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Fig. 1. Schematic diagram of Tanaka multicore model.
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Fig. 2. Preparation and characterization of BNNTs@mSiO,-KH560 nanoparticles: (a) Preparation process of BNNTs@mSiOq-
KH560 nanoparticles; (b)—(d) TEM images of BNNTs@mSiO,-KH560; (¢) XRD patterns of BNNTs and BNNTs@mSiO,-KH560 at
5°-90°%; (f)-(h) XPS patterns of BNNTs and BNNTs@mSiO»-KH560; (i) FT-IR patterns of BNNTs and BNNTs@mSiO,-KH560.
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Fig. 3. (a)-(d) SEM images of composite dielectric with different BNNTs contents; (e)-(h) SEM images of composite dielectric with

different BNNTs@mSiO,-KH560 contents.
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Fig. 4. Dielectric properties of composite dielectric: (a) Dielectric constant, dielectric loss spectrum of composite dielectric with dif-

ferent BNNTs contents; (b) dielectric constant, dielectric loss spectrum of composite dielectric with different BNNTs@mSiO,-

KH560 contents.
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Fig. 5. (a)-(c) Cole-Cole diagram of composite dielectric with different fillers; (d)—(f) two-term Cole-Cole equation fit diagram of

dielectric constant of composite dielectric with different fillers.

Ay = w' + W cos(ny1/2),

Ay = wy® + w cos(ny2/2),

By = wM sin(ny;/2), Ba = w??sin(ny2/2),

C1 = Agyw]t, Cy = Acywsy?, (5)
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#£1 MWW Cole-Cole LGS £

Table 1.  Table of parameters for fitting the two-term Cole-Cole equation.

AW L/ C w1 /Hz M wo /Hz 72 €oo &s

150 0.32 0.79 8000 0.60 3.50 22.0

Epoxy 140 0.3 0.91 600 0.60 3.75 10.0

130 0.34 0.99 50 0.45 3.6 7.0

150 0.5 0.9 8000 0.60 4.60 22.0

BNNTs 140 0.5 0.95 5000 0.60 4.60 16.5

130 0.38 0.97 1500 0.50 4.45 10.0

150 0.25 0.9 8000 0.60 4.90 28.0

BNNTs@mSiO,-KH560 140 0.13 0.85 1000 0.45 4.50 24.0
130 0.05 0.65 260 0.45 4.30 15.0

(a) (b) ()
81 Epoxy

7 7
g 6 w® 6
® 5 = 5
=3 =3
s 2 K2
1 | 1
0 0
0 130 2
10 90 10

B 3 1050 \OO B 102103
o, 100 30 g Rz

104105 —30 \‘%&%‘

5‘\ BNNTs@mSiO,-KH560

4 8
B =
E E
8 sy
= i
s B
& =

B 6 N[ROSR A L A 5T A S5 4R TR R0 4]

Fig. 6. Temperature spectrum of dielectric loss factor of composite dielectric with different fillers.

] 7(a) 2SI T 526 FLA J0T 08 AT JR AR
oA, HobR e 25 S SOk S 5 n 2 2 f
. MHE T AL ARG, X BNNTs SRk B~ Y
BA A B EAL. X EZ R BNNTs
IR S R =2 100 118 555 A AR FH T 7 A 1 A TR S
fESRHEGERT, 5 33, st
PR LA SRR, T & e Ry AN A FL A o
M ZEER. AN, TEARIE SR EE T, BNNTs Z [i]
[i] i B 5 A, X LA 1l B At L S s 114 5 R4
B 2980 KIHE Tanaka LRI Z5H0 A 2B, BT
BNNTSs 53 AW g =z 0] S E 32, MELUE %
RAFHEES 25 R 2, BUEE 2 XA E X T
18 B R AE BORGHEAUR A, PR 2R
BK A BRI EUZ g 8. iz X b
FEVTF 200G, KM 738 A iR AR, S i )
THFWERE, A BTSN TRE.
RS R T, KEA BNNTs 7146, A 355
T E A WA TN & RIS, LRI
e T2 R E I i 2E 0. A T BNNTS,
BNNTs@mSiO,-KH560 FIMAAGRIETH T E A/

B d ZE 0, s #] 95.4 kV/mm, T T
R ERR, BB RSBORFFTER/ N RIE L X
FEIF I F BNNTs@mSiO,-KH560 5 &M g
LA B) B iR Y ST 455 VE T, SOk BNNTs 5 3
SR R 2 55 1 S, A RO T TR R G A
RN ERIERS. [RII, 245) 53 BOre PR U g LA
i) BNNTs@mSiOo-KH560 A 2 i 1 A A% 1)
A, BHAT T SRR I R . A OCHL IR B
El 7(b), (c) iz,
#2  EARA R AR SR

Table 2. Standard breakdown field strength and

shape parameters of composite dielectric.

TN ﬁfﬁi?f/ AR BHL
Epoxy 26.02 4.31
BNNTs-0.5 20.92 4.30
BNNTSs-3 36.04 22.89
BNNTs@mSiO,-KH560-0.5 29.69 6.25
BNNTs@mSiO,-KH560-1 42.90 7.35
BNNTs@mSiO,-KH560-2 69.50 6.73
BNNTs@mSiO,-KH560-3 95.42 6.67

027703-7


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

) 12 % 3R Acta Phys. Sin. Vol. 73, No. 2 (2024) 027703

99.9
B -
99 [ ] Bllzf(;(%s-()ﬁ (b BNN };’ﬂ:T;F 7r fﬁ;}“
90 A BNNTs-3 Ts \
V¥ BNNTs@mSiO-KH560-0.5
63.2 > BNNTs@Q@mSiO--KH560-1 i
IS 50 F® BNNTs@QmSiO,-KH560-2 I%l:l
@ < BNNTs@mSiO,-KH560-3
= (c) BNNTs@
ﬂg o > mSiO,-KH560 X
sl . =4 [[—]
’ | :I. — ‘ EP
L@ ‘ ‘ — — [—]
1 10 100 HEZR WAE WE2
FEEg/ (kV-mm—1)
80 0.60
(d) (e) — Epoxy
— Epoxy —— BNNTs
— BNNTs —— BNNTs@mSiO»-KH560
60 —— BNNTs@mSiO,-KH560 0.45
< <
(= (67 (=
O 40r \ O 0.30F
n wn
& &
20 + J 0.15
IB ‘
N Y A . . AN
50 60 70 80 90 100 110 120 130 140 150 50 60 70 80 90 100 110
W /°C R /°C
[’il 7 A A BT SRR AR BRI B R I £ (a) ANRIIURHS R R A H A T o 2R iitEMri/JJfE%%ﬁﬂﬁlﬂ; (b) &

I R o S R R (o) S G A O R ST A A LS R SRR R (d) AR BURH S A
Eﬁmﬁﬂé}z (e) ANFISURHZ & FLAY 5T B W 2 A A PRI i Fl 3 T 2%

Fig. 7. Electrical breakdown performance and depolarization heat stimulation current curves of composite dielectrics: (a) Weibull

Sl T 2 A B

probability distribution diagram for electrical breakdown test of composite dielectric with different filler contents; (b) schematic dia-
gram of composite dielectric electrical breakdown channel; (c) schematic diagram of composite dielectric possessing excellent inter-
face combination hinders the intention of discharge emitting; (d) depolarization heat stimulation current curves with full temperat-
ure spectrum of composite dielectrics with different fillers; (e) 8 peak depolarization heat stimulation current curves of composite

dielectrics with different fillers.

Jg T i — R ] BNNTs@mSiOy-KH560 ()
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Table 3. Trap depth and density of composite dielectric.
o FEpE B BBk
HAERA Q/rC
E/eV Qa /pC E/eV Qs /pC
Epoxy 0.14 134 — — 134
BNNTs 0.07 94 — — 94
BNNTs@mSiO,-KH560 0.20 652 0.82 0.32 652.32

mSiO,-KH560 F5IA, G THHEL T 8 K
B, HEBHEE 48 0.8 eV, 12 o FBHEE I 4145,
EHA AT 1 pC, AR T o Bk,

5 L 1 T 1 BB et FL ) 144 A T A A
AR R S S B T 4 P A oo 2 ) R L P B
5 AT A A50H) 55 H - FE SR FL A T Bir B Y
AE e, T T4 0 XT R A A RS IR B g 2 3 W]
mSiO, JZ T AP RS T2 G A o FEBHA
I S%E, XEWE BT R AR R
MIREI IR, R, o BB R R 2 AT T o
A A R Y N TR EE S, i
AR A A TN TR, 546, T BB
W AR, SRR DRI, UERHRATIZ 1R
JERJEAK, BEBABNR G aEE>. Dk
B3 M W, B % BNNTs@mSiOo-KH560 Ff) 5]
A, FLEAE R ERNE S R a2 X S R LR, 5IA
TIRFAPHF R R RE R T, W55 i T i rEA
FRE I, M IR H X A% IR, & H A
PR AR AR BT, X 58 G oA TR o 2R
SEAARACUE.

SR FH = 250 i T 2 30 A A A B P
HATERAE, PR aA A AR & B A B vt
o7 A A G ASE £ 360
g
pt (9)
K, Y g IR, o HRRIN 1, 0 RN AR,

&l 8(a), (b) A& A M BT — s 25 g
FIH R -7 A8 i 2R 434k B G fL A BT A B
R 4 PR, FTLVE th, AT A AR, s
BNNTs 5 BNNTs@mSiO,-KH560 A9 51 A, Fr il
FHEABEAN TP 2 KA, £
BNNTs {0 —4Esfsm ik n] DL 52 52 A A i
AEIVE. b, TR AE6 B o A A TR i A2 A
W4, R AR AN K. SR1T, 5 BNNTs@
mSiO,-KH560 & A HL A o i I R B AL T
HFE BNNTs i A #4024 BNNTs@mSiO,-

Y =

KH560 78 & 85 5] 3% if, & A B W 24 4k
BN A I 743 ik B 4.33%, 133.65 MPa, #H
af BR AR IS 34 KB . X JE T BNNTs@mSiOo-
KH560 2 [ IG5+ 5 H AW iR 4 0] i 5
AR, ARAmE T R sk A, SR TR
I 7 A e 7,

&l 8(c) FIEl 8(d) R T A A B TR
B HIR AR W LU I, AR T ai MR, B
# BNNTs 5 BNNTs@mSiO,-KH560 5] A, fr
MEGHN TN FRAAER E B, HIRR
BNNTs@mSiO,-KH560 & A H A B SR EY
B KRB P T SE BNNTs (9 S A B a5
TSRS T, A AR R 45 A R R S
PBHE P RE 52—, T BNNTs £ d b B bE
A1, Bl S & T, H S R U I SR A i 5
45 A2 B 1k, B L Rk ia , ki
FEE A AT A A R, AR
BNNTs %4 G HLA BT SR A0 PRI STk B9
AH e F BNNTs, BNNTs@mSiO,-KH560 ) 5] A
525 A B R R = 143 0.34 W/ (m-K),
BRI 61.8%. X EEIHY) T BNNTs@mSiO,-
KH560 5 7 AR BEHEAR R TR HACER R84,
SR, R B R AF /38t BNNTs 78
A AT NFIE AR 2 SR B, 1 sk
LS HE T 5] SR 39401,

F4 EHRA TR
Table 4. Toughness of composite dielectric.

HaHEAR B/ (MJ-m®)
Epoxy 1.01
BNNTs-0.5 1.02
BNNTs-1 1.04
BNNTSs-2 1.37
BNNTs-3 1.83
BNNTs@mSiOy,-KH560-0.5 1.78
BNNTs@mSiO,-KH560-1 2.21
BNNTs@mSiO,-KH560-2 2.61
BNNTs@mSiOy-KH560-3 3.01

027703-9


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 % 3R Acta Phys. Sin. Vol. 73, No. 2 (2024) 027703

(a)
200  — Epoxy
—— BNNTs-0.5 —— BNNTs@mSiO,-KH560-0.5
—— BNNTs-1 —— BNNTs@mSiO,-KH560-1
160 F —— BNNTs-2 —— BNNTs@mSiO,-KH560-2
P BNNTs-3 —— BNNTs@mSiO,-KH560-3
[a )
2 120}
~
5
= 80t
40 +
0 . . . .
0 1 2 3 4
REAE /%%
0.35
(c) I BNNTs
Il BNNTs@mSiO,-KH560
T
M 0.30 b
B
g
~
E]
W 0.25
#
i
0.20
0 0.5 1 2 3
Hire/%

B8 AEBURE &R T EITES T H o bE
5 (c), (d) AFTURE & A RS RO RR

5000
(b) I BNNTs
Il BNNTs@mSiO,-KH560
4000
o]
[al)
S 3000
~
gﬂﬂﬂ
"\% 2000
Y
1000
0
0 0.5 1 2 3
HFER /%
(d) --@-BNNTs
75 .9 BNNTs@mSiOs-KH560
.'.0
60 e
o) @ rreiii _._.g:'.' ......... )
o 9
2 30} o
15 F
otao
1 1 1 1 1
0 0.5 1 2 3
W/ %

(a) AR SORHS & B TG 1 7 - A8 25 (b) AN TR U 5 v A T A PR

Fig. 8. Toughness and thermal conductivity of composite dielectric with different fillers: (a) Stress-strain curve of composite dielec-

tric with different fillers; (b) Young’s modulus of composite dielectric with different fillers; (c), (d) thermal conductivity and its cor-

responding growth rate of composite dielectric with different fillers.
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SPECIAL TOPIC—Electrical/thermal properties of nanodielectrics

Surface structure design of boron nitride nanotubes and
mechanism of their regulation on properties of epoxy
composite dielectric’

Ren Jun-Wen  Jiang Guo-Qing  Chen Zhi-Jie @ Wei Hua-Chao
Zhao Li-Hua  Jia Shen-Lif

(College of Electrical Engineering, Sichuan University, Chengdu 610065, China)

( Received 2 May 2023; revised manuscript received 18 July 2023 )

Abstract

Adding nanofillers into epoxy resin matrices is a common method to achieve their multi-function. Boron
nitride nanotubes (BNNTSs) with one-dimensional nanostructures have attracted much attention because of their
ultra-high thermal conductivity, wide energy level band gap, high aspect ratio and mechanical strength. Yet,
the strong n-m non-covalent bonding and lip-lip interactions make BNNTs prone to agglomeration in the epoxy
resin matrix. Moreover, the different physicochemical properties of BNNTs and epoxy resins as well as the
chemical inertness of BNNTs surface lead to the lack of effective interfacial interaction between BNNTs and
epoxy resin matrix. Therefore, the performance of the epoxy composite dielectric is not enhanced by simple
blending solely, but will even have the opposite effect. To address the problems of BNNTSs, in this study, the
surface structure of BNNTSs is constructed from the perspective of interface modulation by using sol-gel method
to coat mesoporous silica (mSiO,) on BNNTSs’ surface and further introducing silane coupling agent (KH560).
The results indicate that the surface structure of BNNTs can optimize the level of interfacial interaction
between BNNTs and epoxy resin matrix, which leads to stronger interfacial connection and elimination of
internal pore phenomenon. The dielectric constant and loss of the composite dielectric prepared in this way are
further reduced, reaching 4.1 and 0.005 respectively at power frequency, which is significantly lower than that of
pure epoxy resin. At the same time, the mechanical toughness (3.01 MJ/m?®) and thermal conductivity
(0.34 W/(m'K)) are greatly improved compared with the counterparts of pure epoxy resin. In addition, the
unique nano-mesoporous structure of mSiO, endows the composite dielectric with a large number of deep traps,
which effectively hinders the migration of electrons, thereby improving the electrical strength of the composite
dielectric, and the breakdown field strength reaches 95.42 kV/mm. Furthermore, the interfacial mechanism of
BNNTSs’ surface structure on dielectric relaxation and trap distribution of composite dielectrics is systematically
studied by Tanaka multinuclear model. The above results indicate that the good interfacial interaction between
BNNTs and epoxy resin matrix is crucial in establishing the micro-interface structure and improving the
macroscopic properties of composite dielectrics. This study presents a novel idea for the multifunctionalities of
epoxy resin, and also provides some experimental data support for revealing the correlation among surface

properties of nano-fillers, microstructure and macroscopic properties of composite dielectric.
Keywords: epoxy resin, boron nitride nanotubes, dielectric properties, interfacial modulation
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