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ABSTRACT: Natural rubber with low heat generation
was prepared by the inclusion of boron carbide (B4C).
Tensile testing, scanning electron microscopy (SEM),
dynamic mechanical analysis, and thermal constant anal-
ysis were performed. The results show that a slight dete-
rioration of tensile strength only occurred at a high
volume content (>20 vol %). The thermal conductivity
increased for the formation of well-maintained B4C ther-
mal conductive pathways. SEM images and theoretical

analysis demonstrated that the specific area of B4C was
small and the interfacial activity was low. Infrared ther-
mal images taken by the infrared camera proved the low
heat generation of the composites, which originated
from the high thermal conductivity and the weak inter-
face. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118: 2050–
2055, 2010
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INTRODUCTION

Heat generated from the cyclic deformation of rub-
bers at sufficient magnitudes of amplitude and fre-
quency cannot be easily conducted away; this results
in an increasing temperature for the rubber compo-
nents. High temperatures accelerate the fatigue of
rubbers, so it is very important to find proper ways
to reduce the heat buildup of rubbers in dynamic
applications.1,2 Heat generation mainly originates
from the viscoelasticity of rubbers, and it increases
with increases in hysteresis loss, frequency, stroke,
and ambient temperature.3,4 The inclusion of fillers in
rubbers can significantly affect the heat generation by
filler loading, thermal conductivity, interfacial interac-
tion, and the shape and dimension of fillers. So, the
formation of thermal conductive pathways in a rub-
ber matrix with a high thermal conductivity can be
helpful to attenuate heat buildup. Meanwhile, fillers
with a small specific area and relative weak interfa-
cial activity can also reduce the quantity of heat gen-
erated in cyclic loadings. Many studies have been
reported on the heat buildup of rubbers, but most of
the fillers investigated have been conventional fillers,
such as carbon black and silica.5–7 In this study, we

chose boron carbide (B4C) as a thermal conductive fil-
ler to obtain natural rubber (NR) composites with
low heat buildup, as proven by the use of an infrared
camera. These B4C-filled NR composites could also
be used as thermal neutron radiation shields for the
high value of the neutron cross section of boron.8

EXPERIMENTAL

The NR used in this study (SMR 1) was purchased
from Mengwang Rubber Corp. (Shanghai, China).
Nonvulcanized NR, which contained all of the vul-
canization ingredients, was prepared in a laboratory
twin-roll mixing mill (SK-160B, Shanghai Rubber
Machine Co., Shanghai, China) at room temperature
and was then vulcanized at 140�C for 10 min under
a pressure of 1.5 � 107 Pa. We prepared composites
with different volume contents of B4C (Sidi Chemis-
try Co., Chengdu, Sichuan, China) from 0 to 45 vol
%. The morphology of the composites was observed
by scanning electron microscopy (SEM; The Stand-
ard of Japanese Electrical Manufacture’s Association
(JEM), JSM 5900LV (Infrared camera: FLIR Systems,
Boston, MA)). The tensile performances were meas-
ured by an Instron 5567 material testing machine
(University Ave, Norwood, MA) (Japan Electronics
Co., Ltd. (JEOL), 1-2, Musashino 3-chome Akishima
Tokyo, Japan) in tensile mode with a load cell with
a 1-kN capacity. The specimen was a dumbbell-
shaped thin strip (25 � 4 � 2 mm3), and the experi-
ments were performed at a tensile speed of 500
mm/min. The nonlinear viscoelasticity of the B4C/
NR composites (Payne effect) was tested by means
of a TA Q800 instrument (New Castle, DE) with a
frequency of 1 Hz and amplitudes ranging from 0 to
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7500 lm at a temperature of 25�C in tensile mode.
The rectangular specimens had a thickness of 1 mm,
a width of 6 mm, and a length of 40 mm. The ther-
mal conductivity of the composites was measured
by hot disk thermal constant analyzers (model 2500
(Hot disk thermal constant analyzers: K-analys, Sala-
gatan, Uppsala, Sweden)) at a temperature of 25�C.
An infrared camera (ThermoVision A20) was used
to test the heat buildup of the B4C/NR composites
at room temperature. Cylindrical rubber specimens
(24 mm in height and 49 mm in diameter) were sub-
jected to cyclic compression with an MTS 810 mate-
rial test machine (Mechanical Testing & Simulation
(MTS) Systems Corporation, Technology Drive, Eden
Prairie, MN). The frequency of loading was 5 Hz,
and the amplitude was 3.5 mm. The test procedures
were terminated when the sample was tested for
about 40 min.

RESULTS AND DISCUSSION

Morphological and mechanical features

The morphologies of the B4C/NR composite with
different volume contents are shown in Figure 1.

The diameter of B4C particles was about 2–5 lm. The
B4C particles were homogeneously dispersed at all
ranges of volume content. Particularly, cavities
appeared at a high content [Fig. 1(b)], which indicated
the relatively weak interaction between B4C and NR.
This was also proven by the SEM images shown in
Figure 2. This means that more cavities appeared and
some B4C particles were pulled off after the cyclic
compression test [see the regions in Fig. 2(b) indicated
by the black arrows] because of the weak interfacial
interaction. The tensile strength variation of the B4C/
NR composites is plotted in Figure 3. The enhance-
ment of the tensile strength at a content range of 3–20
vol % confirmed the well-maintained B4C network at
low contents. At high volume contents, the tensile
strength decreased; this was attributed to the struc-
tural rupture of the B4C network during elongation.
To reveal the structural changes in the filler net-

work, the Payne effect was investigated by the mea-
surement of the dynamic amplitude scanning at a fre-
quency of 1 Hz.9–11 This nonlinear behavior in the
nondestructive regime of the filled rubbers has been
regarded as an important subject in numerous studies
on filler structure and matrix–filler interactions.12 The

Figure 1 SEM micrographs of B4C/NR composites with
different volume contents: (a) 14 and (b) 40 vol % B4C-
filled NR.

Figure 2 SEM micrographs of the 30 vol % B4C/NR com-
posite (a) before and (b) after cyclic compression testing.
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storage modulus (G0), measured for composites with
various levels of B4C, is displayed in Figure 4(a). At low
and intermediate contents of B4C (0–14 vol %), G0 exhib-
ited an invariance in strain amplitudes for strains less
than about 1%; this clearly suggests that the B4C net-
work existed at low strains. The invariance was not
maintained at high B4C contents because G0 decreased
even at very low strains. Corresponding tan d curves
are plotted in Figure 4(b). Clearly, a maximum in the
strain range was well established as a reflection of the
significant hysteresis arising from the breakup of the fil-
ler network at high B4C contents (>20 vol %).13–15 So,
we concluded that a well-maintained filler network was
achieved under a wide filler content range (0–20 vol %).

Thermal conductive network

The state of filler distribution is important. As
described by the percolation theory, the enhancement
of thermal conductivity is based on the continuous
heat-conduction path formed by fillers.16 This was
confirmed by the SEM images in Figure 1. Figure 5
shows the thermal conductivity as a function of the
B4C volume content. The thermal conductivity
increased with B4C loading. It reached a value of 0.76
W m�1 K�1 at a B4C volume content of 45 vol %. To
evaluate the enhancement of the thermal conductivity
of the B4C/NR composites, two theoretical models
(Maxwell and Bruggeman) were used to predict the
thermal conductivity, as shown in Figure 517:

Maxwell: k ¼ Kp

Kf þ 2Kp � 2Vf Kp � Kf

� �
Kf þ 2Kp þ Vf Kp � Kf

� � (1)

Bruggeman: 1� Vf ¼
Kf � k

Kf � Kp

Kp

k

� �1=3

(2)

where k is the thermal conductivity of the composite;
Kf and Kp are the thermal conductivities of the filler

and polymer matrix, respectively; and Vf is the vol-
ume content of filler. The thermal conductivity of
B4C used here was 42 W/m K.18

Figure 3 Tensile strength of the B4C/NR composites as a
function of the B4C volume content.

Figure 4 (a) G0 and (b) tan d measured as a function of
strain and with six different filler volume contents: (l)
neat and (~) 3, (^) 6, (h) 14, (*) 20, ($) 30, and (n) 40
vol %.

Figure 5 Comparison of the experimental thermal con-
ductivity values of B4C-filled NR with the theoretically
predicted values.
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As shown in Figure 5, the prediction of the Max-
well model deviated from the experimental data,
whereas the prediction of the Bruggeman model was
consistent with our experimental data at volume
contents lower than 30 vol %, with only a slight
overestimation at B4C loadings greater than 30 vol
%. That is, an ideal thermally conductive B4C net-
work pervading the matrix formed. It was the weak
interfacial interaction that attenuated the thermal
conductivity at high B4C loadings, which was
proved by Figures 1 and 2. A probable reason for
the deviation of the Maxwell model is that it is an
exact solution only for the effective conductivity of
randomly distributed and noninteracting fillers in a
continuous matrix. It does not take into account the
interaction of the fillers.19,20 So, more exact theoreti-
cal models were developed to describe the mixing
role of two-phase composite systems. Agari and co-
workers21,22 proposed an important model to predict
the thermal conductivity [eq. (3)], which is based on
the generalization of models for parallel and series
conduction in composites. According to the effective
medium theory, Bruggeman20,23 reported a model by
considering the neighboring particles as the incre-
mental dispersed particles and the existing compos-
ite as the surrounding medium at each stage and,
then, the integration of the thermal conductivity [eq.
(4)]. Taking both the effect of interfacial thermal bar-
rier resistance and particle shapes into consideration,
Wang and Su24 proposed a modified Bruggeman
model [eq. (5)] to predict the thermal conductivity.
By fitting the experimental data with the Agari and
modified Bruggeman models, we obtained more in-
formation about the mechanism of thermal conduc-
tion (Fig. 6):

Agari: log k ¼ VfC2 logKf þ Vp logðC1KpÞ (3)

Bruggeman: 1� Vf ¼
Kp

k

� �1=3 Kf � k

Kf � Kp

� �
(4)

Modified Bruggeman:

ð1� Vf Þn ¼ Kp

k

� �
k� Kf ð1� aÞ
Kp � Kf ð1� aÞ

� �n

; a ¼ ak=a; ð5Þ

Rk ¼ ak=Kp; n ¼ 3=W

In the Agari model, represented by eq. (3), Vp is the
volume content of the polymer matrix, C1 is related
to the crystallinity and crystallite size of the matrix,
and C2 is related to the likelihood of the formation
of connected filler thermal pathways. This model is
also effective at high volume contents.21,22 The val-
ues of C1 and C2 should be between 0 and 1. A more
easily conductive filler network can be formed in the
composite when the C2 value is close to 1. By data
fitting, values of 0.1 and 0.9 were obtained for C1

and C2. The C2 value suggested that effective con-
ductive bridges in the composite were formed. This
was consistent with the dynamic mechanical mea-
surement discussed previously.
The modified Bruggeman model further reflects

the shape of filler and interfacial condition between
the filler and matrix. In eq. (5), a is the interfacial
thermal barrier resistance factor, n is particle shape
factor, and W is particle sphericity. The particle ra-
dius (a) here was verified by the scanning electron
micrographs represented previously as having a
value of 2 lm. The parameters aK and RK indicate
the Kapitza radius and Kapitza resistance (interfacial
thermal barrier resistance), respectively.24 Taking
into consideration the fact that filler agglomeration
leads to the deviation of this model, we used data
only at in range 0–20 vol % for fitting. The fitting
results show that n ¼ 2.99, aK ¼ 1.04 � 10�6 m, and
RK ¼ 6.4 � 10�6 m2 K/W. The value of n suggested
that the specific area of the B4C particles was small.
The relatively high Kapitza resistance was mainly

Figure 6 Experimental data of the thermal conductivity
and curves fitted by the Agari and modified Bruggeman
equations.
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derived from the poor interaction between B4C and
NR, which was proven by the SEM images. Accord-
ing to a survey of the literature, the dramatic
enhancement of thermal conductivity occurs mainly
within the region where RK is less than 10�7 m2 K/
W. When RK is greater than 10�7 m2 K/W, the effect
of Kapitza resistance on the thermal conductivity is
quite low.25–27 So, we concluded that the dominating
factor of thermal conductivity was the quality of the
connected B4C thermal pathways formed in the NR
matrix.

Heat buildup under cyclic loading

To investigate the heat generation of the composites,
an infrared camera was used to test the temperature
increase at a temperature of 30�C. Figure 7 shows
the infrared images taken at different times, which
reveals that temperature increased very quickly. To
illustrate the trends of heat generation, the values of
heat buildup are plotted against time in Figure 8.
This figure indicates that at volume contents of 0–14
vol %, the temperature variation (DT) was even
lower than that of unfilled NR. When volume con-
tent increased further, DT increased dramatically;
this resulted from the serious breakup of the B4C
network and largely increased the interfacial friction.
Compared that of the 14 vol % carbon-black-filled
NR system, the heat buildup in the B4C-filled system
was quite low. So, the appropriate filling of B4C
would benefit the heat dissipation in the dynamic
application of rubbers.

To understand the mechanism of heat dissipation,
we paid much attention to the main features of B4C-
filled NR, which possibly had great impact on the

heat buildup of the composites. These main features
included the (1) high thermal conductivity, (2) rela-
tively weak interaction between B4C and the NR ma-
trix, and (3) small specific area of B4C. Particularly,
the thermal conductivity achieved theoretical values
at a wide range of B4C loadings for the satisfying
thermal pathways formed in the NR matrix. This
was an important way to attenuate the heat genera-
tion. In this study, the interfacial properties of B4C
were also very important for heat dissipation. On
the one hand, the relatively small specific area of
B4C reduced the contact area; thus, the friction
between the filler and matrix was reduced. On the
other hand, because of the weak interfacial interac-
tion, we concluded that there was no glassy bridges,
which was expatiated in carbon-black-filled NR sys-
tems.28 At large strain amplitudes, there are two
main dissipation ways for filled rubbers: (1) the first
is due to the yielding of glassy bridges: the dissipa-
tion of the stored elastic energy, and (2) the second
is due to the shearing of polymer layers between the
fillers, and this mechanism is present after the glassy
bridges have yielded. For carbon-black-filled NR
systems, the yielding of glassy bridges releases a
large quantity of elastic energy, and it is converted
into heat. The B4C-filled system probably did not
have such a mechanism, so the heat buildup of B4C-
filled NR was significantly lower.

CONCLUSIONS

The mechanical properties, thermal conductivities,
and heat buildup of B4C/NR composites were inves-
tigated. With the addition of B4C, the tensile

Figure 7 Images taken by infrared photography at differ-
ent times. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 8 Heat buildup at a temperature of 30�C as a
function of compression time. The DT values are indexed
as follows: (n) neat and (*) 3, (~) 6, (!) 14, (^) 20, (^)
30, and (") 40 vol %. The solid straight line is the heat
buildup curve of 14 vol % carbon-black (N770)-filled NR
for comparison.
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strength was enhanced even at low and intermediate
volume contents, whereas it only slightly deterio-
rated at high volume contents. Investigations of the
nonlinear viscoelasticity and thermal conductivity of
the B4C/NR composites demonstrated that well-
maintained, highly thermally conductive pathways
were formed in the NR matrix, which was the main
reason for the enhancement of thermal conductivity.
Heat generation was significantly attenuated by the
inclusion of the B4C network for the following rea-
sons: (1) heat was conducted away more effectively
for increased thermal conductivity, and (2) a small
specific area and weak interfacial activity reduced
the interfacial friction remarkably.
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