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Fig. 1. Performance study of ETFE at different flight altitudes.
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Fig. 2. ETFE model: (a) ETFE monomer model; (b) mo-
lecular chain model; (¢) ETFE polymer model.
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Table 1. Barometric pressure values at different
flight altitudes.
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Fig. 3. Temperature variation curve of ETFE molecular

dynamics simulation.
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Fig. 4. Energy variation curves of ETFE molecular dynam-

ics simulation.

217701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 217701

2.0

1.6 |

1.2

0.8

Density/(g-cm~?)

0.4}

200 400 600 800 1000 1200 1400
Time/ps
[ 5 ETFE 7> 13 J) A0l 8 B2 AR Ak il £k

Fig. 5. Density variation curve of ETFE molecular dynam-

ics simulation.
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Table 2.  Rate of change of kinetic energy and
density of ETFE in equilibrium state under different
flight altitudes.

KATRIE km BRI/ % AR/ %
0 3.887 3.334
7 4.623 4.054
10 3.448 4.111
14 3.030 4.225
17 3.311 4.286
24 3.367 3.497
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Fig. 6. Equilibrium state model of ETFE molecular dynamics simulation at different flight altitudes: (a) 0 km; (b) 7 km; (c) 10 km;

(d) 14 km; (e) 17 km; (f) 24 km.
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labeling different chains H and F.
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Table 3.  Intermolecular distance of ETFE at different
flight altitudes.
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Fig. 10. Variation of the relative dielectric constant of ET
FE with flight altitude.
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Fig. 12. Variation of free volume of ETFE model at different flight altitudes: (a) 0 km; (b) 7 km; (c¢) 10 km; (d) 14 km; (e) 17 km;

(f) 24 km.
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Fig. 14. Variation of the charge trap energy level of ETFE
with flight altitude.
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ETFE 1 H far [ B 8 2 bifi 25 A ) B AIG T e
1%, 115 Bl 2 A 35 B A4S 100 XoF 1 B 5 0 A it B 13
B A2 LT Q1 R Q2 5 B B K L AT g ZE A BIF
I E ALY FLAEE B, Ry 20

P Anegerr | Amege s’

Horb Qo A Qo F IR LT A LA, o N HZSATHE

217701-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 217701

WHRL, e AMPRHXT A HUEEL, vy By SHERFE SR
JEF TRl BB S, A 10 T A5, A AR L AL
BE SR AEARAR /DN, R B B AR 2252 vy B g 1Y
A
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3.4 HFHZELWH

R oy B SRR ETFE 1R 3 725 MR 152
JERI - T FEe TR 2R, F5%F ETFE
R 7 IO AT 1AL, A% AR R i AR
TEFAPEASIE By Bebihr st e NI BE Y B4R T 22 24
HoE SR XA N 5 AR 22 1. A TR
TR, TR RRE  BRXEARTE 29

B AR Forcite £k, 1% Mecha-
nical Properties JIHE, SZELM KLY HLAME REAR L.
AR HRE S TN N AT R AR, SR Bl A R A S AR
TEB B A 0 T We R, B TS B2 ) S
SEEHE, M-I AR R SC R S 2 Lame
RN OCHBRAA RS IR 1) A (GCHE Y U1 A2 JE BHL
77), B A5 1] [R) P s A A A8 e 4 B3 OC R
BB AR Y . BARHE A GT 2:

B

P 15 S U0 A 21 9 A A e B U i A2 A
WEH SUEFEAR, 4 AR IR 28 FI%, U] ETFE
A B[] A BT A INHIR TR S Y BE 17255 .

HIPE 15 AR, BEE RAT R T, A7 OB R
L2 B W/ N B, 7 A X AR BRI AN
B, UL, ETFE 707 [EAHE AR 122/,
TE THHRPUL AL RE S T [ B0, AT ETFE
4 FOR iR . R, B URRE(R, ETFE 1
Iy T BN A AR BB R, SRR A
BN FHOR . 24 ETFE (& R Z FIAHF 50 5
W, BB N 2 TR 32 19 s ei, o> T EER
BGOSR SER B, BRI A IR A AR

K. B, o1 [RIHES A E AR BR B O, o3
THEZ BN, KA A% 00 25 (a3 i 52341,
[AIFE T2 ETFE AR A9 FA R R RE.
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Fig. 15. Breakdown field strength and Young’s modulus of
ETFE at different air pressures.
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RN 175.699 MV /dm, A H AT 0 km
BHB/NT 10.659%. 368, “ATHIEETFE 17 km, %8
Psms/NA 167.639 MV /dm, A H KATEE 0 km
BB/ N T 14.757%. e, ©ITREEAE] 24 km, %
YR 2 161.997 MV /dm. #HF K47 0 km
BB/ T 17.626%.
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Fig. 16. Wiring diagram of the variable pressure break-

down experimental setup.
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Fig. 17. Weibull cumulative probability distribution of ET
FE breakdown field strength at different flight altitudes.
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Table 4. ETFE density measurement test at different
flight altitudes.

i /km HIEL/ (g-em?)
0 1.715
7 1.703
10 1.707
14 1.703
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Mechanism of influence of different flight altitudes on
insulation breakdown performance of ETFE aviation cables

LI LiliY LI Yuzhe! LI Xiaokun?  FU Lei® WANG Yulong VT
HAN Shuang! GAO Junguo

1) (Key Laboratory of Engineering Dielectrics and its Applications, Ministry of Education, State Key Laboratory of
High-Efficiency Special Cable Technology, College of Electrical and Electronic Engineering,
Harbin University of Science and Technology, Harbin 150080, China)
2) (Shenfei Wire Harness Technology Co., Ltd., Shenyang 110035, China)
3) (Shenyang Aircraft Design and Research Institute, Aviation Industry Corporation of China, Ltd., Shenyang 110035, China)

( Received 14 July 2025; revised manuscript received 10 August 2025 )

Abstract

By studying the breakdown performance of ethylene-tetrafluoroethylene (ETFE) copolymer under low
pressure via molecular dynamics simulations, and verifying the simulation results through low-pressure
breakdown experiments, the insulation failure mechanism of ETFE materials under low pressure can be revealed
on an atomic scale. First, molecular dynamics simulations are performed on ETFE. As the flight altitude
gradually increases from 0 km to 24 km, the simulated pressure decreases from 101.300 kPa to 2.951 kPa.
Correspondingly, the intermolecular distance increases by 9.692%, the interchain interaction energy decreases by
8.383%, the free volume fraction of ETFE increases by 62.586%, and the density of ETFE decreases by 7.737%.
Subsequently, based on the electromechanical breakdown theory, it is deduced that the breakdown field
strength of ETFE decreases by 17.626%. Finally, the low-pressure breakdown experiment shows that the
breakdown field strength decreases by 40.078%, and the density measurement test indicates that the density
decreases by 1.574%. Both simulation and experimental results confirm that the breakdown field strength of
ETFE decreases with the reduction of pressure. This is because under low-pressure conditions, the increase in
free volume fraction and the decrease in density provide a longer mean free path for free electrons. And the
decrease in charge trap level weakens the charge trapping capability, leading to a higher concentration of free
electrons. All these factors contribute to the reduction of the breakdown field strength of ETFE. This study
provides performance prediction and failure mechanism analysis for the application of ETFE in aerospace and
high-altitude extreme environments, and has guiding significance for the optimal design of aerospace insulation
ETFE materials.

Keywords: ethylene-tetrafluoroethylene, low atmospheric pressure, molecular dynamics, breakdown field

strength
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