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Thermal characterization of Al2O3 and ZnO reinforced silicone
rubber as thermal pads for heat dissipation purposes
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Abstract

Silicone rubber filled with thermally conductive, but electrically insulating Al2O3 or ZnO fillers were investigated to be used as elastomeric
thermal pads, a class of thermal interface materials. The effect of Al2O3 or ZnO fillers on the thermal conductivity and coefficient of thermal
expansion (CTE) of the silicone rubber were investigated, and it was found that with increasing AlO or ZnO fillers, the thermal conductivity
o tained were
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f the thermal pads increases, while the coefficient of thermal expansion (CTE) decreases. The thermal conductivity results ob
lso analyzed using the Agari model to explain the effect of Al2O3 or ZnO fillers on the formation of thermal conductive networks. The
ravimetry analysis (TGA) showed that the addition of either Al2O3 or ZnO fillers increases the thermal stability of the silicone rubber, w

he scanning electron microscope (SEM) showed that at 10 vol.% filler loading percolation threshold has yet to be reached.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Recent advancement in electronics technology has re-
ulted in the miniaturization of transistors, allowing more
ransistors to be crammed and integrated into a single device,
esulting in a higher performance device[1]. Nevertheless,
ntegration and cramming of transistors has resulted in the es-
alation of power dissipation as well as an increase in heat flux
t the devices. It is well known that the reliability of devices

s exponentially dependant on the operating temperature of
he junction, whereby a small difference in operating tem-
eratures (in the order of 10–15◦C) can result in a two times
eduction in the lifespan of a device[2]. Therefore, it is essen-
ially crucial for the heat generated from the devices to be dis-
ipated as quickly and effectively as possible, to maintain the
perating temperatures of the device at a desired level[3,4].

∗ Corresponding author. Tel.: +60 4 5941010; fax: +60 4 5941011.
E-mail address:lcsim78@hotmail.com (L.C. Sim).

Among the various methods used to dissipate heat fro
devices includes the attachment of a high thermal condu
ity and low coefficient of thermal expansion (CTE) heat s
or heat spreader on the devices[5–7]. However, without goo
thermal contacts, the performance of a high thermal con
tivity heat sink to dissipate heat is limited, due to interfa
thermal resistance arising from non-surface flatness an
face roughness of both the devices and heat sink. Non-su
flatness, are commonly observed in the form of convex,
cave and wavy surfaces, resulting in as much as 99% o
interfaces being separated by air gaps[8]. Interstitial air gap
trapped due to improper mating of the surfaces significa
reduces the capability to dissipate heat, due to the low
mal conductivity value of air (kair = 0.026 Wm−1 K−1). One
method that is commonly used to reduce the thermal co
resistance between the two surfaces is to include an addi
material, commonly referred as thermal interface mate
(TIM), to provide an effective heat path, as shown inFig. 1
[9–14].
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Fig. 1. Surface roughness between heat sink and device filled with TIM.

TIMs are typically made up of polymer or silicone
matrix reinforced with highly thermally conductive but
electrical insulating fillers such as aluminum nitride, boron
nitride, alumina or silicon carbide[15–17]. An ideal TIM
should not only have high thermal conductivity but must
also have low coefficient of thermal expansion. Besides
that the material must be easily deformed by small con-
tact pressure to contact all the uneven areas of the mating
surfaces[15].

TIMs can be categorized into elastomeric thermal pads,
thermal greases, solders and phase change materials[18,19].
Of all the classes of TIMs mentioned, elastomeric thermal
pads are popular for cooling of low power devices, such
as chip sets and mobile processors[2]. Elastomeric ther-
mal pads, typically 200–1000�m thick, consists of elastomer
filled with either ceramic or metal fillers. The advantages of
elastomeric thermal pads is that they are easy to handle, in ad-
dition to being compressible to 25% of their total thickness,
enabling the pads to absorb tolerance variances in assemblies
[2].

In this study, elastomeric thermal pads were developed
from silicone rubber filled with alumina (Al2O3) or zinc oxide
(ZnO) fillers at various loadings up to 10 vol.%. Filler load-
ing in the present study has been limited to 10 vol.% to avoid
the hardening of pads, which could consequently result in an
increase in contact resistance. The effect of AlO or ZnO
fi ties
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a o in-
v etry
a

2. Experimental

2.1. Materials

Silicone rubber used in this study, is a siloxane
based polymer manufactured by Shin–Etsu silicones, while
the curing agent used was 2,5-bis(tert-butyl peroxy)-2,5-
dimethylhexane, also from Shin–Etsu silicones. All the above
chemicals are used as received. The fillers used in this study
are aluminium oxide (Al2O3) 99.9% and zinc oxide (ZnO)
99.7% from Aldrich, with an average particle size of 10 and
1�m, respectively. Silicone rubber was chosen as the matrix
for the thermal pads due to the thermo-stability, and chemi-
cal inertness of the silicone rubber[20–23], while Al2O3 and
ZnO were investigated due to their low CTE and high thermal
conductivity properties. The property of the materials used is
shown inTables 1 and 2.

Table 1
Properties of Al2O3 and ZnO fillers

Fillers Al2O3 ZnO

Mean particle size (�m) 10 1
Density (g/cm3) 4.000 5.610
CTE (10−6 ◦C−1) 7.4 2.0
Thermal conductivity (Wm−1 K−1) 30 60
Bulk modulus (GPa) 247 134
S

T
P

D
C
T
D
T

2 3
llers at various filler loadings on the thermal conductivi
nd coefficient of thermal expansion (CTE) of the silic
ubber were studied. Experimental data obtained was
nto a model equation, namely Maxwell–Eucken, Brug

an, Cheng–Vochan and Agari for thermal conductivity
ules of mixture for CTE, with the values obtained, analy
nd compared. The developed thermal pads were als
estigated for thermal stability using the thermal gravim
nalysis (TGA).
hear modulus (GPa) 158 44

able 2
roperties of silicone rubber

ensity (g/cm3) 1.07
TE (10−6 K−1) 300
hermal conductivity (Wm−1 K−1) 0.18–0.2
ielectric constant 2.6–6.3
ensile strength (MPa) 1.57–30
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Fig. 2. Schematic diagram of the guarded heater meter (based on ASTM
D5470).

2.2. Sample preparation

Silicone rubber was first compounded with peroxide cat-
alyst, followed by the addition of Al2O3 or ZnO fillers. The
compounding was carried out on a laboratory size (160 mm
diameter× 320 mm length) two roll mixing mill, in accor-
dance with the ASTM D3184-80[24] (Fig. 2). The total
mixing time for all the different concentrations (2, 4, 6, 8,
10 vol.%) were kept at 15 min and the temperature of mix-
ing (26◦C) was maintained constant by circulating cold water
through the rollers. The optimum cure time (t90) of each sam-
ple was determined at 150◦C from the Monsanto Rheometer,
model MDR 2000, and are listed inTable 3. Finally the sam-

Table 3
Cure time of silicone rubber compounds with Al2O3 or ZnO fillers at various
volume fractions

Fillers Fillers (vol.%) Cure time (t90) (min)

Al2O3 0 15.61
2 8.98
4 8.80
6 8.69
8 8.67

10 8.65

ZnO 2 8.78
4 9.02
6 9.47

ples were compression molded at 150◦C in an electrically
heated hot press based on their respective cure times to form
0.2 mm thick thermal pads. For this a 0.2 mm thick stainless
steel mold was used, and the samples were compressed under
a pressure of 100 psi.

2.3. Characterization

Morphological observations on the thermal pads were
done using the scanning electron microscope (SEM), Model
Cambridge Stereoscan 200. Observations were carried out on
the cross-section of both the Al2O3 and ZnO filled thermal
pads, to study the filler distribution and morphology which
is known to affect the thermal conductivity of the thermal
pads.

Weight loss of the elastomeric thermal pads upon heat-
ing was measured using the Perkin-Elmer TGA7 Thermo-
gravimetric analyzer. Measurements were conducted in an
air atmosphere, from room temperature to 250◦C, at a
heating rate of 5◦C/min. The observed weight loss was
analyzed.

CTE measurements of the Al2O3 and ZnO filled
thermal pads were measured using the Perkin-Elmer
TMA-7 system. The samples for CTE measurements are
(2 mm× 2 mm ×0.2 mm) in size and were prepared from the
hot pressed thermal pads. The samples were then mounted on
t f
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he TMA and heated from 30 to 250◦C at a heating rate o
◦C/min. During the measurements, a small loading forc
mN was applied to reduce the induced deformation. C
cient of thermal expansion was determined from the s
f thermal expansion versus temperature.

Thermal conductivity (Wm−1 K−1) of the thermal pad
as measured using the guarded heater meter app

Fig. 2), which was fabricated according to the AS
-5470 [25]. This method was chosen over the no
ash method, as it is more suitable for analyzing m
ials with temperature sensitive thermal and mecha
roperties. Most importantly additional materials prop

ies, such as density and heat capacity that introduce
itional sources of error are not needed in the measure

26].
Thermal conductivity measurements were car

ut on thermal pads with a dimension of (1.2 m
1.2 mm× 0.2 mm) in size, cut from the hot press

hermal pads. Measurements were carried out by heatin
eater blocks up to 100◦C, with the thermal pads clamp

n between the two calorimeters in order to produce
verage specimen temperature of 50◦C [25]. For this, a
hiller plate with circulating water at a temperature
6◦C was placed above the cooling calorimeter to crea

hermal gradient from the heating calorimeter to the coo
alorimeter. During measurements, an onset pressu
bar was applied to reduce the effects of contact resis
etween the specimen and the calorimeters due to m
urface irregularities. Readings from the thermocou
re recorded when equilibrium is achieved, whereby
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Fig. 3. SEM micrograph of aluminium oxide (Al2O3).
Fig. 4. SEM micrograph
 of zinc oxide (ZnO).
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Fig. 5. (a) Cross section of 10 vol.% Al2O3 filled thermal pads (1000×); (b) cross section of 10 vol.% ZnO filled thermal pads (1000×).

successive set of temperature readings are taken at 15 min
interval, shows a difference of±0.1◦C.

The thermal conductivity of the thermal pads were calcu-
lated from the Fourier’s law, as is shown in Eq.(1), based on
the assumption that the heat flow is one dimensional in the
perpendicular direction, and no heat loss occurs in the lateral

direction:

kTIM = Q�L

A[Thot int − Tcold int]
(1)

where k is the thermal conductivity of thermal pads
(Wm−1 K−1), Q the average heat flux generated by the
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Fig. 6. Comparison between the thermal stability of unfilled silicone rubber with Al2O3 and ZnO filled silicone rubber.

cartridge heaters (W),Thot int the interface temperature of the
heating calorimeter (K),Tcold int the interface temperature
of the cooling calorimeter (K),A the surface area of tested
thermal pads (m2), and�L the thickness of thermal pads
(m).

The average heat flux (Q) is the amount of heat generated
by two cartridge heaters, while the interface temperature for
both the heating and cooling calorimeter were extrapolated
from the temperature gradients obtained from the three ther-
mocouples embedded in each of the calorimeter block. The
thicknesses of the thermal pads (�L) were measured using a
digital camera, with pin guides embedded in the calorimeter
blocks as guidelines.

3. Results and discussion

3.1. Morphology observations

The state of filler distribution is important, as under the
percolation theory; filler units need to touch one another to
form a continuous heat conduction path[27,28]. SEM micro-
graphs of the Al2O3 (Fig. 3) and ZnO fillers (Fig. 4), showed
that Al2O3 fillers have a flat platelet shape, while ZnO fillers
are rhombohedral in shape.Fig. 5(a) is a SEM micrograph
showing the cross-section of the Al2O3 filled thermal pads
while Fig. 5(b) is that of ZnO filled thermal pads. Both the
samples are at 10 vol.% filler loading. FromFig. 5(a) and (b)

CTE o
Fig. 7. Comparison between the
 f ZnO and Al2O3 filled thermal pads.
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Fig. 8. Comparison of CTE of ZnO filled thermal pads with theoretical predictions.

no visible conductive chains are observed in both the ther-
mal pads, indicating that percolation threshold has yet to be
reached at 10 vol.% filler loading. However, comparison be-
tween the cross-sections of both the thermal pads showed that
the Al2O3 fillers are more densely packed than ZnO fillers in
the silicone rubber matrix, due to the larger particle size of
the Al2O3 fillers.

3.2. Thermal stability test

Fig. 6shows the thermogravimetric results of thermal pads
filled with 10 vol.% of Al2O3 and ZnO fillers respectively,
with an unfilled silicone rubber as a comparison. The thermal

pads were evaluated from 30 to 250◦C at 5◦C/min, which is
the lower and upper limit of a device operating temperature.
However, thermal pads are normally used in devices whose
operating temperatures do not exceed 125◦C. FromFig. 6,
the TGA curve clearly shows that the addition of fillers into
the silicone rubber matrix improves its thermal stability, as at
125◦C, a relative weight loss of 1.36 wt.% was observed for
the unfilled thermal pads compared to 0.77 and 0.78 wt.% for
Al2O3 and ZnO filled thermal pads, respectively. When fur-
ther heated up to 250◦C, a relative weight loss of 2.65% was
observed for the unfilled thermal pads compared to 1.66%
and 1.67% for Al2O3 and ZnO filled thermal pads, respec-
tively. The reasons for the improvement in thermal stability of

lled the
Fig. 9. Comparison of CTE of Al2O3 fi
 rmal pads with theoretical predictions.
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Fig. 10. Thermal conductivity of Al2O3 and ZnO filled thermal pads.

the filled thermal pads is probably attributed to the increase
in physical and chemical cross-linking points, attributed to
the interactions between the filler and silicone rubber[29].
Based on the thermogravimetric results inFig. 6, the appli-
cation of silicone rubber as thermal pads should be limited
to low power devices, such as chip sets to avoid significant
degradation in formulation which would reduce its thermal
performance.

3.3. Coefficient of thermal expansion

From Fig. 7, a reduction in CTE was observed with in-
creasing filler loading, For any given filler loading, ZnO filled

thermal pads have a lower CTE than Al2O3 filled thermal
pads. This is most probably due to the lower intrinsic CTE
of ZnO fillers compared to that of Al2O3. At a filler loading
of 10 vol.%, the CTE of Al2O3 filled thermal pads and ZnO
filled thermal pads are 237.5× 10−6 and 185.7× 10−6 ◦C−1,
respectively, compared to 308.7× 10−6 ◦C−1 of the un-
filled thermal pads. This clearly indicates that the ad-
dition of fillers reduces the CTE of the silicone rubber
matrix.

Figs. 8 and 9show the comparison between experimental
data and the theoretical model, which was based on rules
of mixture for both the ZnO and Al2O3 filled thermal pads
respectively. The equation for rules of mixture is expressed

y of Zn
Fig. 11. Comparison of thermal conductivit
 O filled thermal pads with theoretical predictions.
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as

αc = αfVf + αm(1 − Vf ) (2)

with αc, αm andαf representing the CTEs of the composite,
matrix and fillers respectively andVf the volume fraction of
the fillers. FromFigs. 8 and 9, it can be seen that the CTE
obtained from experimental data is lower than that of the
theoretical model. The reason for the deviations is because
the theoretical model did not take into account the mechanical
interaction between the different materials in the composite
[30]. Mechanical interaction between the fillers and matrices
probably binds the matrix together, thus preventing it from
expanding as much as it would on its’ on. Similar studies
conducted by Wong et al. on polymer composites filled with
ceramic fillers reported a similar observation as ours.

During temperature cycle, in which the thermal pads are
subjected to a predetermined number of cycles of heating
and cooling to test its reliability, thermal pads are expected
to contract more than the copper heat spreader due to the CTE
mismatch between the two materials. This could potentially
cause deterioration in thermal performance due to increas-
ing thermal contact resistance. Therefore, ZnO filled thermal
pads are more suitable compared to Al2O3 filled thermal pads,
due to its lower CTE at a fixed filler loading.

3

of
fi -
b oth
t at a
fi her
t l
p mal

pads is possibly due to higher intrinsic thermal conductiv-
ity of ZnO fillers (60 Wm−1 K−1) compared to Al2O3 fillers
(30 Wm−1 K−1). In addition the finer ZnO fillers (1�m) have
a wider surface area and are more easily diffused in the poly-
mer network compared to Al2O3 fillers (10�m).

In Figs. 11 and 12, theoretical models were used to pre-
dict the thermal conductivity of the Al2O3 and ZnO filled
thermal pads respectively. The results obtained were then
compared with our experimental data. Among the theoretical
models which were used to predict the thermal conductivity
values are Maxwell–Eucken, Bruggeman and Cheng–Vochan
model[31]. FromFigs. 11 and 12, it can be observed that the
predictions of the Maxwell–Eucken and Bruggeman mod-
els deviate significantly from the experimental data, while
Cheng–Vochan model overestimates at filler loading less than
6 vol.% for ZnO and 8 vol.% for Al2O3. The reason for the
deviations is because the theoretical models did not take into
account the state of filler dispersion in the composite, espe-
cially for composites with low filler content[32]. Another
probable factor is because each of these models shows good
agreement with experimental data, only in certain compos-
ite systems. However, by fitting our experimental data into
the Agari model, a possible explanation of the state of filler
dispersion in our thermal pads could be obtained:

logk = VfC2 logKf + Vp log(C1kp) (3)

I
r
V ely,
C -
s
A -
t ily
c

of Al2O3
.4. Thermal conductivity

Fig. 10 shows the thermal conductivity as a function
ller loading for both the Al2O3 and ZnO filled silicone rub
er. It was observed that the thermal conductivity in b

he composites increases with filler loading, whereby
xed filler loading, ZnO filled thermal pads, showed a hig
hermal conductivity value compared to Al2O3 filled therma
ads. The higher thermal conductivity of ZnO filled ther

Fig. 12. Comparison of thermal conductivity
n the Agari model, represented by the equation above,k rep-
esents the thermal conductivity of the thermal pads,Vf and
p the volume fraction of fillers and polymer respectiv
1 the crystallinity of the matrix, and finallyC2 the mea
ure of ease for the formation of conductive chains[33–35].
ccording to Agari, the values ofC1 andC2 should be in be

ween 0 and 1. The closerC2 values are to 1, the more eas
onductive chains are formed in the composite.

filled thermal pads with theoretical predictions.
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Table 4
C1 andC2 of Agari model for polymer composites

System C1 C2 Thermal conductivity
(Wm−1 K−1) at 10 vol.%

Si rubber–Al2O3 0.8159 0.9647 0.2498
Si rubber–ZnO 0.8191 0.9192 0.2598

From Table 4, it is observed that the addition of Al2O3
or ZnO fillers into the silicone rubber matrix, affects theC2
values more strongly than theC1 values. This observation
indicates that neither Al2O3 nor ZnO fillers affect the sec-
ondary structure of the silicone rubber. FromTable 4it was
also observed that theC2 values for both the thermal pads
are affected by the addition of fillers, with the Al2O3 filled
thermal pads showing a higherC2 value compared to ZnO
filled thermal pads. This is because a better state of filler dis-
persion is achieved in Al2O3 filled thermal pads compared to
ZnO filled thermal pads as observed from SEM micrographs
in Fig. 5(a). The higherC2 values observed in Al2O3 filled
thermal pads are also attributed to the larger particle size of
the Al2O3 fillers (10�m) which have a lower thermal contact
resistance compared to the 1�m ZnO fillers. However, values
of thermal conductivity were higher for ZnO filled thermal
pads owing to its higher intrinsic thermal conductivity of its
fillers.

4. Conclusion

Elastomeric thermal pads were successfully prepared from
silicone rubber and thermal conductive Al2O3 or ZnO fillers.
The addition of either Al2O3 or ZnO fillers into the sil-
icone rubber increases both its thermal stability and ther-
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