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Fig. 1 Model construction of disordered hollow and ordered network structure
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Fig. 4 Variation of dielectric permittivity of network structure composites as a function of frequency
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Fig. 5 Electric field distribution diagram of disordered network model
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(a) Composite materials
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Fig. 6 Electric field distribution of the core-shell structure
disordered network model

23 AFMEEHE SR BRI EUX
b 4f

Ta FHFE b Ay LI VY J7 25 46 X 4 e 53 4
KRR 2% LAY . DL BTO 1 PDMS $EURIFISE 4444
BE, DU A 91 T B30 A5 Y fR A X A L H B AR
BTO # &AL (10%, FEs40), Tt 10~100 000 Hz
BRIEE, $8 70 BTO VU757 48 & A AR R 53 W)
28 G5 R0 G MORRE R A H B AR () AR A O
I A5 T I 285 445 ) 11 A v 50 00 23 A A 45
FHXTEG, 25 5RaniE 7e iR,

FH AT s 3 X 4% 3 R A28 (0 R K ) FL 4
£ 10~100 000 Hz (B FEARE N # b TG 7 I 28 45 74
ARG R i T, Forh DU 5 M4 450 2 A A EHRE i
B S, EAEN 10Hz FIAE T 113,

N T W 2 G5 Rt S A R AR
s, A PRGN 1 T DY 7 W 4 AR AR Ah HL
UER TR E A B, WKl 8 Fis. M
B L B S e, e 3 ANAFE T A L

IARTEAN AT T xs y~ 2 B RS g, B
XL A DU R RE ZE e, S RIFEA B
e FL ) =N ANE DT [ AR 37 A R 1 8 I 2% S5 R 1)
HLI7 P 0 A 1

2.0

15 x10°um
‘ 1.0

=107 um

(b) Honeycomb structure

120 = 10% BTO honeycomb structure
= 10% BTO tetragonal structure
115 = 10% BTO disordered structure
—ﬁ
2 110f
=
]
g 105
]
=9
Q
- 100 L
g
2 L
A 95
90 +
85 . . .
10! 102 103 10* 10°

Frequency/Hz
(c) Dielectric permittivity comparison
K7 S SRR B SR A
Fig. 7 Variation of dielectric permittivity of network structure
composites as a function of frequency



o5 52 5 4 3 Wl S 2 RUERIMEBRR U I — 5

TR R SRR 2 X BRI .+ 1295 -

(a) Composite materials

(b) BTO filler

B8 Y75 W 4 AR v 37 53 A P
Fig. 8 Electric field distribution of the tetragonal network model

B
' 166
I 140
15 120
H Ill()(,)
30
%“ 60
|an _‘r\";
!= 20
| |

(c) Parallel to the y-axis

1'0()_5!5 10° um

(d) Parallel to the z-axis (e) Parallel to the x-axis (f) Parallel to the y-axis

B9 RNy Xy~ z 57 R4 FLI 1 T e 8 I 2 AR F 3 o3 Af 4]

Fig. 9 Graphs of electric field distribution in the honeycomb network model under the external electric field along X, y, and z axes

SR LI 7 AT DL SR AL R SCRT IR LA, H
i b2 HE BB, MERE SR 7>
A5 5 A0 3 ANEORHE BRI AN T5 I CR AN IR
Ty 58 X A A S AT AR SRR 25 41 3 05 1) S A
NI, B TR A S S A RN, R

RN 2, RITBEIIER . 2R A0 01,
B BRI — A > BURHE 28 37 5 5 22 0k B £y
K TSI 90°IS s AT e/ MEL. & 8 A1
B9 AT, w3z SR AE 54 I AT (R A SE T 0°)
(R ZeAL, T RGOESE I R R X I IR L)



. 1296 - CREFR Eh22 4D

J Chin Ceram Soc, 2024, 52(4): 1288-1300

2024 4

Py i X AR R v (R A i s A Y AR 5 T i %
B, MAA RS . IR0, XA ML,
8 R LS RF RE U5 1) b ) BERAG AR B 0 7 1 i oy 2 1k
AEo HIE Of ml L, TORME ZOPAT T AN IZ I w375
DX gl 55 41 i 37 e A BOR IR SEURE B 70 T RELRR - 3804
R IESE SRR,  Ho i o DX AR H 2 S1 3o A £
Sk, Big b, AERRKE S A R T 5 1
JUR SN, XRA M TREE SR S5 H
Jeo MJCR PSSR EREN T —F 2, BE
ATy MBLES: ) i 5 X4, (B al e I 5 &k A
W g Rl PR R DUASRN, A7 7 2% 45 ) 1 ol
FIERE RIS 1S I SR ESERR A R, ik
FEE IR T R T R SRR A 5 R
R R EE M.

BT RART R h W s 2 abieh, 1R
TP MR R, JF LAY 5 2% 45 A A 55
LA, A BROTHRAEE I T8 M 2% 45
0 G FPRH Y BB B A F SR 2 . 45 320
TEER: ARSI e —E R RiRmE A
FORHI A B A, b, DUTT 2% 5 R 4R THBE
Ws BEAh, ARSI PR 2 2B
A T, DRI 3 A 3 ) I 4 SECRLER ) T Bk

— T E AR 7 1 R
2.4 SLIGIGIE

& 10 93K B 42 BTO/PDMS & &4 R T (1)
PR R A . o, B 10a NE AR BOR
532 50 f5 SEM B, &l 10b K 250
FEI A 10a HRAR 10 R &6 X 45 SEM [ o K] 10a
I, FEHRN BTO P28 22 i S R B i i b i
LT FLIE, X ATREEH LR JUANEE S 1) Hil&
BTO M % & 228 A 1 Bt , il FeCls ¥R 2=
BRI AR G 2 B R 25 B, IR J 25 1 3R
B, fEfH PDMS R, 0T R & i
171, Ktk PDMS 1] BETCIE 78 40 1R 35t B SE K1)
M RALER: 2) BT PDMS #ik5
BTO ‘& LRI NI Z FEAR K, 78 U)#| &1 i) nl g
T3 BTO R} IR P, AT E 2 T B i
o Wb, 63715 PDMS I, FIREFE PDMS FE4K
5 BTO Z[EF=4SH0, A fhas i — B,
WA T H & . 8T % BTO/PDMS & &4k}
SR G IERHA 45 G150, 4 & 10a HhJ7HE X S
—IBIK. Lho M 10b AT LA BT Hb 7 2 4776 PR 4R
FLBR, AEFLER P 1B SR o) 18 75 45 & Foph F Bt —
T

(a) Low magnification SEM

(b) High magnification SEM

K10 BTO/PDMS & &M R I A

Fig. 10  Scanning electron microscope images of BTO/PDMS composite materials
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Table 1 Surface element content table

Element Mass fraction/% Mole fraction/% Net strength
C 18.17 29.75 356.45
(¢} 24.94 30.66 1746.13
Si 56.45 39.52 11518.98
Ba 0.41 0.06 9.28
Ti 0.03 0.01 1.98
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Fig. 12 Surface element content analysis and the variation of dielectric permittivity of three-dimensional network structure
composites with different BTO contents as a function of frequency
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Preparation of Flexible Barium Titanate/Polydimethylsiloxane Composites with Hierarchical
Microstructure and Optimization of Dielectric Performance
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Abstract

Introduction Flexible and stretchable electronics have attracted much attention due to their potential applications in wearable
devices, robotics, and healthcare. Among various materials, barium titanate (BTO) is a promising candidate for flexible and
stretchable electronics because of its high dielectric constant, piezoelectric property, and superior thermal stability. However, the
brittle nature of BTO restricts its application in flexible and stretchable devices. Polymer composites such as polydimethylsiloxane
(PDMS) can be used, providing a flexibility and a stretchability for BTO-based devices. In this paper, flexible BTO/PDMS
composites with a hierarchical microstructure were prepared and their dielectric performance was optimized. The hierarchical
microstructure could enhance the mechanical properties, electrical conductivity, and dielectric performance of the composites. This
study could provide valuable insights into the design and fabrication of flexible and stretchable electronic devices based on
BTO/PDMS composites.

Methods A piece of foam nickel was prepared, cleaned with acetone under ultrasound for 10 min and then washed with deionized
water for several times to remove impurities on the surface. An isopropanol was used as a solvent, an appropriate amount of phenolic
resin was used as a stabilizer, and an appropriate amount of aluminum nitrate nonahydrate was added to make the BTO positively
charged. Little precipitation occurred after mechanical stirring and ultrasonic treatment. A uniform and stable barium titanate
suspension was formed. A layer of BTO coating was deposited on the pore walls of the pretreated foam nickel by an electrophoretic
deposition (EPD) process. Two copper plates were used as the poles of the electrophoretic deposition. A nickel metal foam template
was fixed on a negative pole, immersing it into the EPD tank with the stable BTO suspension To prepare the samples with different
BaTiO; contents, the diameter of the BTO framework pore was controlled via adjusting the electrophoresis time. The sample was
sintered in an argon atmosphere at 1200 C for 2 h, and then immersed in a 1 mol/L FeCls solution to completely remove the foam
nickel. Finally, the sample was sintered in air at 700 ‘C for 2 h to remove carbon, forming a BTO framework. To determine the mass
fraction of BTO, a barium titanate framework was weighed before and after penetration by epoxy resin. The PDMS (with curing agent)
was filled into the porous structure and cured at room temperature for 24 h to obtain the BTO/PDMS dielectric composite material.

Results and discussion The results indicate that when the BTO content reaches 10.16% (in mass), the relative permittivity of the
composite increases up to 85 at 1 000 Hz (compared to only 2.75 for pristine PDMS). Also, the dielectric permittivity increases as the
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mass fraction of BTO increases from 5% to 20% (in mass). For the BTO with an ordered morphology, the dielectric permittivity value
increases, improving the dielectric strength performance in specific directions. Adding PVDF slightly increases the dielectric
permittivity, while reducing the difference between the dielectric properties of filler and substrate, thereby enhancing the dielectric
strength performance via combining PVDF with PDMS to form a core-shell structure and optimizing the dielectric properties by a
finite element method. The hierarchical microstructure of the composites plays an important role in enhancing the dielectric properties.
The uniform distribution of BTO particles and the interconnected porous structure of PDMS matrix provide a continuous path for the
movement of charge carriers, which contributes to a high dielectric constant and a low dielectric loss of the composites. In addition,
the flexible nature of PDMS matrix also makes the BTO/PDMS composites suitable for various applications, such as flexible
electronic devices, sensors, and actuators.

Conclusions The BTO/PDMS flexible dielectric composites with a hierarchical microstructure were prepared by a template method
and an electrophoresis deposition method with BTO as a filling material and PDMS as a matrix. The influences of filler morphology
and content on the dielectric constant and dielectric strength of the composites were investigated via finite element simulation analysis.
Two kinds of ordered network structures of the composites, i.e., tetrahedral network structure and honeycomb network structure, were
designed. This provides a theoretical guidance for the preparation of high-quality dielectric composite materials with superior energy
storage density. The main conclusions were as follows: (1) Compared to the particle-filled composites, the BTO/PDMS composites
with a hierarchical microstructure have an improved dielectric constant at a low filler content. For instance, the relative dielectric
constant of the sample with 10.16% BTO could reach 85 at 1 kHz, which was 31 times higher than that of pure PDMS; (2) The
morphology of filler had an impact on the dielectric performance of composites. In the case of a low filler content, the composites
with a hierarchical microstructure had a higher dielectric constant rather than those with a solid network structure; (3) PVDF was used
to form a nuclear shell structure (PVDF@BTO/PDMS) to improve the relative dielectric constant of the composites to a limited extent
and the breakdown performance of composites; (4) The orderly network structures were designed. The ordered network structures
with a tetrahedral network structure and a honeycomb network structure could improve the dielectric constant of composites to a
certain extent and had the anisotropic characteristics.

Keywords composite materials; hierarchical structure; dielectric properties; finite element analysis; flexible electronics



