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SiO,/PTFE & & 47 b4 R F 1 BE 14 H i %L

Y52 e PR 2R AT BB, A S0 Si0, 3K (solid
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i, Si0, MIFHFERE (4D 7008 10%, 15%,
20%, 25% #1 30%. SSS Fll HSS H 75 & 4 30% HY
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[P, SiO, BRA Gt —Aykife, SiO,/PTFE &
Ipiv vy SRR S i
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Fig. 1. Geometric structure of the SiO,/PTFE dielectric
composite: (a) SSS; (b) HSS.
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SEAHRT A HL AL, ey SR H AU B
2.3 #RSH
PTFE WMV EAR/D, 1 CTE 2MRK. B T
PAFEA R/ CTE FA G/ HE B E A5 R
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Table 1.  Physical parameters of materials.

p s PTFE Si0, %5
HE p/(g-em®) 210 220
PEK L/(Wm LK 1) 024  1.40
AR /(103 J kg LK 1) 1.05  0.73
AR LE v 040 022 0
WA R E/GPa 028 700
CTE/(100 K1) 109 050
PR 205 350 1.00

2.4 BREH

SiO,/PTFE &G4 Bibh ki Hui 5 b F A5
WE 2 FR, ANTRE RN A T,y = 293.15 +5¢ B,
e 1 RET ISR EREL (K 2(a) FoRH

0.67Ra'/*
9 74/9
{1 +[0.492k/ (uc)] }

0.68 +

7

Ra < 10°,

0.387Ral/6
{1 +[0.492k / (ic)]

0.825 +

)

e

}8/27

Ra > 10°,
(10)

Hrp, L& SiO,/PTFE AN M ALK E, Ra
JES AL

(@) i i (b) i i

&l 2 SiO,/PTFE & & 4t BUbHBL Y HGE it 11 5 A 1R B IR
(a) T H K ; (b) b FRMHE

Fig. 2. Schematic diagram of heat flux boundary conditions
for SiO,/PTFE dielectric composite: (a) Vertical surface;
(b) upper and lower surfaces.
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54 1/4
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27Ra'/*k
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(11)
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I, #E Si0,/PTFE & & Bk R T %

TN 10 MPa PZRAT, 4 [ e 29 1% Sio,/

PTFE &5/ B BH T 21, W&l 3 Fis. Si0,y/

PTFE & & v B BH T A7 Fo A 2% i #0 8 A Sk 2
H AR, eiem TR A HASE.

ﬁrﬁf/MPa
Max: 10

Min: 10

K 3 SiOy/PTFE & & 4 BUb 4 1 5 477 [ 1 ¢
Flhom R

Fig. 3. Schematic diagram of boundary loading and fixed
boundary condition for SiO,/PTFE dielectric composite.

I FL B BB SR i T A DG I i PR 0 B AR A
1E SiOy/PTFE & & v BiAt By bR Mg 1 v
HL, JF7E T R Eds N il R 4. Si0,/PTFE
AN TR 390502 LS Ak MO T A T £ 40
B, WnE 4 R,

B 4 SiO,/PTFE & &4 Bk Ak 7 A = 45 k4 £k DU T 4 1 A
Fig. 4. Schematic diagram of applied unstructured tetrahed-
ral mesh for SiOy/PTFE dielectric composite.
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MR R RS

PTFE FI SiO, i1 #4J8% fik v # 43 A an &) 5 f
R, B TS SiO,/PTFE &AMl bR R i
YERS 2T, T RE R RPN 2. i
D5 (12) 851 PTFE 1 SiO, B CTE 43514
1.2446x104 , 5.4x10 7 K 1. SSS HFEH (RFME)
3R 10%, 15%, 20%, 25% 1 30% HY SSS/PTFE
52 A R IR ik LA 4 A il 6 s, H
T SiO, X PTFE MKk BAT SR A BHASVE ], B
SiO,/PTFE & & 4 it A FHE R v [E] E8 43 Si0, /Y
BRI EAR, S 5T Si0, BIARFR 8/
(L, SiOy/PTFE & &4 kARt 1 3% 1 i) i 4
R AT B% /0N, 1 i A R IR KAV B K. SSS/
PTFE & & Bk B CTE A o8 FUbE SSS
W AR an & 7 s, 24 SSS A E it 10%
HEINZE 30% W}, SSS/PTFE &E-& Bkt kH) CTE
H 1.0738x10* K ' FREZE 7.5x10° K, HA i
FRR 2.19 BINZE 2.48. ;1T SiO, B CTE dEH# /D,
It HER R IR A2 SRR, Rt RS SRAT &5
Bl 18, PTFE SRR #UI2 K B T Si0, BEALs
A B B AS EAE T 32 BB AT, T LA Si0, 13
Fo i B, PTFE 1y #4022 21 i BH A% 0]
SiO,/PTFE &5/ ikt kHr) CTE BB/,

M & 7(a) FTLAE H, 24 SSS B &E /N T 20%
i, SiO,/PTFE & Bttt CTE AL
oI P M2 RAEE W&, 2 SSS A T
20% B, SiO,/PTFE & & /v i A Kt CTE (15
FIR I RIRER KR, mARWER 1.8%. X2
H T Si0,/PTFE &5 Bibf B JLsE 8 R
BEL, 7E PN X3 Si0, 1 A FR 43 B & T3 A
SiO, BRI, Si0, Z AN HHE B A, AHHAE
AR, PR ALY 285 SR L SOk [31) rh i 4k
Pamg . B 7(b) R B A B E B Sk [31)
HRAE O EE EEAS A R], e K22 R 0.6%, TiE B 411
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K5  ZHi#sriamEE  (a) PTFE; (b) SiO,
Fig. 5. Schematic diagram of Z-axis displacement distribution: (a) PTFE; (b) SiO,.
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Pl 6 ANIn] SSS BT ) SSS/PTFE & A&/ ARG AR 404 (a) 10%; (b) 15%; (c) 20%; (d) 25%:; (e) 30%
Fig. 6. Surface displacement distribution map of SSS/PTFE dielectric composite with different filling amounts of SSS: (a) 10%;

(b) 15%; (c) 20%; (d) 25%; (e) 30%.
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(a) —a— Experiment
105 —e— Calculation
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2.6

(b) —a— Experiment
—e— Calculation
2 25 .
3
B
g
S 24t
O
£
3
< 231
=}
221 o
10 15 20 25 30
Ceramic/%

B 7 SSS/PTFE & &4 b kL) CTE F4 Ay % Bbt SSS M B L2k (a) CTE; (b) 4 B A AKX
Fig. 7. CTE and dielectric constant variations of SSS/PTFE composites with SSS filler contents: (a) CTE; (b) dielectric constant.

RO AT DL AERA Hb T SSS/PTFE &4/ AR
CTE Fi4r L H AL

S ARAHAR A L B, e s AR HIAE SSS AT
7% HSS, #gt HSS Hsiit (B0 76 10%—30%
W HSS/PTFE & &/ BubA Rl Ay, Jf 58 H
CTE 1/ HL %0 HSS/PTFE &5 BAT R AL
B 8 ik, HSS/PTE E-&MFA kY CTE
A B RO AR e th & an 181 9 R, >4 HSS 7
B 10% HNZ 30% i, HSS/PTFE &4/ Fiktkl
) CTE F 1.1047x10 4 K ! FF{IKE 8.488x 105 K 1,
M HL 3%l 2.06 3§02 2.17. HSS/PTFE & &

A BRI B CTE R 3 805 SCiik [31)
fIZE R IEAR —F. CTE M K2 M 1.3%, JrH
TR IRARZE N 0.42%, HE—HIE SEASH R 150
HSS/PTFE & & A ik BHY CTE 4 HL 50
HERATE.

A E] HSS/PTFE & A Fikt ki
SR . SRR X HSS AT E (R4
YRR 10%, 15%, 20%, 25% F130% i) HSS/PTFE

G, Hoas SRS 5 (R0 251
A 512%, 7.77%, 10.31%, 10.67% F1 12.83%. Bl
& HSS B i3 hn, HSS/PTFE & &4 btk
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AL/pm

0.14
0.12
0.10
0.08
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—0.02
—0.04

8  AN[A HSS HH 4t (1) HSS/PTFE E & M T BHW 431 (a) 10%; (b) 15%; (c) 20%; (d) 25%; (e) 30%
Fig. 8. Surface displacement distribution map of HSS/PTFE dielectric composite with different HSS filling amounts: (a) 10%;

(b) 15%; (c) 20%; (d) 25%; (e) 30%.
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1mof = alculation
’,T“ 105 |
X
© 100
o
—
< o5t
m
I
O 9f S
85 F
®
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Ceramic/%

2.20

(b) —s— HSS/PTFE experiment
2.18 F —e— HSS/PTFE calculation

2.16

2.14

Dielectric constant
N}
—
o

2.10
L —
2.08 '/:/
2.06
10 15 20 25 30
Ceramic/%

9 HSS/PTFE & A4 btk iy #U Ak 52 BOR B % b HSS S A8 (b iiZE  (a) CTE; (b) A HLH 4L
Fig. 9. CTE and dielectric constant variations of HSS/PTFE dielectric composites with HSS filler contents: (a) CTE; (b) dielectric

constant.

iy RN, 9 FTLUE Y, HSS/PTFE
BANFEM B CTE 4 i # 5kt %5 HSS 7
R AR LR 1k, X & T HSS/PTFE
BAENFEM B AR R. Hd, HSSHEHE &
20% 1 25% B HSS/PTFE & &4 AR A i
B 2.08 ¥4I 2.15, X & H T7E HSS/PTFE
BEN TR Si0, HUBHY LSRR 20% 340
Z 25% W, =S5 HA RIS, B 10.31% 34
B2 10.67%.

b # SSS/PTFE Fil HSS/PTFE & & 4 Jfi bt
L, A BAEIR Si0, AT SSS/PTFE & 541 it
MEHY CTE /b, XAl figZ&H T SSS/PTFE Z &
A BRI TS % BE TS 41, HSS/PTFE & 44
BB A R EECN, FTRER R TEIATER,
28 S B BN 1. BT SSS gt 5 525
gh LAY DR AR R R R, L SSS 7E SEFrn FH H o
H, RIS T ABFE TAERRR A SSS.

3.2  Si0, BRLHHMm
SiO,/PTFE & &4 BTk # 1 e 32 5 1 P

[t A AN [ R L B SEURH IR 114 52 i
RA B2, @A Si0, HFE i (KB M 5% [
SiO,/PTFE & &4 Bibt BHEBIEETT Si0, HURHE %
Z5FXT I CTE Hysgm AL, Sio, Wi a2,
FFEERAR | R HERATH R, Si0, £F 4R R i
e SO AR S 2 I B S T 2 L,
MM Si0, BRI K AR N 1. Si0, £F 4 i1 K 4% 1 43 9
5,10, 20, HERR 1 pm, KESHIEH 5, 10,
20 um. SiO, MR KA 5, 10, 20, HK
MTERE R 1 pm, & B4 31K 5, 10, 20 pm. £F
4efk Si0,/PTFE &G BA R IR Si0,/PTFE
A BRI RS 53 A1 43 5 an1E 10F118] 11 FR,
H CTE WL 12, b F 27 4eR Fi B4R Sio, 78
YA Z 5K R, 7 X iR ERT Y
T Z R B DRI 25 4R AN F R Si0,/PTFE
ZA N B A CTE, Ml CTE, 230 4 1] 7] 1,
il CTE, 2 M A4 11 54k, 309E Sio, 78 X, Y, Z%h
FIK B MAE, I ERIE Si0,/PTFE & &4 ikt
kL CTE,, CTE, fl CTE, £ A4 ] A 4. SiO,
AR LK, Si0,/PTFE & A4 FUARHE LT 4EHE
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B 10 AFEKAR AL 4R Si0,/PTFE E-& M RMEH X, Y, Z8fi 06 (a)—(c) KB N 5; (d)—(f) KR 10;

(g)—(i) KRN 20

Fig. 10. X, Y, Z axes displacement distribution of SiO,/PTFE dielectric composite with different aspect ratios of SiO, fiber:
(a)—(c) Aspect ratio of 5; (d)—(f) aspect ratio of 10; (g)—(i) aspect ratio of 20.

K11 AREKAR R AR Sioy/PTFE -5 4 Bid kL X, ¥, ZE B A (a)—(c) KARLILHN 5; (d)—(f) KARLELN 10;

(g)— (i) KiELLH 20

Fig. 11. X, Y, Z axes displacement distribution of SiO,/PTFE dielectric composite with different aspect ratios of SiO, flake:
(a)—(c) Aspect ratio of 5; (d)—(f) aspect ratio of 10; (g)—(i) aspect ratio of 20.

G5 B RE AT . BT SiO,/PTFE & &4 Bkt
B GRR A R OR S10, BIHES T BT T X,
SiO, £ X il 75 1) A A 2B A PTFE B2 K
It SiO,/PTFE Z & it ¥ CTE, ki Si0, K42
LU IR . Si0, KAR X 5 A Bkt A 1]
CTE (Hl CTE,) fig\I7] CTE (E} CTE,) % m &
SEEMR M, CTE, il CTE, R R4 [FtE, A
It SiO,/PTFE & & A ikt CTE, Fl CTE, B
SiO, KAz LA i3 .

A 12 AT HEF4EtR Sio, MK ARt 5 1Y
JNZ 20 B}, SiO,/PTFE & &4t Bikt kY CTE, F
CTE, 1 1.2649%x10* K ' B4hN % 1.3756x10 4 K 1,
CTE, 1 8.595 x107° K F#fIKZ 5.664x 1075 K. X
T SiO, ik, KA 5 #9hnZ 20 B, SiO,/PTFE

HEN BRI CTE, #1 CTE, H 1.278x104 K
HHN A 1.3414x104 K1, CTE, Hi 8.396x10° K
FEAGE 6.423x10°5 KL KA N 5 0F, #E AR
SiO,/PTFE & &4 Bttt CTE, (H/NT2F4efk
SiO,/PTFE & &M ik k¥ CTE, {A. BiE K2
e B34 An, 3 AR Si0,/PTFE & & 4 ik kL)
CTE, Z#i K T4k SiO,/PTFE & & Hb R
) CTE,. #T SiO, s it (A 53%0) 4 5% il
%1 SiO,/PTFE #RHY CTE 4 1.1644x10 4 K 2,
AR HE A 20 2T 4ER A AR Si0,/PTFE &
BT RN CTE, (HED, 43510 5.664x 105 K
1 6.423x10° K, X & T SiO, £F 4t Fi i i )2
A1 SRR, T Si0y BRIEA & ) [F] PR AR B354,
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(a) (b)
140 F 140 |
" ®
— ./. — 7'/
To120f To120f
~ —4 CTE, X —4 CTE,
g —=— CTE, b —=— CTE,
2 100F —e— CTE, 2 100F —e—CTE.
g 2
O 80t \ O 80f \
A A\A
60 - \A 60 F
5 10 15 20 5 10 15 20

Aspect ratio

Aspect ratio

K12 A SiO, K42 I SiO,/PTFE Z &4 B #H1Y CTE  (a) £F 454K SiOy; (b) W IR SiO,
Fig. 12. CTE of SiO,/PTFE dielectric composite with different aspect ratios of SiO, filler: (a) SiO, fiber; (b) SiO, flake.

3.3  SiO, 9IS IERIR N

AT Si0, T E (RFIEL) h 15%
%) SiO,/PTFE & &/ BAF BHE BT Si0, 431
Bo et H CTE msg mi g, |, #57 PTFE
FLARBH K PTFE BORSEYRI0 8 4y, 4l 13
7. SiO, BRYE PTFE SR rh i3 A A $44), Hi
4 #7530 10%, 7351 4 R 20%. A 10% F120%
SSS 1 SiO,/PTFE & &4 it B CTE 43511t
B 1.0733x104 KL H19.047x10°5 K 1.

13 SiO,/PTFE & &40 B EHE S10, 4 1 B )
Fig. 13. SiO, distribution model of SiO,/PTFE dielectric
composite.

SiO,/PTFE & & Bi# £ CTE 51 T3k 2.
MR 2 FHL, 2 1—4 55010 20% H 5—8 5431
10% K}, SiO,/PTFE & & Bk kLY CTE /),
4 9.678 x10° K13 24 1—4 5434 10% H 58 5
I3 20% B, SiO,/PTFE & &4 Bt KL CTE
R, N 1.0134x104 K. 5% 1—4 5H—4
M 20% Fd Ry 10% BF, RKG 2 58040k 10%, H.
5—8 SRR E el 20%, Si0,/PTFE & &4 ikt
BLE) CTE EEABA 221, 43310 9.785x107° K,

9.805x10° K1, 9.781x10° K !, 9.780x10° K.

XL Si0,/PTFE & &4 bkl 2883 1y Bl
AN CTE. 54 1—4 S iy~ H 20%
Bl 10% B, WIAEAE RIS O —J& DU 4%l I
By 5 S 7 SRR 20%, 2 514 SEHRN 10%,
H CTE 4 9.871x10° K1, XAk FiY 6 5
8 S A 20% H. 5 5 A1 7 5B 10%, H
CTE 4 9.909x10° K. 24 1—4 S =1
20% R 10% B, [FAE—FIIEOL: B Ly
) 6—8 SEHIA 20%, H 2 SEHHl 10%, H CTE
7 1.0002x10°* K1 fH FIEHAY Si0, BR 78 Y S 4%
ER, BIBLIRER Si0, BRI % #11) Si0,/PTFE &
G AR EAEARR CTE.

# 2  SiOy/PTFE H A FA A CTE

Table 2. CTE of SiO,/PTFE dielectric composite.
NGl v CTE/(106 K1)
1,2, 3, 4534i10%; 5, 6, 7, 853 4i20% 101.34
1,2, 3, 4534520%; 5, 6, 7, 843 410% 96.78
1, 3, 4, 5534i20%; 2, 6, 7, 850 4i10% 97.85
1, 3, 4, 6534i20%; 2, 5, 7, 850 4i10% 98.05
1, 3, 4, T/3120%; 2, 5, 6, 843410% 97.81
1, 3, 4, 8534i20%:; 2, 5, 6, T34 10% 97.80
1,3, 5, T434i20%:; 2, 4, 6, 853 4i10% 98.71
1, 3, 6, 8531120%:; 2, 4, 5, T/3410% 99.09
1,6, 7, 831120%:; 2, 3, 4, 5434i10% 100.02

3.4 HMEIZHHIN

£ SiO,/PTFE & A v M kL I 2% fisitin 5,
10, 15, 20 MPa g fay, A58 T ZE X H CTE 1y
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Fig. 14. Displacement variations of SiO,/PTFE dielectric

composite with different time.

ME 14 ATLE H, FEAFZLT R, SiO,/PTFE
AN BRI AL RS R S B TR X
FWTERJE KL L, Si0,/PTFE & &4 Bk K
b RE A O RS AR R, R TR (12) THRS
i SiO,/PTFE & G4 B kL) CTE W AH[A]. i
FE H SR R T 258 222 Si0,/PTFE A
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Abstract

Coefficient of thermal expansion (CTE) and dielectric constant for the SiO,/polytetrafluoroethylene
(SiOy/PTFE) dielectric composite are mainly influenced by their filling content, and how to accurately predict
the effect is still a great challenge untill now. In this work, the CTE and dielectric constant of SiO,/PTFE
dielectric composite are systematically investigated by numerical simulation. The results show that with the
increase of SiO, content, CTE of SiO,/PTFE dielectric composite decreases, and the dielectric constant
increases, which are in good agreement with the data reported in the literature (Han K K, Zhou J, Li Q Z, Shen J,
Qi Y'Y, Yao X P, Chen W 2020 J. Mater. Sci. Mater. Electron. 31 9196). The 30% (volume fraction) solid SiO,
sphere (SSS)/PTFE dielectric composite is the smallest CTE of 7.5x10° K, while 10% (volume fraction)
hollow solid sphere (HSS)/PTFE possesses the smallest dielectric constant of 2.06. The CTE of SiO,/PTFE
dielectric composite may decrease when the SiO, distribution is dense at the bottom. The large aspect ratio of
SiO, filler may reduce CTE, of SiO,/PTFE dielectric composite. The molding parameters have little effect on
the thermal expansion coefficient of the solid SiO,/PTFE composite dielectric material. This work provides a
clear insight into the controlling of CTE and dielectric constant of SiO,/PTFE dielectric composite by adjusting

its microstructure.
Keywords: numerical simulation, coefficient of thermal expansion, dielectric constant
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