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Fig. 1. PU synthesis process.
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Fig. 2. Dielectric measurement systems.
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Fig. 3. FTIR spectra.

3.2 X S&ITH T

WA ZALHIG PU M XRD 3 E W1 4(a) B7
IR A AR XRD 35 B  7s H — f8 FEATT 5
W, R PU J& T I SR8}, T 58 AT S e ) 2
AR P 1 70T HE BOE AR HES AT S . 3% 5 F
T PU ' trans/trans 14 B JIK 5 19 5 1a] B A& HE 51,

TRAIE T )Ry B EE B AR PR AR, T 21k
U PU BTSSRI AR AT S 0 A
WA {37 8 T JEE AT R A T B

(a) —0d

—2d
4d
8 d
—16d
32d

5 10 15 20 25

SBPE /arb. units

4.96
4,94 4935

492k 4.913 4.913

4.90 4.891
4.88

d/A

4.86
4.84
4.82 -

4.80

0 2 4 8 16 32
Time/d

B 4 (a) XRD Eli; (b) 4 T8 B BE
Fig. 4. (a) XRD pattern; (b) molecular chain spacing.
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Fig. 5. C—N bonds in the urea group: (a) Before breakage; (b) during breakage; (c) reconnection after breakage; (d) schematic rep-

resentation of the dynamics; (e) oxygen bridging; (f) schematic diagrams (atoms in the OVITO visualization image: hydrogen, oxy-

gen, carbon and nitrogen atoms are represented by white, green, gold and blue spheres, respectively).
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Fig. 6. (a) Biphenyl structure; (b) schematic representation of molecular structure changes in the mid-aging period.
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Fig. 9. (a) Direct current breakdown strength; (b) dielectric energy storage characteristics.
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Abstract

Dielectric capacitors are essential energy storage devices with high power density. The dielectric films of

capacitors will age at working temperatures, a leading their performance to degrade. Polyurea (PU) is a
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potential working dielectric for capacitors with high energy density and low dielectric loss. However, the aging
characteristics and underlying mechanism of PU have not been discussed. Considering the operating
temperature of commercial dielectric capacitors, the aging characteristics of PU are investigate by being exposed
to 80 °C for different durations. Compared with dielectric constant, breakdown strength changes significantly
with aging time which can be used as a characteristic parameter to evaluate the aging degree of PU. Combining
experimental method and simulation method, the correlation between molecular structure, trap properties and
breakdown strength during thermo-oxidative aging is studied and established. The results show that the
thermal-oxidative aging of PU can be divided into three stages. In the early stage of aging, the bridging effect of
oxygen promotes the order arrangement of molecular chains. In this stage, the molecular chain spacing
decreases, but the H-bonding interaction between adjacent urea groups is enhanced slightly as shown in Fig. (a).
As a result, the dielectric constant decreases, while the breakdown strength is almost unchanged. In the middle
stage of aging, ether bonds break and inducing the formation of biphenyl structures and resulting in a
disordered structure as illustrated in Fig. (b). The enhanced mobility effect increases the dielectric constant.
Meanwhile, the biphenyl structures deepen the trap depth, resulting in the decrease of carrier mobility and the
increase of the breakdown strength. In the late stage of aging, oxygen promotes the decomposition of urea
groups, thereby reducing the number of urea groups that form deep traps. At the same time, the main chain
undergoes breakage, releasing small molecules such as CO, and H,O, which is shown in Fig. (¢). These factors
collectively lead to a significant reduction in the breakdown strength of PU. In addition, the variations of

dielectric constant, breakdown strength and energy density in the three stages are summarized in Fig. (d).

~ —~ ’ﬁ\ o~ N ~ m 4 3 N
— \ Fi A ' et ®
— ¥ o ™ — - e
s Ty g & 5o 5 7 . ( e~
¥ _ /' = —{——ﬂ\ .y 4 \/\/‘:\ﬁ
-6 J - \~\ b o ] 4 oY
Early stage Middle stage Late stage
(@]
() _N/”\N_ @ 0 @ co, @ H,0
H H
6.0 T 4.5
6.6 - —-I- Energy density (d) g
& z
g 158 = E
= S {40 %
< ~ g
= = g
= 15.6 3]
£ 5 i
° s 1,. 8
b>>D 4.8 | -®— Dielectric constant ; 135 E
) -O- Breakdown strength 154 z A
& Middle' Late Q
42k Early stage stage stage 3
R - s = - 52 & 130
0 2 4 8 16 32 .
Time/d

Keywords: polyurea, energy storage characteristics, thermal-oxidative aging, degradation mechanism

PACS: 77.22.-d, 77.22.Gm, 77.84.Jd, 83.80.-k

CSTR: 32037.14.aps.74.20241579

087701-11

DOI: 10.7498 /aps.74.20241579


http://doi.org/10.7498/aps.74.20241579
https://cstr.cn/32037.14.aps.74.20241579
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

TR FEBRER A BT E R R RS R R
e KA A XK Hpeude FRE

Aging characteristics and mechanism of high—dielectric aromatic polyureas considering trap evolutions

FENG Yang ZHANG Shuo ZHOUBin  LIU Peiyan  YANG Xinru LI Shengtao
515 &, Citation: Acta Physica Sinica, 74, 087701 (2025) DOI: 10.7498/aps.74.20241579
CSTR: 32037.14.aps.74.20241579

TELR T2 View online: https://doi.org/10.7498/aps.74.20241579

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

PSRRI E P REASURE 1 - A B — 30— ) Z W B 5 5 ELE

Stress—thermal aging properties of silicone rubber used for cable accessories and electric—thermal—stress multiple fields coupling

simulation

YrH2E 4. 2024, 73(7): 070701  https://doi.org/10.7498/aps.73.20231869

Rl LML AR RSP DL AL S
Optimization strategies for energy storage properties of polyvinylidene fluoride composites

YIBR2A 4. 2023, 72(1): 018401  https://doi.org/10.7498/aps.72.20222012

BRIEE TR (A A S B S BRI
Research on trap characteristic mechanisms of thermochromic phase change epoxy composite with confined structure

YrFE2A4R. 2025, 74(1): 017701 https://doi.org/10.7498/aps.74.20241447

R T e R AR A A B R 13 b A MR

External characteristics of lithium—ion power battery based on electrochemical aging decay model

Y2, 2022, 71(3): 038803 https://doi.org/10.7498/aps.71.20211401

HL AR A A RL SR IR S i 2 A S T A
Aging and life control of cross—linked polyethylene as cable insulation material

YIBR2FA. 2024, 73(7): 078801  hitps://doi.org/10.7498/aps.73.20240201

BRI AL X AR BRSBTS F R SRR (4 52 )

Influence of confined phase transition on dielectric relaxation characteristics of thermochromic epoxy insulating materials

PyFEEEAR. 2023, 72(10): 107701 https:/doi.org/10.7498/aps.72.20230253


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20241579
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231869
https://doi.org/10.7498/aps.73.20231869
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222012
https://doi.org/10.7498/aps.72.20222012
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20241447
https://doi.org/10.7498/aps.74.20241447
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211401
https://doi.org/10.7498/aps.71.20211401
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240201
https://doi.org/10.7498/aps.73.20240201
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230253
https://doi.org/10.7498/aps.72.20230253

	1 引　言
	2 试样制备与实验
	2.1 试样制备与处理
	2.2 实验测试

	3 结构表征
	3.1 红外光谱分析
	3.2 X射线衍射分析
	3.3 PU多级结构随老化天数的变化

	4 介电及储能特性测试
	4.1 介电特性
	4.2 击穿特性与储能密度
	4.3 高场电导与陷阱特性
	4.4 PU多级结构演变对陷阱特性的影响

	5 结　论
	参考文献

