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Tab.1 Reagent usage for each paper sample

W H &g
FEA Gt 5
AIN BN PMIA
P-0 0 0 4
P-1 0.444 0 4
P-2 1 0 4
P-3 1.714 0 4
P-4 2.667 0 4
P-5 2.134 0.533 4
P-6 1.867 0.8 4
P-7 1.6 1.067 4
P-8 1.333 1.333 4
P-9 1.067 1.6 4
P-10 0.8 1.867 4
P-11 0.533 2.134 4
P-12 0 2.667 4
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Fig.3 Breakdown strength test platform

A XPFES I E R, BELL 0.2 kV/s [HE
RO E A R T AR E, 0 SR
HERDARE S S s . o a5 R R
DLFE fh B BE o AN A S X 8 4140 dE . R Weibull 4>
A AR BT 15 7 5 37 B AT 2R A AT .

PR SRR TG 0B 4 fros, W=
HARYE. Ml B3 (Kethley 6517b) id sk AR ]
WL, PRFUHE R S, 1t 20K

I
5=t L
o U

o, ARES R oA = AR R B AR AR,
ARSI =30 mm; U RNMIRAEE, 76 A h
U=1.8 kV. BANFEEMEL 10 2080805 1 5 F 1 .

35 mm

30[mm |

(D

40 mm
| 70 mm |

4 B SRMRT
Fig.4 Volume conductivity test platform

B AT 2 B BO6 N AR RS 2], Gl

HHOE S ALOT A BRI o HATRAL, M ER

BRI OGRF A ¢, MHANATER L HE A

A=acp (2)

Xf, p ARG, BRI 3 HAUE T
H1E .

2 EEREMEREMIK

2.1 MBS FIE

TR e B TR ) K AR 2 R RO RE R S 3R R T BB 2
PDA M55 R A WK 46 & O, AR C—O0—Si
W T B IR A PR e R R BE R R T, M
Mol N TiEER. SHEEEIE AIN 5 57 BN B R
(1) XPS B 73 5 U 5a A 5b From » 2 AR Ab 3
JEH] AIN F1 BN ¥y AR 73 AI1E 102.54 eV F1 10232 eV
AR T Siop PIHRFAEVE , 2 B AE T A8 67T KHS50 $2
Fe e Dy 27,

X AIN/BN SRS RCLLBK 7:3 (P-6)+ 5:5 (P-8)
A3:7 (P-10) WIFES 54T T XRD RAE, 4558w
K6 Fim. = ARSI T BN Al AIN H4FIEIE,
Hrp 20=26.78° XM BN fJ(002)fbAH, 260=33.22° .

R/ GRS




340 HE 11 AR EAL AR/ A I 5T S IR A 4R 25 AR 0 A 45 M e ML B 4y BT 3621
O
IS Siy,
= C P
= Is o
= P =t
-i% N, SlzB,’ 5»%
s
I I I B DR I I I 5-um
800 600 400 200 0 106 104 102 100 98
gEA eV gEA B /eV (a) AINJIEMHCN10% (b) AINJTTR /T H0920%
(a) AIN
Ny, ,,' Sizp &
:':g Iz'g Niei] N \) o
g ’ g f‘/ﬂ"\v \V\[/‘I\',/\'
z 0y, Bis £ Ay HORTLE :
and - ju g Y 5 um ‘\ 5 um
= Cis S,IZP = e u"J \\'\»M\Mh Gy b ey
. . S . o, (e AINJFEI 5 HN30% (d) AN A40%
800 600 400 200 0 106 104 102 100 98 K7 AREAINFRESHTFTESSLKNERIES
gifBftleV gifhe/eV

(b) BN
5 AIN fl BN R 215 ) XPS i
Fig.5 XPS of modified AIN and BN

2
o - P6
= R
-QD?
=
P-8
P-10

1020 30 40 50 60 70 80
200(°)
Ko MEEAHLIN XRD K%

Fig.6 XRD of typical composite PMIA papers
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Fig.7 Surface morphology of AIN-PMIA papers
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Fig.8 Surface morphology of AIN-BN/PMIA papers
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Fig.9 Weibull distribution and breakdown field strength
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Fig.10 Electrical conductivity of each composite
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Fig.12 SEM images of composite PMIA papers with
AIN/BN ratios being 7:3 and 3:7
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Heat flux transfer analysis of P-6 and P-10
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Tab.2 Material parameter settings in phase field models

e EEAgem®)  EFHME/(KV/mm)  ARXE A AL
PMIA 1.26 150 2.5

BN 2.29 600 4.2

AIN 3.25 200 8.8

it COMSOL F1# il (es) AMXHRT B
(sedeq) B, 15 I M AR (1 A W s 57 % AR R
. B 15aid3% T HAMEERITE 40 s N HE AL 19 4R

R
MV/mm)

8 P-4

6 pg

P-8

o 0s 5s 10s 15s 20s 25s 30s 35s 40s
(a) ARFFEFAEEILEA0 s Py R I R TR 15 Bt

—=— P-4
——P-6
80F —a—pg
—v—P-10
60 ——P-12

B 25 /pm

40+

201

0 5I 1I0 1I5 2I0 2I5 3IO 3I5 40
RN
(b) FLRTRL G 1) J K P B I TR) AR 40 O 3R

WAL TR/
(10" 2uC/mm?)
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

AR
K 1S5 STk 5 AR AL T
Fig.15

Simulation and modeling analysis of breakdown

paths based on the phase field method
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Meta-aramid (PMIA) is a unique fiber that possesses exceptional insulation strength and

thermodynamic stability. It is widely regarded as an ideal material for the development of the next generation of

insulation paper. However, its intrinsic thermal conductivity of 0.21 W/(m-K) is relatively low and may not meet

the long-term service requirements in high-temperature environments. To enhance the thermal conductivity and

insulation of the PMIA paper, AIN and BN fillers are selected for composite doping modification of PMIA paper.

The surfaces of the two fillers are coated with polydopamine (PDA) and modified with a KH550 silane coupling

agent to improve the dispersibility of the two fillers. By adjusting the doping ratio, AIN-BN/PMIA composite

insulation paper with different concentrations was prepared. The microstructure was characterized and the

breakdown strength, conductivity, and thermal conductivity were tested. The effect of two different filler ratios on
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the insulation and thermal conductivity of the material was studied.

Firstly, the surfaces of the two fillers are coated with polydopamine (PDA) and modified with a KH550 silane
coupling agent to enhance their dispersibility. By adjusting the doping ratio, AIN-BN/PMIA composite insulation
paper with different concentrations is prepared. Secondly, the microstructure of samples is characterized and the
breakdown voltage, conductivity, and thermal conductivity are tested. The influence of the ratio of two fillers on
the insulation and thermal conductivity of the material was studied. Thirdly, based on density functional theory,
band structure calculation and analysis are conducted, and a design concept of a “stepped charge trap” is proposed.
In addition, the composite breakdown model is constructed using the phase field method, explaining the inherent
mechanism of performance improvement.

According to the test results, adding BN to the AIN filler can further improve the matrix structure and fix the
damage caused by the high concentration aggregation of AIN. The surface of the composite material appears
relatively dense when the AIN/BN ratio is 3:7, with only a small amount of PMIA fibers and fillers precipitated.
At a mass fraction of 40%, the breakdown strength of the composite gradually increases as the BN doping ratio
increases. At a ratio of AIN/BN of 3:7, the composite paper exhibits its maximum breakdown strength of 186
kV/mm, which is 66.07% higher than that of the pure PMIA sample. Additionally, the conductivity of the composite
is at its lowest value during this ratio. On the other hand, at an AIN/BN ratio of 7:3, the thermal conductivity of
the composite is optimal, increasing by 213.6% compared to pure PMIA samples. The high aspect ratio structure
of BN links it with AIN fillers to form an “thermal conductivity network”, which increases the thermal
conductivity.

Energy band structure analysis based on density functional theory suggests that the wide bandgap properties
of AIN and BN result in the formation of “stepped traps” at the PMIA interface. This leads to an increased energy
barrier for charge transitions and limits the migration of charge carriers. In addition, a phase field simulation model
indicates that the introduction of BN can further homogenize the electric field distribution, reduce the degree of
local polarization, and thus enhance the insulation performance of the composite system.

Keywords: Meta-aramid, boron nitride, aluminum nitride, breakdown strength, thermal conductivity
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