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Detection of thermal ageing state of composite insulators based on
non-linear ultrasound
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Abstract: Aiming at the thermal ageing problem of composite insulator silicone rubber sheds, relevant research using
nonlinear ultrasonic detection technology was conducted in this paper. First, accelerated thermal ageing tests were conducted
on the silicone rubber sheds of composite insulators, and the material parameters of samples with different thermal ageing
time were measured. Then, a simulation model for nonlinear ultrasonic detection of composite insulator silicone rubber was
established, and a nonlinear ultrasonic detection platform was built to carry out ultrasonic detection experiments. Finally, the
relationship between the thermal ageing time of the composite insulator silicone rubber material and the ultrasonic nonlinear
coefficient obtained from both simulations and experiments was verified. The results show that as thermal ageing time
increases, both the fundamental and second harmonic amplitudes of the thermally aged samples exhibit a decreasing trend,
while the relative nonlinear coefficient increases significantly. The linear fitting degree between the relative nonlinear
coefficient measured in the experiment and the thermal ageing time is high. Thermal ageing leads to changes in the
macroscopic mechanical properties of the material, manifested as decreased density and increased elastic modulus, which
causes attenuation of acoustic wave energy, while the change in internal structure of material enhances the nonlinear effect.
The second-order relative nonlinear coefficient can effectively characterize the thermal ageing degree of composite
insulator silicone rubber materials, providing a new method for the non-destructive testing of the thermal ageing state of
composite insulators.

Key words: nonlinear ultrasound; composite insulator; thermal ageing state; relative nonlinear coefticient; silicone rubber
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Fig.1 Dumbbell-shaped silicone rubber specimen
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Table I Dumbbell-shaped silicone rubber specimen size

IR E HAR%E
MAEPE A/mm 75
Ui 48 95 FE B/mm 12.5£1.0
P K C/mm 25.0£1.0
B A4y 9 E D/mm 4.0+1.0
AN I i 321245 Efmm 8.0+0.5
PR3 9 0 2= 4% F/mm 12.5+1.0
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Table 2 Density of specimens with different

thermal ageing time

Z ALY [A] %5 & /(g/em’®)
/h 1 2 3 4 5 FE
0 1241 1241 1241 1242 1240 1241
144 1240 1240 1.240 1240 1240  1.240
288 1238 1237 1238 1238 1239 1238
432 1235 1234 1233 1234 1234 1234
576 1229 1229 1229 1229 1229  1.229

720 1.224  1.224 1.224  1.225 1.223 1.224
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Table 3  Elastic modulus of specimens with different

thermal ageing time

Z AL PP /MPa
/h 1 2 3 4 5 FEE
0 420 420 420 420 420 4.20
144 444 445 443 445 445 4.45
288 471 471 472 470 471 4.71
432 523 523 523 523 523 5.23
576 565 565 566 564 565 5.65

720 6.33 6.31 6.32 6.32 6.32 6.32
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Table 4 Yeoh model parameters for specimens with different

thermal ageing time

ZAGI [l/h Cy G, C,
0 0.203 -9.10x10* 1.88x10°
144 0.192 -9.94x10* 1.79x10°
288 0.188 -1.03x10° 1.74x107
432 0.184 -1.19x107 1.67x10°
576 0.180 ~1.24x10° 1.62x10°
720 0.175 -1.31x107 1.59x10°
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Fig.2 Composite insulator
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Fig.4 Time-domain image of transmitted waves of specimens

with different thermal ageing time
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Fig.5 Spectra of specimens with different thermal ageing time
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Fig.6 Trend variation of relative non-linear coefficients
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Fig.7 Test platform of non-linear ultrasonic testing system
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Fig.8 Variation curve of the ratio of the fundamental

amplitude square to the second harmonic amplitude
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Fig.9 Time-domain images of transmitted waves of

specimens with different thermal ageing time
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Fig.10 Spectra of specimens with different

thermal ageing time
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Fig.11 Relative non-linear coefficient fitting curve

FEXT AR LR M RS Z AL ) B4 & Rk

KOFIR.
3 = 0.003675 + 3.6276 x 10°x
R> = 0.9458

(O, RAT I R4, W6 P 1F R=0.945 8, 1t
T2 56 W0 75 11 AF X A 28 1 R B I A B[R] ) 28 1
LA B o AR 2 P R 75 R 7 2 B R AE S B
bk i &, B 5 E A R LG R It
Ui B ) AE 6T Al 26 1 R AT DA S5GR AE SR 1 #
AL

TR IAE B & TR AW, b E 2 A FE
JEE BRI S Rl i e A B 38 K, A T RE L )
PERE T B, 3 2 RO ARL 3B H I T PR RFALE -
O FHEBIZ ) Z PR, 360 7 75 A& # i F2 i e
EFEH A R IRE R QB AR T E 2
(1) 75 BH BT AN 1% 22 ST, % 2 BT o g gk 75 8 1) U
R LG AR AR o B AR IX Fofr &5 ) A8 b A 15 28 X6
75 Re B (A4, T A, #A BT B A, (H B T s A0 U
(AN FE IR IS X AR o 45 M I 22 7 A T 5 ) S 2 1
VBN , FIA/AE R TR

TERERR IR R, 25 B B A U B A RL 38 B EH AR A
N 3 Fofr &5 K 78 Ak £ 7 AR OUER A8 — 7 THT BRI
TR AR R T (4, A DR L S — T T T AL
BREl B AR AR A AE , 45 8 AL #R i R rh e AR
0 AR PEIRG N o Rl A v AT U 7
I X e g M, 2 TR B T R AR e B
X b 9 1t 1 A A5 AE 2o e R Bk B T
Tt

)

FEZ AT RE b, MR R A 540 S B 4 S E0R R



158 AR

2026,59(5)

R AR 2, iR ALO AT HY o RN SFOR T
H S 38 AR BLALIR s i P A R A PR A% 4
I, UKL 0 A0 FL IR 2 (615 75 P A% 1 it A2 35 0, AE &
FEIRRIG K, JE PN U B MR AR D o (BRI AN
FLIR 2 72 38 A 2 1 v 9 R FH 5 489 il 7 |l 2 ik
M 7, 3 BRI e AR K

MR 75 A% Rl 2 05 1 LA R R AN
R AR L () 3 07 ok 3 R e, R SO P
KRR A ERAFAE RS IV RE 5% AR P72, 278 it
K5 AR A #  SEOR SRR BA o R R A
R RT3 3 30 R 28 LA B, 2 15 25 189 8 75 U3 e
[ PR R PR R T A B A BB AIR A
00N S REM I B AR 2V R BT . AEZALE
o 5 3T 0 5% 3 e AN — R R A T B e 35
TR, ] IR AR X A £ 1 2R SO S A B . 3 15 B
K HT B0 e P 45 £ 0 A5 AR AR A Rk ) 22 A
PR, 38l HAE R I AR AL R E S K. A0 5K
KWt TS 5 RAL T A E R, S
P AR R BB L RAFAE X

5 FR TR 52 A% 30 5 2% A S 25 Ul U i X
0 308 Jok Fb, s 0 Y RN O I AT SRAE , 1A
P MR (B AN b2k 23 AT R, R A AR R R 3
RN AN B LR B S BT 5 KR i 15 45
RAAE S — B, P Z AR L EE

5 #5ig

AP T R E 4G TEHBIRRELRER
FEL A A A I T kS BT A R RGE RS T
P AR VR AL B ) AR L, 15 B0 R 45

CO I iR PR 55 23 s 52 4 26 25 7 AR IR 4
W, B S A% TR g 18
TORPRRE VR R A2 AR AL, BAR R By BT B ik
PG K, I A B A RR YIS B &85 7k
R I8 AR L BN R 5 i 75 U AE A% F e 2 v Y e
BRI R, S OB R IREZEH D . A
E AL 1) T 32 S A5 5 A I 2 Ak i B S TR A
AR A HH X A Rk AR A A 2 A I TR AT K, H
FEIE AL F o TR 385 e B S AR K

(2D B8 A7 FLARAT IO A e itk R HBE 2 4k
o 8] (AR A 35— B0, X R0 SR A5 (R A X 2k
ARBONIRE AT R BEAT P45, 45 SRR WIAR X AR 2k
R AT 18] 2 5R 2 R AR S L 2R W AT AR A

AR LR kB A A T VAR B A G T REAR R
B ARE EHEAT A R I

GO EAFRRZRE N E S LG TR
FARE W2 BRI 75 I AU R A AR A ke 35, 7T 4
ARSI A A TR R B AORES
IBLER « 352 A0 3G A BN 20 3 45 #) & 2R AR 4K
SR RO RE R A BRI R AR A 2 3 R
RE BB /IS , B P AR R PR A B b e 5 — U B
(BRI B AL, 1T P9 B 4L 2R 45 4 [ AR A 5 B £ PR AN
B8, IR BB AR X AR M R AR K

S 2Z3Hk References

(1] ZEREA, (R, e 55 . R AWLMok I ik 5 Jr B (0],
o [ AL TR A4 4,2024,44(18):7412-7426.

LIANG Xidong, WU Chao, ZUO Zhou, et al. Review and pros-
pects for development of high voltage outdoor organic insulation
[J]. Proceedings of the CSEE,2024,44(18):7412-7426.

[2] FEVE R E AL & HTVIERIR &6 %44 T R LR
PR I]. 75 15 H 38,2024,60(4):49-55.

CHENG Yang, LU Li, XIA Lingzhi, et al. Thermal aging charac-
teristics analysis of HTV silicone rubber composite insulator shed
[J]. High Voltage Apparatus,2024,60(4):49-55.

[3] ERLE TR ETRAES B S WI 42

PERESRTHBT FE[I]. HL LA HTHOR 2024,43(8):27-35.
WANG Ke, LUO Zimin, PENG lJing, et al. Study on improving
external insulation performance by inhibiting hydroxyl content of
epoxy composites[J]. Advanced Technology of Electrical Engi-
neering and Energy,2024,43(8):27-35.

[4] HEZ T BUE XI5 A% 7wl BRI AL I 4 o b
FVTAS 7 2 9 [0]. R FA,2019,55(9):163-170.

XIA Yanwei, JIA Boyan, LIU Jie, et al. Analysis and evaluation
method of aging of high temperature silicon rubber composite in-
sulators[J]. High Voltage Apparatus,2019,55(9):163-170.

[5] HkM . REHEL TIET R LALUNIEBTLD] ) M
T RH,2017.

GAN Yongye. Study on mechanism of abnormal temperature rise
and thermal aging of composite insulator[D]. Guangzhou: South
China University of Technology,2017.

[6] skAEZDKFE R ARNRFEARFREELG TREAIR

R 2 AR R R R AE T 5 BF (0], FL D BER 2 412,2020,35(6):
1368-1376.
ZHANG Zhijin, ZHANG Yi, JIANG Xingliang, et al. Study on
aging characterization methods of composite insulators aging in
natural environment for different years[J]. Transactions of China
Electrotechnical Society,2020,35(6):1368-1376.

(7] oigeb 22 BRI 2R, 48 AR 2 & 205 1 2 A RAEVFAL BF 7
HIBUIR 5 2k [7]. w5 FL #5,2016,52(4):1-15.

ZHANG Guanjun, ZHAO Lin, ZHOU Rundong, et al. Review on



A e ST AR A R S 4G T LRSI

159

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

aging characterization and evaluation of silicon rubber composite
insulator[J]. High Voltage Apparatus,2016,52(4):1-15.
W d, T G 85 A G T R 2 RS PR T
VEERIR[T]. HR I T 98,2022(2):139-145.
ZENG Leilei, ZHANG Yu, ZENG Xin, et al. Aging state evalua-
tion methods for silicone rubber sheds of composite insulators[J].
Insulators and Surge Arresters,2022(2):139-145.
TKEER IR T ROCHEBOR B S 4 2 7 2 AR L P JT 10T 5
[D]. B#8: 78 e A2 38 K 52,2021
ZHANG Yucui. Research on the evaluation method of composite
insulator aging degree based on hyperspectral technology[D].
Chengdu: Southwest Jiaotong University,2021.
MY, BT LR AR R T RBESA N A A% TR
Ji2 22 ARCIR S A6 I 7 9 [0]. HL TR 2241, 2023,38(23):6503-
6513.
LI Peng, LI Zijin, WANG Shenhua, et al. Aging state detection
method of composite insulator silicone rubber based on micro-
wave transmission method[J]. Transactions of China Electrotech-
nical Society,2023,38(23):6503-6513.
2k BT B AL AR 2, A L H T SR A G SR DI B T Ty v
BT[], AR 22 4%,2021,36(21):4598-4607.
LI Jin, ZHAO Renyong, DU Boxue, et al. Research progress of
nondestructive detection methods for defects of electrical epoxy
insulators[J]. Transactions of China Electrotechnical Society,
2021,36(21):4598-4607.
R 5 A R TR R R I 1) R A AR i 2
PR 0 Bl /N B e TR 7 i T D). P AR T R R ,2022,41(6):
55-63.
ZHAO Xuanxiang, YANG Hao, CAO Wen, et al. Research on
identification method of internal micro-defects in room tempera-
ture vulcanized silicone rubber coating based on ultrasonic test-
ing[J]. Advanced Technology of Electrical Engineering and En-
ergy,2022,41(6):55-63.
TR 2 0 R A e D A 2 IR B AL 2
BRI [D]. m F R B R ,2021,47(9):3181-3188.
WANG Ruocheng, HE Yunyi, KANG Hongwei, et al. Thermal
aging and ultrasonic characteristics of silicone rubber for cable
joint insulation[J]. High Voltage Engineering,2021,47(9):3181-
3188.
JEIETF 30 B L ARG TC G BRI TE . R AR JE (D).
HUBE T A2 5:4R.,2011,47(8):2-11.
ZHOU Zhenggan, LIU Siming. Nonlinear ultrasonic techniques
used in nondestructive testing: a review[J]. Journal of Mechani-
cal Engineering,2011,47(8):2-11.
iR R TR R ST A e A U R B S AT R ], R A
R,2022,41(6):846-853.
SHANG Fei, ZHANG Honghui. Application and development
of nonlinear ultrasonic testing technology[J]. Technical Acous-
tics,2022,41(6):846-853.
P R SL 5 Wk 0, 58 R B 7 AR EUIK L MR A 2

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

P L R IR R [T, R I e AR 241, 2022,36(2):
196-202.

XU Guochen, DENG Jiangyong, CHEN Zhenhua, et al. The
combination detection technology of the linear and the nonlinear
ultrasound for fatigue cracks in titanium alloys[J]. Journal of
Electronic Measurement and Instrumentation,2022,36(2):196-202.
SRR, 258 A 55 A HURDRE A 45 7 A 2 ekl 75 A
DRI FE L], ALt Tl 2 241,2016,42(1):24-29.

JIAO Jingpin, LI Liang, HE Cunfu, et al. Experimental investi-
gation of thermal aging of organic polymer materials with non-
linear ultrasonic method[J]. Journal of Beijing University of
Technology,2016,42(1):24-29.

TR UR AR B VEA RS MR PE B VAL I AR R R A AT
M 75 B[], oAk, 2024,46(5):39-44.

ZHANG Qi, TU Dongkun, WANG shumin, et al. Nonlinear ul-
trasonic evaluation method for thermal oxygen aging of gas PE
pipe[J]. Nondestructive Testing,2024,46(5):39-44.

CHEN C L, HOU H S, SU M X, et al. Feasibility of nonlinear
ultrasonic method to characterize the aging degree of polyethyl-
ene pipes[J]. Journal of Materials Engineering and Performance,
2022,32(12):5514-5522.

] 73,05 A e A B T AR A 0 L B SRR R
ARSI I[I]. 48241 8,2023,56(5):103-108.

KE Li, FANG Chunhua, GAO Guangde, et al. Thermal ageing
state detection of cable joint silicone rubber based on non-linear
ultrasonic[J]. Insulating Materials,2023,56(5):103-108.

K ZE T, U, 5 1, A B R 7 4 e L B R R A 4
1) Al 2 1 75 R 1), ] R ML A 241, 2020,40(14):4666-
4674,4744.

LIU Suzhen, WANG Shujuan, ZHANG Chuang, et al. Electro-
magnetic acoustic transducer mechanism of steel plate and non-
linear ultrasonic testing of plastic damage[J]. Proceedings of the
CSEE,2020,40(14):4666-4674,4744.

T3 AR AR M, T A T A AR E RS
WA B R T HE,2024,43(12):95-104.

FANG Chunhua, WU Junxiong, WANG Yanhui, et al. Diagnos-
tic method for silicone rubber aging status based on ultrasound
velocity[J]. Advanced Technology of Electrical Engineering and
Energy,2024,43(12):95-104.

TP EAE PN B A IR T AR R MR I R B REAR R S
T JJR 7], HUE$R,2024,50(1):313-321.

FANG Chunhua, SUN Aoqi, YOU Haixin, et al. Interface pres-
sure detection method of cable silicone rubber based on nonlin-
ear ultrasonic[J]. High Voltage Engineering,2024,50(1):313-321.
R W RO RS BT A G TR 1 R
Je 5330 J1 E AR AL [I]. 4L 250 K1,2024,57(8):138-147.
HAN Feiyan, HU Yuyao, JIANG Xingliang, et al. Study on me-
chanical characteristics and molecular dynamics simulation of
composite insulator sheds in service[J]. Insulating Materials,

2024,57(8):138-147.



160 ARl 2026,59(5)
[25] AR5, 205 0% B ARG T e RMGEI R Mg Shandong University of Technology,2024.

[26]

[27]

AT HEBE HT )], 2241 81,2025,58(5):132-144.

YE Haoliang, LI Te, ZHOU Xiaoyu, et al. Analysis on heating
factors and operating performance of composite insulator sheath
[J]. Insulating Materials,2025,58(5):132-144.

FEVb v RGN T3 A B R OB E ST [D]. W /R VR R
TolkR5#,2013.

JIANG Shasha. Study on accelerated aging and failure mecha-

s

v

5

nism of silicone rubber[D]. Harbin: Harbin Institute of Technolo-
2y,2013.

B A G T AR L T B 1 L A
[D]. 111 AR B 1K 22,2024.

HAN Feiyan. Study on the aging characteristics of composite in-

sulator shed and its molecular dynamics simulation[D]. Zibo:

[28]

T S SCOME R AR A S A G T AR A I AR
BFFE[I]. B T4 A,2018(22):20-22.

LEI Chaoping, MO Wenxiong, LUAN Le, et al. Study on ther-
mal aging characteristics of silicone rubber sheds of composite

insulators[J]. Electric Engineering,2018(22):20-22.

ks HEA:2025-06-12; &3 HEA:2025-09-02,
TEHE N

3] 4 #(2001-), B (k) , FALHIRA L4, £ ZNF

W, A% AR A L5 6 BT A

WA H 7 A4 (1980-), F (k) ,#d RITA, 3l

R, ERNF G RERBEH ARG A RE RSN G R



