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Thermal conductivity and electrical properties of Al,0;-Sn;,Bi,3/epoxy composites
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(1. College of Materials and Textile Engineering, Jiaxing University, Jiaxing 314001, China;
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Abstract: Constructing thermal conductive pathways in polymer matrix with interconnected high conductive
thermal fillers is an effective strategy to enhance the thermal conductivity of the composites. In this paper, eutectic
Sn-Bi alloy (Sns;Biy3) nanoparticles are deposited on the surface of Al,0; microspheres by coreduction method to
prepare Al,03-Sns;Bi,; hybrids as thermal conductive and electrical insulating fillers for epoxy resin. During the
heat curing of epoxy resin, Sns;Bi,; nanoparticles on the Al,0; surface melt and bridge the separate fillers together
to form effective thermal conductive pathway, and thus enhance the thermal conductivity of the composites. When
filler volume fraction is 60vol%, the thermal conductivity of Al,05-Sns;Biss/epoxy composites is 2.95 W-(m-K)™,
62.1% higher than that of Al,05/epoxy composites (1.82 W-(m-K)™). The results of Fogyel and Agari simulation
demonstrate that the deposition of Sns;Bi,; on Al,O5 surface reduces the thermal contact resistance between fillers
and forms thermally conductive networks more easily. The Al,03-Sn;;Bi,3/epoxy composites exhibit higher dielec-
tric loss, lower dielectric strength and volume resistivity than Al,03/epoxy composites, still with electrical insulat-
ing properties. What is more, the tensile strength of the Al,03-Sn;,Bi,3/epoxy composites is improved, because the
improved interfacial properties of filler-matrix and the formed networks could transfer stress and prevent crack

expansion.
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Fig.1 Schematic illustration of preparation for Al,03-Sng;Bi,3 hybrid fillers and Al,O3-Sns;Bi,3/epoxy composites
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Fig.2 Survey XPS (a) and high resolution spectra of Sn3d (b), Bi4f (c)
region of Al,O5 and Al,03-Sn;;Bi,; hybrid fillers

£ 1 ALO; # ALO;-Sny,Bi,; HITTE AR

Table1 Element compositions of Al,03 and Al,03-Sny;Bi;

wt%
Sample Al (0} Sn Bi
AL,O4 50.72 47.36 0.00 0.00
Al,05-Sns;Biys 40.25 37.98 8.51 11.38

ALO,-SnyBiy,

Heat flow Endo —

ALO,

50 100 150 200 250 300
Temperature/C

€3 ALO; Hl Al,Os-Sng;Biy, 9 DSC ik

Fig.3 DSC curves of Al,05 and Al,05-Sng;Biys

526 BRI SEURE- S A LT b 23 BB b, U B
S PERE R o X — 5 1H 2 T ALOs-Sng;Big %
AT 1) Snig;Biys 44 2K J5URE A SEURE (14 KRS B 2 L 2 1
AR, 75— i & T ALO3-Sng;Biyg 24 1L UKL
LI R I 42 /35 T B 0BT B 5 4 TSR0} 190 932 i 1
Al O3-Sng;Biys/ 5 W g &2 A b4 RH S I 1 8 1 0%
ANACAT AR AR JE A - JEURE (5] S5 T BB, 5t e b )
IRB, T E AT DUBE R T 2R R

2 AR R EUBHA R & 5 1 ALOS/ PR & W g
HI Al,O5-Sng;Bigs/ I A M A5 &2 G ABHR B RE L Lk
BRI B R ME RN BN, Z4 M
RHI 2 Ry BRSO, WIRE TR, ik
BB RE . LU A HOR AL, IR R R

K 6 o BURHA B B (V) X ALOS/ 36 S 44 fis
K Al O5-Sng;Biys/ ¥ B IR & G R T4 R H 52
W, 4 VRS, B ViR, ZAMESRERE
HO3E AR H S8 . DO Y ViR, HORHE
R ARG AR AE R T, A EL 2 R A T4 i
AREIE B PG B . 2 Vs m Bt — R, R
) AF B i ) R SR G 0, S PAGE B IR T BB O B,
AR Ves o, MRS IVR I W, % v
{H (29 20vol%) B 2 ORI SR AR & i1 (Vo). #E
Vi HEE ST, AL Os-Sng;Biys/ 1AM AR 2 & 1 KL
B S35 K T ALOS/FR I I 5 4 b kY
SIEE, Y V;=60vol% I, Al,0;-Sng,Bi/H &
B RE 2 G M R SRR B 295 W-(mK) !, b
ALOs/ AR NEE A MR TR 5K (1.82 W-(mK) ™)
T 62.1%,

K AR 26 P Foygel #5 # % 5% AL 05 2 T L 1
Sng;Biys X SEURH E] 42 il A BH (R M52, HLA S
n e,

1= =/10(‘f__“//°)/3 (1)




-+ 6114 -

EaMB=ER

5:

AT

F4 ALO,(a). MpﬁmmmmkﬁﬂwﬂwﬂmcmhLEF%Mﬁﬁ%mmmmﬁﬂkﬂm%MW%

R .

Fig.4 SEM images of Al,O; (a), Al,03-Sns;Bi,; hybrid fillers (b) and Al,O;-Sn;;Bi,; after thermal treatment at 150°C for 2 h (c)

El5  ALOy/FRERNE (a) B Al,O5-Sng;Biyy/FFREMRINE (b) H 54K
R Y SEM &%

Fig.5 Cross section SEM images of Al,03/epoxy (a) and Al,O5-

Snj;Bi,3/epoxy composites (b)
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& 6 AT, V, 2h 20%, /NTF R TFi%ME,
PRI AR A-Ve B 2 RAFI R G, K Vi KT
/T 20% B A-Ve o BIEAT LG, P4
B AE 55, i X R 1Y) Ve (BB R Ve, ,H%J'E%% 3, ¥
(1) BOS %, AHanF AR

Ve=Ve
lgu—/m:lgaowlg( = ) (2)

K7 RmX (2) MR EIIA SR, S0mah Rt
A—%, HET7TATLSE A, B, HE T
1
ALVE
Al LUAR B & G 4R} ORI 2 Al BBH R, L
RECRE A, BOFBIME 15 um, R 3 HWFE S
MOEHE IR BB BT 25 R o ALO3-Sng;Bigs/ 36
A RIS 2 G A B R=8.35x10° KW, B @ /T
ALOy/ I EM g E A& M B R=1.17x10° KW,

®3)

C:

F2 ALO,/IRERIAEF Al O3-Sny,Biyy/ REMIEE SR EE ., WABRAT HRAY
Table 2 Density, specific heat capacity and thermal diffusion coefficient of Al,03/epoxy and Al,0;-Sn;;Bi,3/epoxy composites

Al,0;/epoxy Al,03-Snj;Bi,3/epoxy
Vi/% Density/ Specific heat Thermal diffusion Density/ Specific heat Thermal diffusion
(kg-m™) capacity/[J-(kg-K)™'] coefficients/(m*s™) (kgm™) capacity/[J-(kg-K)™'] coefficients/(m*s™")
0 1.19x10° 1106.43 1.52x10°77 1.19x10° 1106.43 1.52x1077
6 1.35x10° 1045.03 1.42x107" 1.38x10° 1016.70 1.50x1077
11 1.49x10° 1 004.05 1.41x10~" 1.54x10° 958.87 1.49x10~7
14 1.57x10° 982.84 1.43x10°77 1.63x10° 929.55 1.51x1077
17 1.65x10° 963.71 1.76x107" 1.73x10° 903.46 2.05x107"
22 1.78x10° 935.68 2.46x1077 1.89x10° 865.83 3.12x107°
29 1.97x10° 902.86 3.04x1077 2.11x10° 822.64 4.09x1077
38 2.21x10° 868.87 4.94x1077 2.39x10° 778.87 7.77x107°
48 2.48x10° 838.89 5.81x1077 2.71x10° 741.04 10.05x1077
55 2.67x10° 821.50 7.48x1077 2.93x10° 719.42 12.90x1077
60 2.80x10° 810.51 8.03x1077 3.09x10° 705.88 13.51x107
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K6 BURHABLE HXT ALOs/FRAM AR AlO3-Sng;Biys/ PR M A
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Fig. 6 Effects of filler volume fraction on thermal conductivity of

Al,03/epoxy and Al,03-Sns;Bi,3/epoxy composites

R 3 ALO/IRERAEF AL O3-Sny;Biys/INERIAE S S #1
SHRYAIEL M Foygel RINGER
Table 3 Simulation results of nonlinear Foygel model for
the thermal conductivity of Al,0;/epoxy and Al,O;-
Snz;Bi,;/epoxy composites

Sample Ve/% A/W-m-K)™") g R./(K-W™)
Al,O4 19.23 3.42 1.088 1.17x10°
ALO;-Sng;Biy; 1825  6.73 1253  8.35x10°

Notes: V,—Critical volume fraction of filler; 1,—Pre-exponential
factor; f—Conductivity exponent that depends on the aspect of
filler; R.—Interface thermal resistance.

I F AL T 08 R IR OB, IF 5 R B IE R} A]
I HE AR EL R oG IR SR AT A AR S IR B R
Agari PR H TR AR
lgd = Vi[Colgdr —1g(C1A1)] +1g(C141) 4)

K. L, WIEERREY; ¢ RREWELSY
Zh R E RS RS T C, R HURHE S A
HEMED R T, G EBK, RREEEY)
AHH R AT 5 408

K8 &AM B Igl-vi e Rt g, al A,
FEAIL Vi(<20vol%) B, 2 5 M 8L 1gA-Vy X &R
MR R 2, Mifem Vit PIshE &6
B 1gA- Vi KR MR 2 RIF LM G, X2 H
FAEMBRET, AR IS R A7 Ik
W, M R O S IVEE A SRR A, bR, B
- A 1] 55 T B BEL G B Ak T A R 1 5 e AR
BAEAX T AREAMZERMFm, FHik, 1gi-
Vi RRIME R R ER 2. e Viid, SR
HAZ ARG, Ser, SURAENA B R RS

® AlL0,-Sny,Bi,y/epoxy composites

o0 ALO,/epoxy composites

-09 -08 -07 -06 -05 -04 03
lg [(V V(=7

A, and 1,—Thermal conductivity of polymer and fillers respectively;
Vi—Volume fraction of fillers; V. —Ciritical volume fraction of fillers

7 ALOS/MEMNEFN Al,O5-Sns;Biys/ ARG AR
1g(A-2)-1g[(Vi-V)/(1-Vo)] ik
Fig. 7 1g(1-2,)-1g[(V-V)/(1-V,)] curves of Al,O5/epoxy and
Al,03-Sn4;Bi,3/epoxy composites
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Fig. 8 1gA-V; curves of Al,O3/epoxy and Al,O3-Sns;Biys/

epoxy composites
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ALOs/3F E M i} Al,O3-Sng;Biyg/ 3 M fig & A 41
R Cy AR F T . X i T 3R SR I 2 5 B A
B2 SR RE, ARG X ER S A 1 R AR S 4
P T SE B ME RS . AL O5-Sng,Bi,s/FF 4 B IS 55 4 4
B C, (W KT ALOS/3R B M s & A # R C,
{H, UL AlLO3-Sng,Biyg b ALO; ¥ %5 %) 1 ¥R 4 3
T A R R T A . X T REJE H T ALO;-
Sng;Biyg 7% Il Sng;Biyg X5 il 177 5 2R AH B 3% 32 19
G

# 5 NHURHAR RS & Vi X ALO,/ 3 S W i F1
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R4 ALOS/FFERAET ALO;-Sng,Biys/IREMIEE & #44L
SMRHH Agari EHIER
Table4 Agarisimulation results for the thermal
conductivity of Al,0;/epoxy and Al,03-Sns;Bi,3/epoxy

composites
Sample (O C,
ALO, 0.7661 0.8991
AlL,O,-Sny;Biy, 0.7495 1.1465

Notes: C,—Factor affecting crystallinity and crystal size of
polymer; C,—Factor of ease in forming conductive chains of
fillers.

BE VeI, ALOs/3 AW IR 5 45 44 4 14437 A 17 2
5 JBE e T A R B R, R i T OB A
B FLIHPEREZE o B VeI, AlOs-Sng,Biys/ 34
i 52 & B A4 AL A DB 2R i B K% My A I R e v
X Hy T EORE R A ) BT M BE B0 K ALO,-
Sn;Bigs T I8 O BE 2548 BES B A% 53 1 g, PR
Sk pIEH

6 0 HURHAR L& 5T ALO,/3 A i i
ALy O3-Snyg;Biys/ 5 A g 52 5 B4 B P BE (19 52 1l
ALOy/ I8 s 52 5 AR IR BB 2 . A T i
FE fA 1E V) (tans) 1A HL 38 JBE R4 5124 10 Qum,
10° Ffl 25 MV-m™ 245, BEARARZ VI . Bl
Vi3I, ALO,-Sng,Bigs/¥ E W 5 &2 & M EHEY tans
B, A e EE AR B B AT [ . X T B2
TE A& MBI Sng,Bi,s 48 SR S BUs S AL
WALBEER RN . 24 V;=60vol% I, Al,O4-Sng,Biy,/
WA R 2 G MR R B HL BH %2 R 8.6x10" Q:m,
7 5 A o 2 2% 1 (KB B %6 =10 Qm). 3 HF
e HR FIH AW AR R G Mk, ki Z ]
TR AR B i, TP BUE B WS BT, R R Y HLBH R
W2, B2 A Gk o SRS AR AR,
A, SngBig WM& RABML, AR THE
BB MWL, 3hh, MY IR B ALOS 77 AR 1Y
b% 2F B A2 BB AS T L FAL .

x5 HEBETREEX ALO,/AREREEFN Al 05-Sns,Bi,s/ N E ML S & AR 258 E RN

Table 5 Effects of filler volume fraction on tensile properties of Al,0;/epoxy and Al,0;-Sn;;Bi,3/epoxy composites

Al,O05/epoxy Al,03-Sn;;Bi,3/epoxy
Vi/vol%
Tensile strength/MPa Elongation at break/% Tensile strength/MPa Elongation at break/%
0 44.56+1.83 4.47+0.17 44.56+1.83 4.47+0.17
20 40.31£1.20 4.06+0.14 46.84+2.04 4.75+0.21
40 37.41+1.15 3.54+0.15 49.65+2.16 5.09+0.19
60 32.28+1.09 3.21+0.11 51.62+2.62 5.36+0.24

%6 ERMEIREEX ALO/IREMAET ALO3-Sng,Bi,s/IREWIE S & # B IR AR

Table 6 Effects of filler volume fraction on electric properties of Al,O;/epoxy and Al,03-Sn;;Bi,3/epoxy composites

Al,O5/epoxy Al,03-Sn;;Bi,s/epoxy
Vi/vol% Volume resistivity/ Dielectric strength/ Dielectric loss tand/ Volume resistivity/ Dielectric strength/ Dielectric loss tand/
(10® Q:m) (MV-m™) 107 (10¥ Q:m) (MV-m™) 10°
0 2.67+0.68 25.8+1.6 4.750.08 2.670+0.680 25.8+1.6 4.750.08
20 2.79+0.51 25.2+2.1 3.98+0.06 0.921+0.106 22.1+1.4 11.02+0.22
40 2.81+£0.62 24.5%1.9 5.22+0.07 0.264+0.096 19.6£1.2 15.46+0.97
60 2.87+0.75 24.3+1.3 4.75+0.07 0.086+0.034 18.5%1.3 19.43+1.46
A RSN _ s
3 &Hit FIERN 295 W(mK)", H ALO,/FF S I &L

(1) RSB B, 78 ALO, £ T FUIR I 5
Yl K 5 B 4 URL (SnsBiys), 4% T 2 Ak bR
(ALO5-Sng;Biys), HI T HAM 5 1Y T 4040 UKL
M AR R Z [ 1R B, AlLO5-SngBiyg
Snig;Biys K fll, K SEURLAE T 3% 2 10 TP A 8 5 44
W, REEAGIRR TR, GERA S &
M 60vol% K}, Al,O4-Sng,Biys/ ¥ E A IR & 4 41 R

BRI R R (1.82 W-(mK) ) 4275 T 62.1%.

(2) Fogyel B RU A 2 B, Al,O3-Sns;Biys /31 A
W RE & G b kL Y SEORE ] 422 fil A BH (R.) i 8.35x
10' KW, B /N F ALOS/3F &M A5 & & b kY
R.=1.17x10° K-W™'; Agari f& 1 43 #1 & H , Al,O;-
Sny;Biyg b ALO5 B 25 5 7 38 A W g 28 4K i A B %
0 W AV
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