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ABSTRACT: Castable particulate-filled epoxy resins exhib-
iting excellent thermal conductivity have been prepared using
hexagonal boron nitride (hBN) and cubic boron nitride (cBN)
as fillers. The thermal conductivity of boron nitride filled
epoxy matrix composites was enhanced up to 217% through
silane surface treatment of fillers and multi-modal particle
size mixing (two different hBN particle sizes and one cBN
particle size) prior to fabricating the composite. The measure-
ments and interpretation of the curing kinetics of anhydride

cured epoxies as continuous matrix, loaded with BN having
multi-modal particle size distribution, as heat conductive fill-
ers, are highlighted. This study evidences the importance of
surface engineering and multi-modal mixing distribution
applied in inorganic fillered epoxy-matrix composite. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 106: 3587-3591, 2007
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INTRODUCTION

Excellent electrical insulation properties have made
epoxy resins the basis of rather ideal molding com-
pounds. They are, however, also good thermal insu-
lators, and current trends in encapsulating heat-dis-
sipating electronic components with epoxy resins
have stimulate interest in the thermal conductivity
of particulate filled epoxy resins. Although, epoxy
resins have a low thermal conductivity (~ 0.2 W/
mK'?), it can be enhanced by the addition of inor-
ganic particles with a high thermal conductivity. The
electrical insulation is maintained if these particles
are electrically insulating.®* Since the thermal con-
ductivity of an inorganic filler is much larger than
that of the resin matrix, the magnitude of the ther-
mal conductivity of the imbedded particles plays a
minor role, compared with the role of the geometri-
cal arrangement of the ;)articles. Experimental and
theoretical investigations®” indicate that the temper-
ature within each particle is approximately uniform,
but depends on the location of the particle. Tempera-
ture gradients occur in the resin between the par-
ticles. A thermal conductivity greater than 20 W/mK
appears sufficient to consider particles as heat-flow
shunts.®
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DISCOVER SOMETHING GREAT

In general, when the filler particles are of low con-
centrations, heat flows uniformly through the filled
epoxy since all particles are well separated. Increas-
ing the filler concentration promotes the formation
of preferential paths for heat conduction passing
through the composite.”” Tt is worth to emphasis
that the different geometrical arrangement of the
chains as well as their variable lengths yields differ-
ent thermal conductivities for the same volume load-
ing of particle. On top of the concentration of the
reinforcement, fiber aspect ratio has an impact on
increasing the thermal conductivity.'® This is an in-
herent property of heterogenous systems.

Silicone carbide (SiC),'"'? alumina (ALO;),'*"
aluminum nitride (AIN),'*'® and boron nitride
(BN)'” have been added into resin matrix to form a
composite having satisfactory properties. The dielec-
tric constants of SiC, Al,Os;, and AIN are relatively
high (>8), which are marginal satisfactory for elec-
tronic encapsulation. The hexagonal boron nitride
(hBN) has a crystal structure similar to graphite with
lattice parameters a = 0.25040, ¢ = 0.66612, and a
low dielectric constant x| = x; ~ 4'® except for the
difference in the stacking of layers. In its powder
form, hBN is a naturally lubricious material and is
often called white graphite. It is also an electrical in-
sulator and exhibits excellent resistance to oxidation,
performs exceptionally well at high temperatures
(up to 3000°C), and is resistant to corrosive attack.
Most of the applications of hBN are thermal dissipa-
tion, lubricant, hot-pressed shapes, and pyrolytic
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TABLE I
Type of Fillers and Sizes in BN Samples
Sample Material/size
Single hBN(untreated) hBN, 0.6 um
Single hBN hBN, 0.6 pm
Double hBN hBN, 0.4 and 0.2 pm

Double Hbn + ¢BN hBN, 0.4 and 0.2 pm, and ¢BN, 1pm

shapes.19 Cubic boron nitride (cBN) is synthesized
from hBN at high temperature and pressure. Pow-
dered hBN is heated to ~ 1500°C at a pressure in
excess of 60 kbars. This process transforms the
atomic structure from hexagonal to cubic, making
the material hard and of high abrasivity. One impor-
tant fact about ¢BN is that, unlike hBN, it does not
react with ferrous alloys.

Previous work on BN epoxy-matrix composites
was limited to the use of resin as the matrix,”® and
use of either AIN or SiC or BN as the sole filler.'*
The highest thermal conductivity was measured to be
11.5 W/mK for an AIN-resin composite. It was sug-
gested that the combination of AIN whisker and its
particle with appropriate ratio gave the highest ther-
mal conduction value** Accordingly, this work is
aimed to develop highly thermal conductive compos-
ite materials through (i) the combined use of hBN
and cBN of different size, ultizing the idea of com-
bined use of whisker (hBN in our case) and particle
(cBN), to enhance the formation of thermally conduc-
tive network and (ii) the improvement of interface
between the filler matrix by surface treatment.

EXPERIMENTAL
Material preparation

Both the hBN and ¢BN powders were provided in
pyrolytic form by Shineso Co. China. Two hBN pos-
sessed average particle sizes ~ 0.6 and 0.3 pm (den-
sity = 2.10 g/cm’), and one ¢BN having an average
size ~ 1 um were used (density = 3.48 g/cm®). Their
powders were dried and degassed under vacuum
(1072 torr) at 300°C several hours prior to use. The
range of volume loading percentage spanned from 0
to 26.5%. Each sample was prepared manually by
adding gradually the appropriate amount of BN to
the epoxy resin/hardener mixture, stirring with a
high shear 3-roll miller (efficient particle de-agglom-
eration), degassing the mixture, and casting into a
mold. Table I summarizes the sample notation and
the constituent BN components. That is, a 10 vol %
of a “single hBN”” sample has 10 vol % of hBN hav-
ing an average size of 0.6 mm inside while a 10 vol %
of a “double hBN” sample has 5 vol % of hBN hav-
ing an average size of 0.4 pm and 5 vol % of hBN
having a size of 0.2 um.
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A silane coupling agent Z-6020 (H,NCH,CH,
NHCH,CH,CH,Si(OCH3);3) from Shinesc Co. China
was used for the surface treatment of BN. The amine
group in the silane serves as a catalyst for the curing
of the epoxy and consequently allows the silane
coating to completely bond to the epoxy matrix and
gives a better interface.

Surface treatment for BN using silane coupling
agent involved (i) making an ethanol (200 proof)
aqueous solution at a selected concentration; (ii) mix-
ing silane with this solution and stirring for 10 min
using a magnetic stirrer in a beaker; (iii) adding BN
particles into the solution prepared in (ii); (iv) rins-
ing with alcohol by filtration and (v) drying at 110°C
for 12 h.

An epoxy resin with trade name Epon 8008 from
Huntsman Co. was used in the study. It is a kind of
brominated epoxy resin having an epoxide equiva-
lent weight of 410460 g/equiv, with 19.0-21.0% bro-
mine content. The curing agent dicyandiamide
(DICY, purity >99%) were obtained from Neuto
Products and Tokyo Kasei Kogyo, respectively. The
DICY particles had an average diameter of <1 mm.
The epoxy resin, DICY, and 2-MI were used as
received. They were mixed by a magnetic stirrer for
4 h at a specific ratio listed in Table II. The compo-
sites were cast in a mold heated to 80°C in an oven.
They were then heated to 100°C and pumped for
15 min. Finally, they were heated to 180°C for 4 h
to complete polymerization.

Thermal characterisation
Curing kinetics of resins

A differential scanning calorimeter (DSC, Perkin
Elmer DSC7) was employed to analyze the curing
kinetics of the resins in samples. Samples with nota-
tion summarized in Table I was individually loaded
into a DSC pan and isothermal scans were per-
formed in a nitrogen purged chamber at 180°C sub-
sequently. The evolution of the curing reaction or
the resin conversion against time can be determined
by integrating the isothermal curve area using the
equation in literature.”

1 tdH
Conversion(%) = —— / —dt X 100 1
(%) AH; ), df (1)
TABLE II

Basic Recipe of BN-Epoxy Resin Composite

Material Ratio of materials by volume
Epon 8008 100
DICY 3
2-MI 1
BN 0-26.5
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Figure 1 Isothermal DSC thermograms of BN resins.

where AHry is the total enthalpy change of the sam-
ple which can be mathematically presented by the
area of the enthalpy change from ¢t = O to t = oo

The glass transition temperatures (T,) of the sam-
ples are measured by DSC technique. The compo-
sites were heated in DSC cell to 180°C at a rate of
5 °C/min. The obtained thermographs showing tran-
sition features were adopted as the T,’s of composite
resins.

Coefficient of thermal expansion

A Perkin Elmer (Norwalk, CT) thermo-mechanical
analyzer (TMA7) was used to determine the coeffi-
cient of thermal expansion (CTE). Samples contain-
ing 42, 8, 12.1, 13.4, 152, 21, 26.5 vol % BN filler/
fillers were cured and cut by a diamond saw into
square shape with dimensions ~ 5 X 5 X 3 mm®.
The temperature of the sample was increased from
room temperature to around 180°C at a rate of 5 °C/
min after it was loaded into the TMA cell. The ther-
mal expansion was then presented as a function of
temperature.

Thermal conductivity

The thermal conductivity, k, was calculated by the
product of the thermal diffusivity (mm?/s), specific
heat (J/g K), and density (g/cmg), with the addi-
tional information of the sample density. Flashline™
3000 is employed to automatically determine the
thermal conductivity using the measured heat
capacity and thermal diffusivity, with separately
entered density data. Samples containing 4.2, 8, 12.1,
13.4, 15.2, 21, 26.5 vol % BN filler/fillers were cured
and prepared in cylindrical shape of 12.8 mm in di-
ameter and 1.0-3.0 mm in thickness, depending on
the actual thermal conductivity. The lower this value
is, the thinner the sample required to give a reliable
value. They are ground flat on both sides, coated
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with a silver layer on the bottom side and a carbon
layer on the front surface, respectively. The former
layer was used to enhance the thermal contact and
to prevent direct transmission of flash light through
the specimen, especially in the case of a semi-trans-
parent resin, while the latter layer is to optimize the
absorption of the flash light. Their weights and
dimensions were measured by a balance and a ver-
nier caliper, respectively. A standard copper block
was used as calibration.

RESULTS AND DISCUSSION
Curing kinetics

On the basis of the isothermal DSC characterization,
the heat flow of hBN-resins at 180°C as a function of
time is plotted in Figure 1. All the samples contain
26.5 vol % of filler/fillers. The curves in Figure 1
show a peak featuring the initial reaction rate fol-
lowed by a leveling down tail (time > 4 min) and
the slope of profile (rate of change of heat flow)
becomes the steepest when fillers are hBN and ¢BN.
The second steepest peak is from the double hBN
sample, the third is the single hBN, and the last is
the untreated single BN. The flat nonzero reaction
rate tails reveal that there is a continuous curing
reaction followed by the initial reaction. These tails
evidence the existence of the diffusion controlled
reaction mechanism because of the increase of vis-
cosity resulted from the peak reaction. The onset of
the diffusion-controlled process indicates that fast
transportation of the molecules in the resin system is
prevented by the increase of viscosity.*®

The AHf's of resins containing various amounts of
filler were calculated based on the data of Figure 1,
which were then substituted into eq. (1) to calculate
the conversions of composite resins as shown in Fig-
ure 2. Both Figures 1 and 2 shows that when the fill-
ers are hBN together with cBN, the time to complete
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Figure 2 Percentage conversion of BN-resins.
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TABLE III
T, of BN-Resins Measured by Using DSC
Sample T, (°C)
Single hBN(untreated) 138
Single hBN 145
Double hBN 150
hBN + ¢BN 158

the curing of resin is faster than that of the samples
contain solely untreated/treated/double hBN. This
happens when their total volume of filler loading are
the same, suggesting that more amine groups on the
edge planes of hBN are available to react with epoxy
group of e}zaoxide resin so as to accelerate the poly-
merization.””?® With the presence of cBN, the hBN
fillers have more amine groups participating in the
reactions with epoxide resin. This enhances the
crosslinking, and therefore the T,’s of epoxide resins
as listed in Table III.

The shorter curing time of double hBN-cBN-resin
again evidences the better geometrical arrangement
of the hBN platelets and ¢cBN and thus increasing
the availability of amine groups on hBN that pro-
motes the polymerization of the epoxide resins.

Coefficient of thermal expansion

Figure 3 shows the post CTE with various BN con-
tents in the resins. It can be observed that the addi-
tion of inorganic filler effectively reduces the CTE
of organic resin. This suggests that the mechanical
interlock at the organic-inorganic interface may
constrain the CTE mismatch of the two components
in composite resin. Figure 3 also shows that higher
BN content (>12.5 vol %) alleviates the reduction of
CTE, which is similar to the behaviors in SiO,-resin
reported.zg’30 In our measurement, the CTE of the
single untreated hBN-resin composite at 26.5 vol %
is 46.5 ppm, which is larger than 23.0 ppm for the
double hBN-cBN-resin at the same filler loading. It
is worth mentioning that the reduction in CTE is
43.0% because of the use of ¢cBN as one of the fill-
ers. This was attributed to the more uniform disper-
sion of BN filler in resin and thus possesses a lower
CTE value.

Thermal conductivity

Heat dissipation becomes an important issue in
micro-electronic packaging and printed circuit boards
(PCBs) since the increase of device density drastically
increases the electrical energy consumption and thus
raises the need for better heat dissipation. In com-
parison with metals and ceramics, polymers possess
lower thermal conductivity because of relatively low

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Coefficient of thermal expansion of BN-resins
with various filler contents.

atomic density. Nevertheless, as explained in the
Introduction Section, such a deficiency could be
improved by adding inorganic filler with high ther-
mal conductivity in organic matrix.

Figure 4 shows the variation of thermal conductiv-
ity with the filler content for BN resins. In general,
the thermal conductivities of different types of BN
resins are enhanced with the increase of filler con-
tent, and the addition of hBN exhibits a better effect
on the thermal conductivity enhancement. Although,
hBN has a high thermal conductivity (i = 121
W/mK; k; = 71 W/mK), only limited amount of it
is shared by the composite due to the presence of
epoxy (~ 0.2 W/mK) used as the matrix. For the
treated hBN-resin containing 26.5 vol % filler, x is
increased by 75.0% compared with that of single
untreated hBN sample; this is attributed to the
decrease in thermal resistance by silane surface treat-
ment of BN, in agreement with the observation
reported by Xu et al.?* For the double hBN samples,

20} hBM+cBN
W
e -v-----
15k V'va double hBN
/ _
%' /. a— single hBN
3 10}k /f ,.r;_.n-————n————
g -
u SN -
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Figure 4 Thermal conductivity of BN resins with various
filler contents.
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Kk is enhanced by 133.3%. Similar enhancement is
observed in combine use of AIN whisker and its
particle fillered composite [14]. The underlying
physics is that the smaller particles fill the gaps
between the bigger whisker and epoxy matrix. For
the double hBN-cBN-resin, the thermal conductivity
reaches as high as 19.0 W/mK. The overall increase
in x is 217%. It is suggested that the distribution of
the two kinds of fillers in the epoxy matrix might
arrange themselves in a way that the surface areas
of filler are maximized by adding cBN into hBN-
resin. The plate-like shape of Hbn, hence, must have
a better inter-filler contact in comparison with the
double hBN filler sample at the same volume load-
ing so that a better thermal conductivity property is
observed in double hBN-cBN-resin. The isothermal
thermogram of this composite shown in Figure 1
supports this explanation as its thermogram has a
steeper peak which occurs earlier than that of the
double hBN-resin. The same effect can be achieved
by using higher filler vol % in the double hBN-resin.
It is worth nothing that the addition of the ¢cBN has
an average size ~ 1 pm, however, the overall pack-
ing density is higher, forming more preferential
paths for heat conduction than that of the sample
having solely hBN fillers.

CONCLUSIONS

This work investigated the effects of combined use
of hBN and c¢BN fillers on the physical properties of
composite resin for device encapsulation and multi-
layer PCBs construction. The overall increase in « is
about 217% compared with that of single untreated
hBN sample, while the CTE is decreased by 43%
through silane surface treatment of fillers and multi-
modal particle size mixing. Thermal property analy-
sis using DSC indicated that the enhancement in « is
due to decrease in the filler-matrix thermal contact
resistance through the improvement of the interface
between matrix and particles. Through multi-modal
particle mixing, the fillers arrange themselves in a
way that their contact areas are maximized, resulting
in further enhancing the thermal conductivity.
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