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Bl 1 nano-ZnO FILF4E & &2 AR R
Fig. 1. Composite model of nano-ZnO and cellulose: (a) PO; (b) P2; (c) P4; (d) P6; (e) P8; (f) P10.
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Table 1. Mechanical parameters of pure cellulose

insulating paper and modified cellulose insulating pa-

per calculated by molecular dynamics.

(751D u  E/GPa G/GPa K/GPa K/G

PO 1.7942 2.7210 6.5232 2.7210 3.6082 1.3261
P1 26659 3.9442 9.4791 3.9442 5.2954 1.3426
P2 1.1556 3.8840 8.6586 3.8840 3.7449 0.9642
P3 22157 2.7362 6.6967 2.7362 4.0398 1.4764
P4 05645 2.7983 6.0663 2.4300 2.7983 0.8684
P5 26101 2.3187 5.8653 4.1559 2.3187 1.7923
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Fig. 2. Volume modulus, shear modulus, and elastic modu-
lus of nano-ZnO/cellulose model with different nano-ZnO

content.

3.2 BEZE

=
i

PN SRR 2 S5 T R R R 5470 T [l AH

127701-4


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. 73, No. 12 (2024)

127701

YEHRERY R/, 2 B AR BRI AR 75 2 T 75 i N
AE. DAL BB 23— [ A9 S 23 XA kAR B i 1
J = BRI, JCHX FA 4 Z MR, o
THEZ B B9VE H I XA 4 R 2 A AR IR T 2
REA A L. NRBERE K, 4 mIfER )
LK, A TEEUR S, YR E S M BHT AR
Re (PRMERLE) SLA IR, 4RI GBS
A AR 2ok sy PN SR RE % B TR R A

P = E;)h _ E;;ter _ EBow ‘_/Eintra7 (M)
K, Eeon WRGMINERE, V N RGHEIRIK,
B ARG FRIBHELR, Eow MRS SEEE,
Einwa NRG T FHERTNEE.

XA & i i) nano-ZnO /47 4 R &2 AR 4y
BIHEAT N SRR BE 1) 401 3l 1 2 BT TS, XTI
2R 3(a) Fron. HIE 3(a) ATLAE Y, SR
PR A AR BRI LY, 25 MR N R e % B
£ A nano-ZnO 7% & 34 /i 12 I e 38 K5 8/ A2
feitast. MU R 2% i, IR RN R EE%E A
B RAE. XZH A nano-ZnO EFE T 414k R 46 %%
YRICETE IR —Le2s B IF- 5 R A 4E 2= o+

760

' 740
740 [

720
700
680 679
660
640
620
600 [618.6 622.3

530 [ 595.9

Cohesion energy density/(J-cm~3)

590.4
—

0 2 4 6 8 10

Nano-ZnO content/%

WA, R D S BRI NG TR T SRR
MG, IIMTZERO R B F e T 4R 4e K sty 2R
RER L. AR L, AR A AR R R A e R
2 [8) B9 28 DA 2 Nano-ZnO 54 4E Z 58 2 [0 1Y
S TE R AR 7 B AN 3(b), () T L4
B, Bt a5 b i S A G WAL 3(d) Fos, SR
AL ESE 3(a) BN R B % A —2K.
AT DM OUE RBE 1 05 P 135 i3 5 A% nano-ZnO
J5 AR AE 2R ) D) 2E PR BRI E AR B PR T, Y
nano-ZnO b &, W& s Kk 15 27 4k 2 2 [h]
PIARZSE TR, 2 PR LS R S R i ) 2= M RE S L
HT TS5 S R B R AR — 2L

3.3 HAHMB
TERIEE R R G WA R R R o B )
ERRA B i (MSD) R, 75z ik
5%, MSD {E& & . FEHN TBERT, s FiE s
Ko RSN, BA NA T RS MSD

THEA R
N

MSD = % (|R,» (t) — R; (0)I2), (8)

=0

—

250 237
205 207 203 201

200

Hydrogen bond number

PO P2 P4 P6 P8 P10
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Fig. 3. (a) Cohesion energy density of nano-ZnO/cellulose models with different nano-ZnO contents; (b) hydrogen bonding when

Nano-ZnO fills voids in amorphous regions; (c¢) hydrogen bonds generated when Nano-ZnO is agglomerated; (d) the number of hy-

drogen bonds in the six models.
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Fig. 4. (a) MSD curves for six models; (b) the maximum

MSD value of each model sample.
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Fig. 5. Glass transition temperature of nano-ZnO/cellulose models: (a) PO; (b) P2; (c) P4; (d) P6; (e) P8; (f) P10.
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Fig. 6. Model diagram of reverse non-equilibrium molecular
dynamics (RNEMD) method.
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Fig. 7. Thermal conductivity simulation results of nano-

ZnO /cellulose models with different doping ratios.
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SPECIAL TOPIC—Electrical/thermal properties of nanodielectrics
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Abstract

With the surge in electrical loads and increasing voltage levels, the mechanical performance and thermal
stability of insulating paper are facing severe challenges. However, due to the lack of direct scientific theories or
simulation guidance, traditional inefficient “trial-and-error” experiments are difficult to effectively develop new
types of cellulose composite insulating papers. For solving this problem, in this work we are to enhance the
effects of nanoscale zinc oxide (nano-ZnO) on the mechanical and thermal properties of cellulose through
molecular dynamics simulations. Initially, we model the nano-ZnO/cellulose composite material , then carry out
a microscopic analysis of the mechanical performance and thermal stability of modified cellulose with varying
nano-ZnO content, thus determining the optimal ratio of nano-ZnO to cellulose. The results indicate that
compared with the outcomes from the unmodified model, the mechanical performance, cohesive energy density,
glass transition temperature, and thermal conductivity of the nano-ZnO-modified cellulose model are all
improved, with the highest increase in elastic modulus reaching 45.31% and the highest increase in thermal
conductivity attaining 41.49%. The addition of nano-ZnO effectively fills the gaps in the fiber network and
enhances the interactions between cellulose chains and thermal conduction channels, thereby improving the
thermodynamic performance of cellulose. This work provides valuable theoretical references for rapidly

preparing modified cellulose insulating papers with excellent thermodynamic performance.
Keywords: insulating paper, nano-ZnO, mechanical properties, thermal stability
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