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R @3 5G IR, &30 FAL R RAC & B0 F 3L EOR A H R Ak e R4 R, R R R 8 R R R AT
FHR B F M G FHRERTERER BT E2EH0E K. A% R KRG B (GNP) e R Bl 42 6 3R
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A, %8 AMAAREZE A 0.8 mm, GNP R & 544 8%, ALO, i T 244 50% i, oMM @R #FETik
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Preparation and properties of modified spherical alumina/wrinkled graphene thermal conductive silicone rubber
GE Zhou', SHI Yufeng®, GE Rungi',LYU Xiaojing®, ZHANG Cheng’, GE Ying'
(1. Changzhou Hystar Technology Inc., Ltd,Changzhou 213125, China;
2. College of Chemical Engineering, Zhejiang University of Technology , Hangzhou 310014, China)

Abstract : Facing the 5G era, the thermal management of high-power and integrated equipment components has emerged as a
key factor impacting performance. The rapid development of thermal management technology requires higher performances of
thermal conductive interface materials including flexibility, insulativity, thermal conductivity and reliability. Taking spherical
alumina (AL,O,) with varying particle sizes and two-dimensional graphene nanoplates (GNP) as thermal conductive fillers, they were
modified to enhance their dispersion in silicone rubber matrices, strengthen interfacial bonding, and reduce interfacial thermal resis-
tance. Then the modified spherical Al,O,/wrinkled GNP thermal conductive silicone rubber composite was prepared by a hot press-
ing in-situ curing process to form an anisotropic GNP into a wrinkled structure using spherical AL,O,. The effect of content of
thermal conductive fillers, as well as the thickness of the composite sample on the comprehensive performances of the composite
were systematically investigated. The results indicate that the composite with 8 wt% GNP content and 50 wt% Al O, content reaches
an in-plane thermal conductivity of 12.058 W/(m*K) and an out-of-plane thermal conductivity of 5.097 W/(m*K) when the compos-
ite sample thickness is 0.8 mm. The thermal conductive silicone rubber composites have good flexibility, after adding GNP and
Al,0,, the elongation at break are more than 120%, and the maximum is 171.68%. Moreover, the breakdown voltage of the compos-
ite with 8 wt% GNP content and 50 wt% AL O, content reaches 3.5 kV, satisfying the insulation requirements when the composite
sample thickness is 2 mm. Meanwhile it can also reaches an in-plane thermal conductivity of 1.979 W/(m*K) and an out-of-plane
thermal conductivity of 1.231 W/(m*K). In comparison to the traditional silicone rubber sheet prepared by blending casting, this
approach forms an interconnected thermal network to achieve high thermal conductive silicone rubber sheet which shows significant
potential for applications in high-power electronic devices.

Keywords : thermal conductive interface material ; silicone rubber ; graphene ; alumina ; synergistic effect
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BE# SG RIS , L F#5F .CPU | R 4R Lt
J R A PR R R R B A AL S R AL, X
SO T AR AR AR E LLHE S, S B R R
[ R A A= R, BEAS I ECA ) 22 BR A F
T & PR Al H A A ik — P 3R T R R
Z—0

S IGERR I A LS 10 e, mT LAFE AR 14 e
B 37T (<700 kPa) 7t 43338 78 & AR -5 A 28 2 1]
(14 25 R, A 205 AR AR A A L v 20k %l A
o R A KA A E R s e . AR IAE N
PRI RN TIMSs), 812 W T H T8 A RE
TR RO T BSR4, ST ARk, PV LR R
) kR AT R R LR A g R R
PE R SRR SRR AR AR I B T I

2 A FPRH PG 3R] L a1 22 5 SR Ol 4R
T, an koA SRR SR v (R B X SRR A T
IR HE A 3D A5, Sl Ak R FP 2
PEAT R R AR RN R i ak R P R
BE(PDMS)RA TR B umEimFps  BhHIaE, v L
AT [ 2 1 1 AR I B B MR il
AR5 2% WA {8 P FE R S e e 1) ) 25 M R AR G L
RIS SEAYCER SEUMD O e i - Re v S NIV EZGE- S L GI DL
A 2o o R 4 2 EORE AN AR I L AR D L AR A
(ALO,) AL PEE R AFAFAR LY A T

Lin S48 H T — Fh R X FR oh 25 28 6% SR s o
M T s8I s 5 AR L0 s AT S A D R VE
LG 0 BRI L K6 (1.7 MPa)yAH [, %58 T 0 4% 114
PSR E PR T 345,155 5.1 MPa., i@ fltfb S44
HUBHALO, #1 BN) [ R R &, A HLEE R & bkt
FIP T HRBEALIAF) 2.9 W/(m-K), ZE AR
52E AR T, e s B R A S R AT R 2
95%., Wertz S5 — 47 F1 3 — 44 U fiefk. i) PDMS
5 ALO LRl 25 T #A] 30 52 Bk 19 A 5L 5 S 6
BEo MR T 130 °CH, &2 44 BT 38 i Diels-
Alder 22 B HE A7 F1 0 TR, 3 £ 75 2 A1 e HoAth
TIMs 4 R H AL, I H 78R IE 70 i (O i 43 40
45%) F , S HRAT 15 0.4 W/(m-K), oM, KA
() B 0 AR BRI EE TR (25 °C) He T B TIMs 5 7 43%,
TER IR T (120 °C) H T8 TIMs /& 24%

340 FHAS TR RS SEORE ) BRI 500 76 2R 64
FE A MR A S0 T A 4 B R AR R

(T LRI, Wed S50 o #2174 BN- SR 2 10
JliZ (PDA) - 4% (BN-PDA-Ag) il B 4 >k 4 -PDA-
(CNT-PDA-AQ) /K R I RER I G B TE 1L T P
7] B G TR A AR 45 PDA T8 3 Pl 32 OB LR
P B 22 ] P AR 5 R B AR A T AL 17T Ag 48 oK
kit — A 1sm S e RS R BRI R A
PG R 15 F) 0.655 W/(m-K), S A e 5L 1A
(4.17 1%

RHERMG o 1 F IO B AR, ORI 5T 1 4y
BER AW YR T W B2 (ARA B
B 252 1 T P D 2830 1%, 52 B b R A TR B OB
P PIE NN . AR PGB L ME S
IR ARG NIk 256095 B RT , IR
BRI R - K T HE S S A £ 38
B AN, FRERIA B I RS ER R s
ARG WA AR . AR EOE
ALO, H A MARARER 4 ] [F 1 AR AT [ i A
RN 30 W/(m-K)] 46 2k PR BB fL S 0 35, Hok
12, BE S AE ik e 28 M R v R a3 g D 4 R R A
BN, 4 FolR AT AR (GNP) BLAT 5 1Y AR 1L L
Fb 158 A A sp? ik, T LAl A& P A b i)
PP . GNP YA B8 S 80 B 1 45 ) 57
P, HEA s TR N AR BE[ T K8 5 300 W/(m-
KORGS5 1) 1 M R A AR 307 il LRl oAy i S A4
REWE AR BAR R DI REETRL

BT, VA B s R 2 M Y PDMS
VERREWFAR 8 256 SO AN [RDRL AR 1 BROE

PDMS A Z o Ht: , I/ T 7SR5 W A v B
R0 T BURHS R AW R A A 45 A 1 5 SR B
FEIEAL AT 25, 4 T e BRIE ALOY/RE 4k 45 14
GNP 3R IR SR, BN A R RLAR BRIE
ALO, AT LR AT BEHBIFC SE 3R S W 2R D D SFORE 5 5
W AR ] 14 2 BT, DA T AR 2 T R BEL 5 i A g
AR TR GNP BUEL, I HIBRIE ALO, R L5
A5 15 GNP I DT TR RS0 A 468 A 45 4, 2l
5 GNP {E2E BLJ7 5] F A TR 1 2L ) AR
B, BB A IR RE , RGLIRIT T R AR ORL Y
RSP RI S2 A AR B S SRR IR 25 PR RE Y
M ZTARSR I T —Bh i L ml g AR 5 T
AUBEAGAE 7 9 o T B E BE A REAR B S 41 ) il 4
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T3 AT DRSS [A] A B L i BT A B AR R
TR g U BT B R R A
1 IERS
1.1 E=&RM4

BRIE ALO,:3~70 pm, 1 111 7 KR 4587 A4 LR
BARAT

GNP ¥y oK : GEIIFEA A SRR A BRA R

R MG e B (PVP) , JC/K 2B vk BS RR TN
Fi] . [ 245 £ A fb~AatR A B A w5

TELEMIBE ] . KH-540, 7 5L BB G REBEAL T 47 [
NG

Yk ALO, WA B0 = o AH , B3 &t Bt BT 44
AR

Ui £, M H PDMS | 36 5 S0k vl (0 S0k el o
AR : VL P SRRy A BR A v

R IR CRA ) f AR (R B2 S 5%0) ( 1- R R
LRI : IR A EE 2540 T A FRA
1.2 EBMNEREE

Labtech #2495 F4% i ASTM JE#L : LP-S-50 ASTM,
Z%[E Labtech Engineering A 7 ;

ELZS LA PEPL  ITT-900S (VAR , IRYI i B 7%
FEHOCA PR A A

L2 BEAF - DZF-6050, YR
Nl

OGS Y . NETZSCHLFA 475 Micro Flash,
A e i b 2 ]

ZEn R A(DSC) Y : DSC214, 75 [ Tiif 5t 24
Al

HL 25 70 i LAY PK-CPR 1901, B 11 RHE A
PR T

HL 0 e A BHA IR HL : 554k AL-7000-SU1, =54k
R R 5E) A R ]

4 HL 7 8% (SEM) : Novad50, 26 [5 FEI 24
A

BREC ARERE T &5 MR A BRA A
1.3 RXAEH &

(D) PR FIER A ) 25 - FRECGNP Ry K 2 g, 4
K ALO, & BE4r B (e 44K ALO, it & 73 B0h
20%) 20 g PSR | 25 8 17K (AR R L 20 1) ALK 50
mL ¥, LA PVP 60 mg; # 75 30 min Ji7 , $it 4 60
min, FEFETR G A T AL B, 48 h 5 15 21 fi 2k 40 K
ALO, ) GNP ¥3 A ; FREUA R K423, 5, 10,40, 70

BIABHA R

wm)ERIE ALO, (it b A 1:1:1:2:3) 24 g iR A,
TN B FOK RN EEARFLL 1:9), B IR (I
7 KH-540 120 mg, Fir & A% S0 mL iAW, i 15 vk g
R pH 55 RRYE (< 7), WERIE ALO, #4726 fi kb
PROPEIR FHEFE 3 h R A AL 3 30 min, FREAT ELZS Hil
U8, 258 K PR LT S AR B SR BRIE ALO,

(2) R AZ T 191 3R R DRk 1) i) 2% < Bk B ity £ 0 2k
PDMS 18.8 g, B L5 SRk (M E0)2 g, B 35 &UhE
MERE)0.03 g, RETREiEILF 0.2 g, -2
B20.02 g, T FE S FE VR — (0 PR AR50k

Q) EKIE ALO,/F8 45 4574 GNP T LR i
2GR E F PIFP i J5 S DR R
RERR I TR AR RN & J5 & T B2 B fE vl b
AT EH 21 10 min, 73 5] GNP/ERIE ALO/RERR K
TR A5 2] 1Y GNP/ERIE ALO,/AHEAZ I T 3R A A5
ML o AT — 25 1 B RS [ A Ak B (A R
120 °C, J% JJ 8 MPa), e 245 2P EKIE ALO,/FE 4%
45 GNP SR IR A R

(5%~8%), ALO, Jii 1 435X (30%~50%), ffill 7 — F 5]
JELFE ¥4 —(0.8 mm) ) T BRI B A AR, 2 R R
i G1~G9. 73 #hiil £ %F B AR i GO, G9-1~ G9-3. H:
H GO N R INEDRL ) 4 PDMS, G9-1 5 £ 5 GO #H
I, GNP A 40k ALO,; G9-2 545 GO A LE,
ALO, &A1 281tk KH-540 2k 5 G9-3 54 GO AH [L
HEATHERE PN I AR AR IR 7 [ fk o AR TR
ST SRR S A AL 1.
F®1 FTESHERKESHRHERIERRESH
Tab. 1 Filler mass fraction for different thermal conductive silicon

rubber composite samples

%

Samples GNP ALO,
GO 0 0
Gl 5 30
G2 5 40
G3 5 50
G4 6 30
G5 6 40
G6 6 50
G7 8 30
G8 8 40
G9 8 50

G9-1 8 50
G9-2 8 50
G9-3 8 50
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1.4 miX5 &IE

i 2 E R DK« SR FH H 2 e 5 F A S
TR 3~5 KV, FEHEE A 10 Vis;

J7 5P RE I < W 2 4 R 4% GB/T 1040.1—
2018 M3, 74133 N 10 mm/min , X AH ] b B4 14
TIRESS B ARSI, BOP- X1 5

P B 2 B0 GB/T 22588-2008 it , %5 J& 4
GB/T 1033.1-2008 iz .

FE I - SR DSCAIEAT I, 5
Al RS, R EE R 20 mL/min, FHEE 2R 10 °C/
min,

BAME TR ()ITHE:

K=p-a-C, (1)

K KT B Wi(m-K);p N,
B g/em’; o Y BFREL, FRLAL mm?/s, B NG
55 CoN HEIRES BT /(g K), HT FERSEE I A

O 25 #4 T8 S5 I < SR T SEM UL ZE A it 1) W
T WS T AR o 7 Y 280 P B DR, T S A D 1 Ak
4 AEI90 s, AT HL R E N 15k V.,

Bl 3« e TR G A B3, 4Rt ik e
U [ 1L, AR R, A iR 2% 12
mm - Fe A R R RE b R A
TOFE 2 1 2 MR S8 ST 1 s P, AE A5
AHIE 6 mm 1) A [F] 457 5 I o0 A58 34 5 O, RO 3
1.

2 GFR5ITE
2.1 AT A M TR AR R

SR A T — R 5N 0.8 mm (1) 5 AR I
BAMRL, 322 R ROV A AR % 5 AP HL
R I DL BT EA B IR R 2 AT L
A TE GNP & AR, B A ALO, & T, &2
A AR T TR BRI R (H T A A
R BT 7 ALO, & S AR, B GNP 5 & 42
Tt T AN AT R AR AT BT, N TR R
T o 4 GNP i 0 50A 5] 8%, ALO, it it 434X
IR E] 50% I, #E i GO 1 IR RE fefd: , T IV R
ik 12.058 W/(m-K), M5 335 5.097 W/(m-K).
X FEZIH P T —J7 TH 7 2 7E GNP _EAER-IE ALO, 3
AT BORL 5 OB B) Y 28 B, 455 2R R A [ 4R T
2 RS IY G S G I 5 55— DT T ERE ALO,
{6 GNP IE AL T BH 55 (AR A5 254 , 70 ORI D9 2 S 34
PERERY RIS, $2 5 T AN AR RE

R2 AEERNEEQ) B #H R0 AR C)RSE®K)
Tab.2 Density (p),thermal diffusion coefficient (a), specific heat
capacity (C,) and thermal conductivity (K) of different samples

pl a/(mm?+s™") c/ K/[W+(m-K)™"]
Samples N 7 g
(grem™) // 1L eyl /7 1

GO 0.959 0.244 0.107 1.213 0.284  0.125
Gl 1.454  0.669 0.348 2.296 2233 1.162
G2 1.462 0.625 0.702 2.342 2.140  2.404
G3 1.470 0.711 0.785 2.223 2.323  2.565
G4 1.406 1.281 0.574 2.015 3937 1.626
G5 1.440 1.193 0.526 2.067 3.551  1.566
G6 1.484 1.103  0.624 2.088 3418 1.933
G7 1.553 3.012 0.502 2.230 10.460 1.740
G8 1.611 2457 1.092 2.497 9.884 4.393
G9 1.793 2.787 1.178 2413 12.058 5.097
G9-1 1.687  2.596 0.981 2.516 11.022  4.165
G9-2 1.786 2.115 0.925 2.402 9.072  3.967
G9-3 1.411 1.909 0.995 2.231 6.012 3.132

Notes: // represents in-plane « or in-plane K; L represents out-of-

plane o or out-of-plane K.

HE— 20 X AN [ B B 1Y) S IR EAR I 52 G b kL
17 7T IR SR WK 3, AR 3mSR
JERYSE I, Z A MR T R —E R T
Wi, X TR B4R T, [l 1S R A 1 GNP A
ALO, I8 /D, BRI N A R T WL 3% 25 1) I 4 2540 T
ESGU

®3 AEAEEH#RHOASE

Tab.3 Thermal conductivity of samples with different thickness

Thermal conductivity/[W +(m-K) ']

Samples  Thickness/mm Vi N

0.8 2.323 2.565

G3 1 2.119 1.898

2 1.979 1.231

0.8 3.418 1.933

G6 1 3.327 1.679

2 3.086 0.891

0.8 12.058 5.097

G9 1 10.628 4.393

2 8.981 2.175

Notes: // represents in-plane thermal conductivity; L represents out-

of-plane thermal conductivity.
2.2 UM ELAEMA LG ¥ ra

iy 5 R I AT L M A R A PR RE
T 525020 G3,G6,G9 3 FFE AN R 2 1 of 28
HURAE, 4R W 4. OB GNP HAT ) YA 5
FIOE S B9 3~ PR RE L (H2 GNP ARy #4T Y 8 2kt
o AR RE W R REAR SR SR 4 8 T LR
i YR REASES , BEE GNP BTt 73BN 5% 19 5
8%, ifi o L IR AR, 48 3 VR RE I 35 W AIK 5 219 GNP &5
AR B TR PR R o S R,
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2024 4E %5 52 4 45 6 1

A PERE A AR T . MUY GNP i 434k
5%, ALO, T 430 h 50% , JEERE N 2 mm B, 5 28 H,
FERENGIAE] 3.5 KV, B f b i 4 e bERE , TR i
WG K 1.979 W/(m-K), FFMVTR K 1.231 W/
(m-K), BEAE T & ACHB A 1 FH 755

x4 TEHSMNEFHRE

Tab.4 Breakdown voltage of different samples

Samples Thickness/mm Breakdown voltage/kV

0.8 1.2

G3 1 2.0

2 3.5

0.8 0.8

G6 1 1.3

2 2.5

0.8 0.5

G9 1 1.2

2 1.8

2.3 CAMATEAMAT A F R YR
XS RA AR, R EA —EN )
P, (22 REAS AR I M 7828 Bt , /D B BB, =5k
il ™, AT R F SRR IR G AR
A ARG A RE R, 5 SR 1 R, R 1AL
B, AT RSB S REAR RS R RE B T .
GNP Jii &8 73 50 h 5%~8%, ALO, Jii & 4351 K 30%~
50% i, BE A A RR G AREFETE 55~61 LB N, ¥ A
PR AR IS SRR, R ARy S A T AR
FH o Hodowk BEZHARE S G9-1~G9-2 55 GO Fy i JiF AH 2
K, G9-3 AT FE A S T GO A 38 KAy LT, X & A
AR I E AL T 3O A MR R R AN &), 5
5 v T A 1 SRR IS GO BE R an &1 2 i, AT A
B LA O 5 00 S AN a1 il sk 52
REES .
701

60

W
=
T

W
(=4
T

Shore A hardness
i
=]

(=]
=
T

=
T

0 C;Q 0‘\ QLL C;‘"ﬁ G‘D‘ 0‘; Qé G"\ 6“6 69‘09‘\‘0‘)’%9";’
Samples
B ANTRIRE S R G AR SE
Fig. 1 Shore A hardness of different samples
T 5 AR I S 5 BRI il B T SR i
WE 3 Fr7s . mlE 3 A, 9SSR BORE dh A TR

K2 B GO M I A
Fig. 2 Digital photo of sample G9

$ 120
100

D X0
S o

Elongation at break/

o
=3

20

0
AR EP P P Qp ko
Samples

B3 ORI b 2 %

Fig. 3 Elongation at break of different samples
iR R I M 0T 120%, fie i 7T A 171.68%. B R L
& B HURLS B (3220 GNP)IHS £, WL 3
A T RS RIS = AR S R EY)
AR Z 8] A T2 R T e S BB
R AR

9 NS I 2H B A S A LE Tk BRAE B GO 4l AR
JB R (82.76%) , I I R P2 TH . 25, 3] T 344K
B RERA R 1 SRR R BERS 152 Ty id A
e A R IR o A S AT R R
PR, B 6% 5 13 5 A VIR AN IR A8, R T 25
B, R RO PR

AN RE R G9-1~ G9-3 I BE 1T LU 1Y, ALO,
(7 B X 25 R g 2 PR RE B A BRI
G9-2 111y ALO, & A Zeiof KH-540 B, 7EREAR iy
Oy ROV , SR A YRR S A S s
A ALOBURL I A1, (7352 5 FPRHIE AL , DT 2
T Wi KR N GO-3 T LAE ) RAMENE
BRI 2R R BRI, BT R R AL
58.61%. IXJE A, T i R A AR HE U 2
Je fRy ek A, A LR e il 3 B ) 23 A, A
FIRLSTHE B %, T HLAR FA 8T A 1 2 64 525 A4 A T
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AEFE/INAL , DA A 6 7 H: P 28 A HE S B[]
Ak, 3 T A5 S5 AR SRR R AT

FE A GO Wi 17 i) SEM BB - Ui 4 firs . K] 4
AU H, BTl 28 00 S IREAR I 52 5 A R SR BRI
ALO, 5 R IR GNP B 45 G 7 — i, NIl 4a ]
BN R E GNP RS YRR T EE
ALO, I UL T HA WA Z5 A i A Bl o2 .
4b FT DL A Y, GNP ZERIE ALO, WYTE SR 2 , ¥4
BT Ak I (LR ) T HGE B X B TR AR
Fr i N R R SR T AN TR

e 0 X g
(a) Magnification: 1 500 (b) Magnification: 50
K4 BEdh GO MW SEM fE
Fig. 4 SEM photos of cross-sectional view of sample G9
3 it

(V)R H— LR 7 [0 T2, bl 48 1 2k
PE R BRIE ALO/HE 45 45 1) GNP T IVEE R IR &
e

(2)24 GNP Jii #5355 5 8% , ALO, it 7t 43 Bk
£ 50% ], fEAR I -G M R (RS 0.8 mm)IE i
T I SRR T B AR
FA[ 35 12.058 W/(m-K), [T AN TR AT 15 5.097 W/
(m-K).

(3) ALO, FI GNP #8551 FEAZ B 1A HIS FC A B B
Wi R, AH LR SR [, LA P fb B AR
REPETHRRIC A RERE  (H (T 24 RN I I

(4) >4 GNP Jii 2 53 0K 5%, ALO, it & 43 5l
50% B, &2 A AR EE R 2 mm) 15 28 FL R BB A 16
F13.5 kV, il /22— M2 ZRMEREER 5 BURS TR A
R A 1.979 W/(m-K), [ii #h #F #8 1.231 W/i(m-
K), i & — 2 1 T 2K

(5)i 13 15 GNP, ALO, iy & 1 FILE A AR
JERE, AT LASRAS 25 A PR RE AL 72 i S R AR , AR
S SRR R T 2R L A U B B R Y

S £ Xk
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