fig.10 Experimental data and fitting curves
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Fig.11 Variable temperature ultrasonic testing system
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Fig.12 Time-domain images of epoxy resin echoes at
different temperature
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Fig.13 Diagram of the sonic velocity fitting results of epoxy
resin at different temperature
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% 55 BN 4.33% 4.94%.3.20%+ 7.81%, H i% %
PIRFEAE 5% fidi o LRI AR U TR
T AR 45 2R - et 7 8 ) S B Bk P A PR i 22>
0.01 mm) ¥ 5% I & (9 94 3y L KA A R3S 1 A2
%,

5 &g

(DEFEpRERE T, Wit T HE KPR
SR i A R T ) T AR ASE L, R R A BRI 2 A 4
LA PR TE S T 1 T A AR Y R SR TR T .
15 B 45 R 5 SCRR B A B ENAIE , WE W T A S TR A
AR 138 FH 1

(D) E: T A kb ks R 48, @0 1 3 E /AR
S 6 FE R F T . - OB R e A A, A
AR R*=0.995 3, Z A% RUUE B T $2 fyl S 1R . ) 5
R I S FR BRI A L R 1 R G 4 A0 B S 1 e 55
KF I 75 e 5 5 H50mT DL AE i 2 AIE 57 T (1 42 fid

(3 il #& 1 a7 Ak 28 o A5 Y, 1) FH AT 3 1) o8 2
BURHE T AT RS 7. M20C 2
~40°CREFE A, IR AR /AEAS s T 18T . 7 92 2 k)
B MR IR 21%. 17 45 3R 5350 45 B 1R Z R FF1E
5% FE AT, SR AIE T A SC SR ) S HE T 1R AE A FE R
AN

SEZHk References

(1] ORMSE WA, AR RSk B OE IR0 7 A1 58 il Hi 45 24 oy e P L B
WEIL[T]. 46 54 K1,2022,55(6):71-77.
Song Pengxian, He Chun, Li Longji. Research on failure mecha-
nism of outdoor oil-filled cable terminal under extremely cold
conditions[J]. Insulating Materials,2022,55(6):71-77.

[2]  EHMG, 25 R, IR K S5 . LR GIS 2 ity P 408 45 T 28 R 40 # %
XTEEWEIT[I]. T TAE R R,2017,36(1):102-105.
Hu Peng, Li Chenggang, Chen Dabing. Cause analysis and coun-
termeasure study of cracking accident of cable GIS terminal
epoxy casing[J]. Electric Power Engineering Technology,2017,36
(1):102-105.

[3] RN, U b R M 2 . v& AAOE 3A 2% 148 1 AN IR 4044 2 XLPE HE
BB AN BN FE[J]. 22541 K,2021,54(12):87-93.
Zhu Xiaohui, Meng Zhengzheng, Song Pengxian. Study on
change mechanism of low frequency dielectric loss of XLPE ca-
ble insulation with different purity during thermocycling process
[J]. Insulating Materials,2021,54(12):87-93.

[4] ok M, I AL T IR RS 110 kv A 85 2 o 4
e TR HL-HA- 0 I R [T, 525064 1,2024,57(6):76-85.
Zhang Wei, Han Shengbin, Li Xiufeng. Effect of coating silicone
grease on electrical-thermal-mechanical field at interface of 110

kV cable terminal joint under thermal ageing[J]. Insulating Mate-



140

A5 R 2026,59(7)

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

rials,2024,57(6):76-85.
HARF RIS AN A 110k V T 2 45 2% iy BT 0 #) 0 AL
[0 4824 %1,2021,54(9):97-102.
Meng Chunling, Xu Hao, Sun Liying. Study on interface pressure
of 110 kV prefabricated cable terminal[J]. Insulating Materials,
2021,54(9):97-102.
KAV TT A2 TEFEIBAT TR e ok i A1k e el 25 B 1
T 2B 2R VL L 55 AARFIE []. 3 HL R 1R, 2025,51(3):1361-1370.
Zhu Guangya, Shen Qing, Li Jun. Interface insulation matching
deterioration characteristics of high-speed railway power supply
cable accessories under severe cold operating conditions[J]. High
Voltage Engineering,2025,51(3):1361-1370.
A, A AL A AR N LR X S e S AL
MR AR VE 2 [1]. H A TR 54412,2025,20(5):362-371.
Cao Jianmei, Li Kui, Du Baoshuai, et al. Effect of mechanical
stress on the degradation characteristics of the insulated electric
trees of polypropylene cables at low temperature[J]. Journal of
Electrical Engineering,2025,20(5):362-371.
T RE LA OCIE . ¥ FAAE RS L B B A1 5T g Ry A
RHRFPE R 2R [J]. = R $ R ,2022,48(6):2198-2207.
Wang Zikang, Zhou Kai, Zhu Guangya. Effect of cold and hot cy-
cling on interfacial pressure and strip material characteristics of
cable accessories[J]. High Voltage Engineering,2022,48(6):2198-
2207.
SRR B2, B R W SE AT T LS GIS 2% 3 St T W 23 A
[9]. = R R B R, 2023,49(2):546-553.
Zhang Shize, Peng Chao, Liang Jianquan. Fault analysis of GIS
terminal interface of cable in extremely cold environment[J].
High Voltage Engineering,2023,49(2):546-553.
FEVL I AR PR, 8 B I St T g D08 7 VR O B
B[] 6244 81,2018,51(3):1-6.
Cui Jiangjing, Yu Dong, Wang Xia. Research progress on inter-
face pressure measurement methods between cable bodies and
accessories[J]. Insulating Materials,2018,51(3):1-6.
Amyot N, Fournier D. Influence of thermal cycling on the cable-
joint interfacial pressure[C]//Proceedings of the 2001 IEEE 7th
International Conference on Solid Dielectrics,2001:35-38.
THEZE N B R 2 I S F) D' P S BT
[J]. b3 B TR 2 25 4,2004(3):255-257,26 1.
Yu Lianzhi, Ying Qijia, Xu Cao. Photoelastic experimental study
on contact stress of cable accessories[J]. Journal of University of
Shanghai for Science and Technology,2004(3):255-257,261.
TRARTE 5 A X £ e P HL 5 4 Sk S T 0 I E [T,
R FAR,2007,33(1):173-176.
Zhang Dongsheng, Han Yongsheng, Liu Hongxin. Interfacial
pressure test of high-voltage cable joints[J]. High Voltage Engi-
neering,2007,33(1):173-176.
Wang Shen, Yao Xuerong, Yang Huazhong, et al. Measurement
and evaluation on contact stress at the rubber contact interface
[J]. Measurement,2019,146:856-867.
Ke Yuchao, Yao Xuefeng, Yang Heng, et al. Kinetic friction
characterizations of the tubular rubber seals[J]. Tribology Inter-
national,2014,72:35-41.
TR, ERR, 2 W I S A R A3 AR A N R T

W] . HEFER AR 2019,40(12):2827-2836

Wang Xingyuan, Wang Yue, Lou Zhifeng, et al. Ultrasonic mea-
surement of interference fit stress distribution and prediction of
connection force[J]. Journal of Propulsion Technology, 2019,40
(12):2827-2836.

[17] Jerome T W, Shepherd M R, Hambric S A. Ultrasonic investiga-
tion of the pressure profile on the faying surface of fastened alu-
minum plates[J]. Mechanical Systems and Signal Processing,
2021,150:107260.

[18] FK/RIR . FE T AR L A BEAR B4l oy 0 R DN F 72 [D]. K3
KIEH TOK,2021:17-19.

Zhang Chenchen. Research on monitoring of internal force of
pin shaft based on nonlinear ultrasonic theory[D]. Dalian: Da-
lian University of Technology,2021:17-19.

[19]  Wfe B 58, F RS B ) 2 5 B R A I BOR
[I]. A2 il AR, 2017(22):106-109.

Yang Heng, Ke Yuchao, Wang Shen, et al. Mechanics and seal-
ing performance testing technology of aviation rubber seals[J].
Aeronautical Manufacturing Technology,2017(22):106-109.

[20] Liang Qisheng, Yang Qingshan, Liu Ming, et al. Equivalent
spring model and efficient numerical strategy for simulating me-
chanical performance of seam-clip connections in aluminum al-
loy high-vertical standing seam metal cladding systems[J]. Engi-
neering Structures,2025,322(B):119179.

[21] Krolikowski J, Szczepek J. Prediction of contact parameters us-
ing ultrasonic method[J]. Wear,1991,148(1):181-195.

[22] Baik J M, Thompson R B. Ultrasonic scattering from imperfect
interfaces:a quasistatic model[J]. Nondestruct Eval, 1984,4(3-4):
177-196.

[23] Han Ting, Fan Jianchun. Ultrasonic measurement of contact
stress at metal-to-metal interface based on a real rough profile
through modeling and experiment[J]. Measurement, 2023, 217:
113046.

[24] Li Qi, Du Boxue, Kong Xiaoiao,et al. Evolution of cable termi-
nation interface pressure considering low temperature[C]//2023
IEEE 4th International Conference on Electrical Materials and
Power Equipment,2023:1-4.

[25]  XUHESiR, 52 S0 B B 51 11 . 25 B8 2R T RS P2 F) 42 frh G 7 8 0ol &

R IETE]. HROK S 41,2023,46(5):21-30.
Liu Huaqiang, Peng Xianmin, Zhang Guichuan, et al. Contact
ultrasonic attenuation coefficient correction method considering
surface roughness[J].Journal of Chongqing University, 2023,46
(5):21-30.

[26] Wang Qian, Liu Rui, Ju Zeli. The relationship between the
sound velocity and deterioration degree of long-term operation
XLPE[J]. IEEE Transactions on Dielectrics and Electrical Insu-
lation,2025,32(3):1263-1270.

#s HEA:2025-07-04; &[5 HER : 2025-08-04
E&E B

Z2(1985-), B (%), ML EA, B 3%, TE2NFF
TR AR R

BASAEA  F £ (2001-), B (%), TAREA, ML E,
EBNEGEGYEA L WAL,



