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Abstract: Electronic packaging materials with high thermal conductivity and suitable viscosity are
necessary in the manufacturing of highly integrated electronic devices for efficient heat dissipation
during operation. This study looked at the effect of boron nitride (BN) platelets on the rheology and
thermal conductivity of composites based on alumina (Al2O3) and epoxy resin (EP) for the potential
application as electronic packaging. The viscosity and thermal conductivity of the composite were
increased upon increasing filler content. Furthermore, thermal conductivity of the BN/Al2O3/EP
was much higher than that of Al2O3/EP at almost the same filler loadings. These unique properties
resulted from the high thermal conductivity of the BN and the synergistic effect of the spherical and
plate shapes of these two fillers. The orientation of BN platelets can be controlled by adjusting their
loading to facilitate the formation of higher thermally conductive pathways. The optimal content of
the BN in the Al2O3/EP composites was confirmed to be 5.3 vol %, along with the maximum thermal
conductivity of 4.4 W/(m·K).

Keywords: alumina; boron nitride; epoxy polymer composite; rheological properties; thermal
conductivity; alumina/boron nitride hybrid

1. Introduction

In electronic systems, packaging materials serve as a key component to protect the device with
improved mechanical properties and controlled structural profiles, thereby offering thermal conductive
and dissipative pathways, as well as guarding the electronic circuits against environment effects,
including humidity, heat, chemicals, and radiation. Therefore, the development of electronic packaging
materials with good mechanical properties, high thermal conductivity, high electrical resistance, and a
low coefficient of thermal expansion is necessary to produce efficient electronic devices. Currently,
epoxy (EP) resins are widely used for packaging of electronic devices because of their excellent electrical
insulation properties and heat resistance [1–4]. However, because of its low thermal conductivity and
high thermal expansion, the applications of EP resin are limited. In order to improve the thermal
conductivity and lower the thermal expansion of the EP resin, various solutions were studied recently.
In this context, the addition of an inorganic filler into an EP matrix to form effective composites is
a potential route to improve the performance of the final product. For this purpose, many types of
inorganic or metallic fillers with high thermal conductivity, low thermal expansion coefficient, and low
electrical conductivity, such as silica [5–10], alumina (Al2O3) [11–14], aluminum nitride [15–18], and
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hexagonal boron nitride (BN) [19–25] were studied. Model predictions of and experimental studies on
the effects of graphite or graphene oxide on EP resins were also reported [26–28].

With the rapid development of the electronics industry, electronic devices are becoming smaller
with higher output power, which releases much heat that needs to be dissipated. Therefore, thermal
conductivity is one of the most important issues of electronic packaging materials. Normally, the
high thermal conductivity of electronic packaging material can be achieved using a high loading
of inorganic filler. However, composites with high filler content are usually hard to process. To
further increase the thermal conductive properties with satisfactory processing of electronic packaging
materials, the combination of different fillers to obtain a perfect thermal conductive network attracted
much interest [29–38]. The use of Al2O3 particles to reinforce the EP matrix is principally preferred
because of its low cost, good thermal stability, corrosive resistance, low thermal expansion, and
non-electrical conductivity [11–14,31,32]. Recently, BN platelets emerged as an outstanding candidate
for application to EP-based packaging composite materials because of their unique thermal conductive
properties [39]. However, because the boron nitride (BN) filler is anisotropic, with an intrinsic
conductivity of 2 W/(m·K) for the through-plane [36] and 400 W/(m·K) for the in-plane [36], the
orientation of BN platelets significantly affects the thermal conductivities of the composites. Therefore,
many efforts were devoted to control the orientation of BN platelets, including a special preparation
process [40], applying the shear force with a doctor blading [41] or a two-roll mill [42], and application
of a magnetic field after modifying BN platelets with iron oxides [43–46]. However, the orientation or
alignment of BN platelets in hybrid fillers system is yet to be investigated.

In this paper, the rheological properties and thermal conductivity of EP resin containing two
fillers, Al2O3 particles and BN platelets, were investigated. The combination of the Al2O3 and the BN
into EP resin can have a synergistic effect on the thermal conductivity of the final composite material,
because the planar shape of the BN can form the connecting pathway of spherical Al2O3 particles,
thereby improving the thermal conductivity of the composite material. The effect of various amounts
of BN on the morphology, rheological properties, and thermal conductivity of the Al2O3/EP system
was carefully studied. It was found that, by adjusting the amount of BN platelets, their orientation can
be controlled to facilitate the formation of higher thermally conductive pathways without sacrificing
the processability.

2. Materials and Methods

2.1. Materials

Bisphenol A type epoxy resin, YD-128, was obtained from Kukdo Chemical (Seoul,
Korea). Hexahydro-4-methylphthalic anhydride (HMPA), as the hardener for epoxy resin, and
2-ethyl-4-methylimidazole (EMI), as the catalyst, were purchased from Sigma-Aldrich (Yong-In,
Korea). Furthermore, 2-(3,4-epoxycyclohexyl)ethyltrimethoxysilane (KBM-303), a coupling agent,
was provided by Shln-Etsu Chemical Co., Ltd. (Tokyo, Japan). Aluminum oxides of spherical shapes
with a median diameter of 14.4 µm (Al2O3, DAB-10SI) were purchased from Denki Kagaku Kogyo
Kabushiki Kasisha (Tokyo, Japan). Boron nitride filler in the shape of a single-crystal platelet, with
a mean particle size of ~45 µm and a surface area of 0.6 m2·g−1, was purchased from Momentive
Performance Materials, Inc. (Waterford, NY, USA). All materials were directly used without purification
or modification.

2.2. Preparation of the Composite Materials

The composite materials of the epoxy resin filled with alumina and different amounts of BN were
prepared by simple mixing with a paste mixer. In a typical procedure, 1.20 g of YD-128, 1.06 g of
HMPA, 0.12 g of KBM-303, and 21.60 g of Al2O3 were mixed together using a paste mixer for 3 min.
Subsequently, BN was added to the mixture under continuous mixing for a further 2 min. The cured
composites were prepared by adding EMI as a catalyst to the mixture, followed by mixing, molding



Polymers 2019, 11, 597 3 of 11

on a glass mold, and curing at 100 ◦C for 1 h, with a post cure at 140 ◦C for 2 h. Table 1 shows the
formulated mixtures with different contents of raw material by volume fraction. The numbers in
sample codes denote contents of fillers by part per hundred of epoxy resin.

Table 1. Sample codes and formulation of epoxy resins filled with alumina and boron nitride (BN)
(by volume). YD-128—bisphenol A epoxy resin; HMPA—hexahydro-4-methylphthalic anhydride;
KBM-303—2-(3,4-epoxycyclohexyl)ethyltrimethoxysilane; EMI—2-ethyl-4-methylimidazole.

Sample Codes YD-128 HMPA KBM-303 EMI Alumina BN Total Filler

BN0DAB1800 13.34 12.18 1.50 0.29 72.69 0 72.69
BN50DAB1800 12.86 11.71 1.43 0.28 70.09 3.63 73.72
BN60DAB1800 12.76 11.67 1.44 0.28 69.55 4.30 73.85
BN75DAB1800 12.61 11.52 1.45 0.28 68.82 5.32 74.14
BN90DAB1800 12.50 11.37 1.40 0.27 68.14 6.33 74.47
BN60DAB2000 11.89 10.82 1.32 0.25 71.96 4.02 75.98
BN0DAB2200 11.48 10.52 1.30 0.25 76.45 0 76.45

2.3. Characterizations of the Composite Materials

The rheological properties of uncured composite materials without catalyst were evaluated using
a rheometer, AR2000 (TA Instrument Co., New Castle, DE, USA), equipped with parallel plates having
a diameter of 40 mm at 90 ◦C. In a particular procedure, the dynamic rheological measurement was
firstly conducted in an oscillation mode at a constant strain of 5% and a frequency range from 0.1 to
10 Hz. The steady shear measurement was then evaluated with a shear rate range from 0.01 to 10 s−1.
The stress relaxation was conducted by applying a stress (δmax) to attain a strain of 5%; then, the stress
was removed, and the relaxation stress versus the time was recorded. Relaxation times were defined
on the basis of Maxwell’s model for viscoelastic materials as the time required to relax to 1/e of the
initial stress.

The fractured morphology of the composite samples was characterized using a scanning electron
microscope (SEM), JEOL JSM-6400 (Akishima, Tokyo, Japan). The composite sample was fractured,
and the fractured surface was coated with Pt before observation.

Thermal conductivities of the composite film samples were obtained by multiplying the
corresponding thermal diffusivity and volumetric heat capacity. The thermal diffusivity was measured
in the direction perpendicular to the flat plane of the film using a Netzsch LFA 447 (Selb Deutschland,
Germany) at room temperature. The volumetric heat capacity was calculated by multiplying the
material density and specific heat capacity. The density was identified based on the Archimedes
principle, and the specific heat capacity of the composite materials was obtained using a differential
scanning calorimeter Netzsch DSC 214 (Selb Deutschland, Germany) with a temperature range from 0
to 50 ◦C and a heating rate of 10 ◦C/min.

3. Results and Discussion

3.1. Characteristics of Fillers

The morphological features of the Al2O3 spheres and crystalline BN platelets were investigated
employing SEM, as shown in Figure 1. A spherical shape and a broad particle-size distribution of
the Al2O3 (from nanometers to several micrometers) were observed (Figure 1a). It is speculated that
the broad particle-size distribution of alumina is favorable for the improvement of the flow ability
and filler packing in the composite materials. In this context, the small particles can fill in the gaps
between the larger particles and increase the maximum packing volume fractions of the particles,
thereby reducing the overall viscosity via the Farris effect [47]. Moreover, the Al2O3 filler is isotropic,
with an intrinsic conductivity value of 33 W/(m·K). Figure 1b shows the two-dimensional structure of
the BN with side dimensions from several to one hundred micrometers. As mentioned above, due to
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the anisotropic nature of the BN platelets, their orientation in a polymer matrix significantly affects the
thermal conductivity of the composite material.
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Figure 1. SEM images of alumina (a) and crystalline boron nitride (b) investigated in this study.

3.2. Rheological Properties of the Composite Materials before Cure

In order to control and optimize process conditions, the rheological study plays an important
role. However, rheological behaviors of suspension systems are complex, depending on not only size,
shape, and fraction of fillers, but also filler–filler interactions and filler–matrix interactions [48].

The flowability of the packaging material is an important factor to evaluate whether it is a suitable
candidate to use for packaging electronic devices. As seen in Figure 2a, the viscosities of the composites
decrease upon increasing the rate of shear. This is the shear-thinning behavior of non-Newtonian
fluids due to the redistribution of fillers and their orientation. The viscosities of the BN/Al2O3/EP
composites strongly depend on the fraction of the BN and Al2O3. Figure 2b compares the viscosities
of the Al2O3/EP and the BN/Al2O3/EP composites at the shear rate of 1 s−1. The viscosity of the
BN/Al2O3/EP composite increases as the amount of the total filler increases from 73.72 vol % to
74.14 vol %, corresponding to an addition of 3.63 to 5.32 vol % into the Al2O3/EP mixture. The
viscosity of the composite based on the BN/Al2O3/EP is much higher than that of the composite based
on the Al2O3/EP, because the presence of the BN platelets lowers the flowability of the Al2O3/EP.
However, the orientation of the BN platelets changes from being in a random state to being parallel
with the flow of Al2O3/EP, as shown below in the SEM images, when the total filler content increases
from 74.47 to 75.98 vol %, resulting in a slight reduction in viscosity.

Polymers 2019, 11, x FOR PEER REVIEW 4 of 12 

 

to the anisotropic nature of the BN platelets, their orientation in a polymer matrix significantly 

affects the thermal conductivity of the composite material. 

 

Figure 1: SEM images of alumina (a) and crystalline boron nitride (b) investigated in this study. 

3.2. Rheological Properties of the Composite Materials before Cure 

In order to control and optimize process conditions, the rheological study plays an important 

role. However, rheological behaviors of suspension systems are complex, depending on not only 

size, shape, and fraction of fillers, but also filler–filler interactions and filler–matrix interactions [48].  

The flowability of the packaging material is an important factor to evaluate whether it is a 

suitable candidate to use for packaging electronic devices. As seen in Figure 2a, the viscosities of the 

composites decrease upon increasing the rate of shear. This is the shear-thinning behavior of 

non-Newtonian fluids due to the redistribution of fillers and their orientation. The viscosities of the 

BN/Al2O3/EP composites strongly depend on the fraction of the BN and Al2O3. Figure 2b compares 

the viscosities of the Al2O3/EP and the BN/Al2O3/EP composites at the shear rate of 1 s−1. The viscosity 

of the BN/Al2O3/EP composite increases as the amount of the total filler increases from 73.72 vol % to 

74.14 vol %, corresponding to an addition of 3.63 to 5.32 vol % into the Al2O3/EP mixture. The 

viscosity of the composite based on the BN/Al2O3/EP is much higher than that of the composite 

based on the Al2O3/EP, because the presence of the BN platelets lowers the flowability of the 

Al2O3/EP. However, the orientation of the BN platelets changes from being in a random state to 

being parallel with the flow of Al2O3/EP, as shown below in the SEM images, when the total filler 

content increases from 74.47 to 75.98 vol %, resulting in a slight reduction in viscosity.  

 

Figure 2. Steady shear viscosities (a) and viscosity at a shear rate of 1 s−1 vs. total filler fraction of 

Al2O3/epoxy resin (EP) and boron nitride (BN)/Al2O3/EP (b). 

Figure 2. Steady shear viscosities (a) and viscosity at a shear rate of 1 s−1 vs. total filler fraction of
Al2O3/epoxy resin (EP) and boron nitride (BN)/Al2O3/EP (b).
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Figure 3 shows typical dynamic modulus curves of the composite based on the Al2O3/EP and the
BN/Al2O3/EP. The storage modulus represents the elastic deformation, whereas the loss modulus
represents the viscous component. It shows that the storage modulus of the composite based on
Al2O3/EP or BN/Al2O3/EP is lower than loss modulus, showing that the composite behaves like
a liquid; that is, the composite materials still flow at an elevated temperature for processing. The
modulus of the composites increases upon increasing the amount of BN in the mixture. The slopes of
the modulus curves decrease when there is more BN, indicating that the flow ability of the composites
decreases and, finally, solid-like behaviors are observed. In particular, when the total filler exceeds
74.47 vol % (BN90DAB1800), the slopes of both G’ and G” sharply decrease, indicating a large reduction
in flow ability. This result is consistent with the viscosity measurement.
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Figure 3. Dynamic modulus versus frequency of (a) BN0DAB1800, (b) BN50DAB1800, (c) BN75DAB1800,
and (d) BN90DAB1800. See Table 1 for descriptions of composites.

The viscoelasticity of polymeric materials was investigated by measuring the stress relaxation.
A material with a shorter relaxation time is consistent with viscous fluid behavior. The relaxation
modulus data of the BN/Al2O3/EP are shown in Figure 4a. The relaxation time was calculated based
on relaxation modulus data, and the relaxation time versus total filler fraction is shown in Figure 4b.
It can be seen that the relaxation time also increases with an increased amount of BN; in particular,
when the amount of BN increases from 3.63 vol % (BN50DAB1800) to 5.32 vol % (BN75DAB1800),
the relaxation time sharply increases. In this surveyed range of BN content, the direction of the
BN platelets was random, thereby preventing the flow of the alumina particles and resin mixture.
Therefore, the addition of the BN into Al2O3/EP causes an increase in relaxation time, implying lower
flow ability. However, the relaxation time slightly decreases at a high concentration of BN. It seems that
the orientation of the BN in the Al2O3/EP matrix makes the flow easier and reduces the relaxation time.
The orientation of the BN platelets at this concentration is confirmed by the SEM images shown below.
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3.3. Morphology of the Composite Materials

The SEM images of the Al2O3/EP composite without and with the addition of the BN filler are
shown in Figures 5 and 6, respectively. It is clearly seen that the Al2O3 spheres are well dispersed
within the polymer matrix (Figure 5). Interestingly, the larger Al2O3 spheres are surrounded by the
smaller ones, because the broad size distribution of the Al2O3 spheres minimizes the distance between
particles. Meanwhile, the thermal conductivity of the composite mainly results from the EP resin
contribution with low thermal conductivity; the closer distances between the filler particles can reduce
the thickness of the EP resin layer, leading to easily conductive pathways for the composite samples.
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The addition of fillers with different shapes into an EP matrix can increase the packing of
the obtained composites by making it easier to form various conductive pathways. Therefore, the
morphology of the Al2O3/EP composite sample with the addition of BN was investigated, as shown in
Figure 6. The distribution and orientation of the BN are shown as red bars. At a low concentration of BN,
the BN platelets are randomly dispersed into the Al2O3/EP matrix without orientation (Figure 6a–c).
Therefore, thermal conductivity pathways of BN platelets are in-plane (Scheme 1a). However, the
BN platelets prefer a parallel arrangement with the surface of the composite film to facilitate their
movement between the spherical Al2O3 particles as the BN amount increases (Figure 6d); hence,
thermal conductivity pathways are through-plane (Scheme 1b). The change in the orientation of BN
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platelets results in a reduction in the thermal conductivity of the composite films, as well as in the
viscosity of the composites.
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3.4. Thermal Conductivity of the Composite Materials

The thermal conductivity of the composites strongly depends on the filler concentration, because
of the high conductivity of the filler. However, the viscosity of the composite increases as the amount
of filler increases; thus, the materials cannot be processed. The simultaneous use of two types of fillers,
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including Al2O3 and BN, in the EP matrix is believed to further improve the thermal conductivity of the
composite materials. Figure 7a clearly shows the strong effect of BN content on the thermal conductivity
of the composite. The thermal conductivity of the BN/Al2O3/EP composite is higher than that of
the Al2O3/EP composite. The thermal conductivity increases from 2.77 W/(m·K) for the composite
without BN (BN0DAB1800) to 3.35 W/(m·K) for the composite with 3.63 vol % (BN50DAB1800) BN
loading. When the BN amount increases from 3.63 (BN50DAB1800) to 5.32 vol % (BN75DAB1800), the
thermal conductivity increases sharply, from 3.35 W/(m·K) to 4.44 W/(m·K), that is, 1.6 times higher
than that of the composite film without BN. However, the thermal conductivity is then reduced to
4.05 W/m·K when the BN concentration increases to 6.32 vol % (BN90DAB1800), probably because
the high BN content in the BN90DAB1800 composite samples alters the BN orientation from being
random to being parallel, thereby changing of the thermal conductive pathways of BN platelets from
in-plane into through-plane (Scheme 1). In this case, the thermal conduction pathways of the BN
platelets mainly happen through-plane, which has a low intrinsic conductivity, thus reducing the
overall conductivity of the composite. The orientation of the BN platelets is clearly shown in the SEM
images (Figure 6).
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Lewis and Nielson modified the Halpin–Tsai equation for transport properties, such as the thermal
conductivity of polymer composites [49].

kc = km

(
1 + AB∅
1 − B∅ψ

)
, (1)

B =

k f
km

− 1
k f
km

+ A
, (2)

ψ = 1 +
(

1 − φm

φ2
m

)
φ, (3)

where kc, km, and k f represent the thermal conductivity of the composite, polymer matrix, and filler,
respectively, and ∅ is the volume fraction of filler. The value of A in Equation (1) is a function of the
orientation and shape of the filler, and ∅m is the maximum packing fraction of the filler. According to
Corcione and Maffezzoli, the prediction by Equation (1) showed reasonably good agreement with the
experimental data of composites filled with platelet fillers such as graphene [27]. In order to study
the model predictions on the effects of BN in the hybrid composites, the thermal conductivity of
Al2O3/EP (BN0DAB1800) was used as the value of km in Equation (1) and parameters of BN were
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employed to investigate the prediction by the model on the effects of BN. Due to the anisotropic
nature of BN platelets, k f = 400 W/(m·K) and A = 10 were used for the model prediction of the
in-plane thermal conduction, while k f = 2 (W/(m·K) and A = 0.5 were used for the model prediction
of the through-plane conduction by BNs [49]. The maximum packing fraction (φm) of thin platelets
was assumed as 0.85 [50]. Based on these considerations, the experimentally determined thermal
conductivity data and the predictions by the model for the in-plane thermal conduction and that for the
through-plane conduction by BN are given in Figure 7b. It is observed that, as the BN content increases
from 3.63 to 5.32 vol %, the experimentally determined thermal conductivities of the composites closely
follow the model prediction based on the in-plane thermal conduction (red line). However, with
increasing BN content further, the experimental data begin deviating from the prediction based on
the in-plane thermal conduction due to the change of the thermal conduction pathway by BN from
in-plane to through-plane, as shown in Scheme 1.

4. Conclusions

This study investigated the morphology and properties of an Al2O3/EP composite film filled
with different amounts of BN filler. The viscosity of the obtained composites slightly increased with
incorporation of the BN filler. The obtained flow properties of the composites were demonstrated to be
suitable for applicable processing. The thermal conductivity of the BN/Al2O3/EP composites was
significantly improved by adding a small amount of the BN up to 5.32 vol % without a significant effect
on the flow ability for processing. The use of a higher BN amount reduced the thermal conductivity
of the composite because of the alteration of the thermal conductive pathway of BN platelets from
in-plane to through-plane. The orientation of BN platelets can be controlled by adjusting their loading
to facilitate the formation of higher thermally conductive pathways.
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