5 54 4,56 5 3] T & @ B W H Vol.54, No.5

180 2026 45 J ENGINEERING PLASTICS APPLICATION May 2026

doi:10.3969/j.issn.1001-3539.2026.05.021

MK ZnO B R BRI B2 B 53 F 3) 1 F AR

=T, EFY, ®5indk, BRE, B, §E, BRI
(IR A SRR IR A B, WL EL B 443002)

THE: BB T R(PD) AR RAF AR T T b R L5 R EMH R & e T Lt T &5 525 EN
R FPIH AFHRREAT EHHWER, AT TIHHFEBMBEAR, BEOIELPUER 45 4 4 K ZnO (nano-
ZnO) i & % 5 # H 9% 13% . 17% (nano-ZnO B 35 ¥ 12 4 4 A) A= Fi & 4 h 15% (424 6 A)# nano-ZnO/P1 &4
B VAR A5 B IR AR TE 7] KHS90 BUPE nano-ZnO Ji 44 4 15% #9 nano-ZnO/PI AL A 3k 6 A 5L AL A | 4R )5 AT AT AE A
LM AR K F A AT AT, 4R 8T ,nano-Zn0 5 PI X 8 A £ 5 K AR EAE Ak, KA B H 2 W A A
RAFEIAAE L, #5728 nano-ZnO # PI £ A4 A 3 5 A ) SRR 43 3 B 54291, 2 P KH590 O /5 49 nano-ZnO/P1 4k
R T A R S TR A b TR PI S 33 37 K42 50.99%, B WARAR 38 R KHS90 BU 89k 2 T
[%3.7%, 3 Fr 1545 B B T R 2t SOk 6d PLAK , 35 30 AL S Ao 3T I F 413 2030 3, KHS590 3@ i 40 524 45 R
¥4 3% nano-ZnO/PI S 6945 1y A3 PLAL AR R R RAFOO M sk, ERAFR MR BB =T hAkB L5
S BOME AT PLM AL 6 R 38 3 U], AW &3 R T 35 S A &7 %00 SR PIA S RE T Bk EL
&t e

KEIF: T3 h FAED BB 9k ZnO; BRI ; # F5; h F ik ak

FESES: TM211,TB332  XEFRIEAE: A XEHS:1001-3539(2026)05-0180-10

Molecular dynamics simulation of nanoscale ZnO modified polyimide
LI Yasha, XIA Ruizhe, HUANG Peisen, XIA Xiaoxuan, YIN Lili, XIE Kang, GUO Junhao
(College of Electrical and New Energy, China Three Gorges University, Yichang 443002, China)

Abstract : Polyimide (PI) is widely used as a key insulating encapsulation material in electronic manufacturing due to its excel-
lent properties. However, with the pursuit of high power density in the electronics industry, there are increasingly stringent require-
ments for the thermal and mechanical properties of polyimide. Based on molecular dynamics simulation techniques, six composite
models were constructed, including a pure PI model, nanoscale ZnO (nano-ZnO)/PI composite models with nano-ZnO (mass frac-
tions of 9%, 13%, and 17%) at the cluster radius of 4 A, a composite model with nano-ZnO (mass fraction of 15%) at a radius of 6
A, and a nano-ZnO/PI model with nano-ZnO (mass fraction of 15%) grafted with silane coupling agent KH590. Subsequently, simu-
lation experiments on structural parameters, thermal properties and mechanical properties of the models were conducted. The results
reveal significant interaction energy between nano-ZnO and PI, indicating good compatibility between the two. The thermal and
mechanical properties of the modified PI composite models with nano-ZnO are significantly enhanced, with the most notable
improvements observed in the KH590-modified nano-ZnO/PI system. The glass transition temperature and thermal conductivity are
increased by 37 K and 50.99% compared with pure PI, respectively, while the free volume fraction is decreased by 3.7% compared
with the system without KH590. The mean square displacement is significantly smaller than that of the unmodified PI matrix, and
the tensile modulus and shear modulus are also enhanced. KH590 strengthens the interfacial interaction between nano-ZnO and PI
through chemical bonding, enabling the PI composite system to maintain excellent thermal and mechanical properties. This study

reveals, at the microscopic scale, the synergistic enhancement mechanism of nano-doping and interfacial modification on PI proper-
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ties, providing a theoretical basis and design direction for the preparation of high-performance PI insulating materials suitable for

high-voltage and high-frequency power electronics applications.

Keywords : molecular dynamics simulation ; polyimide ; nano-ZnO ; silane coupling agent ; thermal conductivity ; mechani-

cal property
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Fig. 2 Six model molecule conformations
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Tab.1 Interaction energy between ZnO and PI matrix
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Tab.2 Free volume fraction of different models

300K
Models /A /A Fol%

PI 2322596 537941 8119
9%-ZnO(4 A)/PI 2443917 492350 8323
13%-ZnO(4 A)/PI 2493696 510857 83.00
17%-Zn0(4 A)/PI 2514375 581500 8122
15%-ZnO(6 A)/PI 2484095 473395 83.99
KH590-ZnO(6 A)PI 2469298 583251  80.89
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Tab.3 Thermal conductivity of different models

Models Thermal conductivity/[W «(m-K)™']
PI 0.2330
9%-Zn0O(4 A)/PI 0.267 2
13%-ZnO(4 A)/PI 03433
17%-ZnO(4 A)/PI 03350
15%-ZnO(6 A)/PI 0.346 6
KH590-ZnO(6 A)/P1 0.3518
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