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Abstract: The thermal conductive cyanate ester/epoxy (CE/AG80) composites with
hexagonal boron nitride (h-BN) reinforced were manufactured and investigated.
The low and stable dielectric constant/loss of the composites with respect to both
frequency (500 Hz-100 kHz) and temperature (50-350 °C) were discussed as func-
tions of the content of h-BN. It was found that the low and stable dielectric constant/
loss of the composites can be maintained in the whole frequency range at room tem-
perature, and the mutations of constant/loss at the frequency of 1 kHz occurred
above 280 °C for all of the samples. Moreover, a remarkable enhancement of the ther-
mal conductivity (0.54 W/mK a 1.8-fold enhancement) was achieved with the intro-
duction of h-BN and significantly outperformed traditional thermal conductive

Boron Nitride
(h-BN)

fillers. The significant improvements of the thermal conductivity of the composites were analyzed by the Agari’s model and the parame-

ters of C; and C, were also calculated.

Keywords: dielectric properties, thermal conductivity, composites, hexagonal boron nitride.

1. Introduction

With the miniaturization and densification of the electronic
components, increasingly high requires for the substrate mate-
rials including high frequency stability, high reliability and low
power consumption have been put forward."* Moreover, good
thermal conductivity is also one of the key characters for the
novel electric materials.® In the regard of good thermal conduc-
tivity, the inherent adiabaticity and insulativity of traditional
polymers for instance polymers could not meet the require-
ments for practical applications. In order to improve the con-
ductive properties, various thermal conductive fillers, such as
AN, SiC, Al,0;, have been filled into the polymer matrices.*®
Nevertheless, the above fillers possess relatively high dielec-
tric constants. Moreover, high dielectric constants would result
to high power loss, which put them at a serious disadvantage
when used for the electronic insulation materials. Specially, BN
fillers are one of the potential conductive fillers which exhibits
extremely high thermal conductivity (= 280 W/mK).* Also, the
low dielectric constants, marked chemical inertness and excel-
lent mechanical properties, enable them candidates of the com-
posites for electric insulation applications.

Moreover, many researchers have done related studies to
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improve the thermal conductive properties, including the choices
of different polymers, various dispersion methods and so on.
For example, Zhou et al. prepared a novel fiber-reinforced poly-
ethylene composite with Siz;N, fillers via a conventional method
of hot molding.” Kimiyasu Sato et al. investigated a thermally
conductive composite film with the polyimide as plastic matrix
and h-BN particles as fillers? Also, Yu et al. prepared the polysty-
rene/AIN polymer composites and they achieved a special dis-
persion state in the composites, in which AIN particles were
surrounded by the polystyrene matrix particles.” Moreover,
Kemaloglu et al prepared the thermally conductive BN/styrene-
ethylene-butylene-styrene terpolymer/poly(ethylene-co-vinyl
acetate) ternary composites and Huang et al. studied the elec-
trical and thermophysical properties of ethylene-vinyl acetate
elastomer composites with surface modified BaTiO; fillers.'*!!
In sum, various kinds of thermal conductivity nanoparticles have
been used to prepare the resin matrices composites. However,
compared with other polymers, epoxy/cyanate polymers have
been widely used, such as electronic packaging, defense indus-
try, aerospace fields and so on, because of their superior elec-
trical resistivity, excellent mechanical properties and chemical
stability. Meanwhile, the cost of epoxy/cyanate polymer is low
which would also broaden the scope of their applications.

In this work, hexagonal boron nitride (h-BN) fillers were
filled in the cyanate ester/epoxy (CE/AG80) matrices by melt-
ing mixing at a high speed. As consequence, a composite with
low and stable dielectric properties and high thermal conduc-
tivity could be achieved. Meanwhile, the effects of the h-BN filler
content on the microstructure, dielectric properties with respect
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both to frequency and temperature were also discussed in detail.

2. Experimental
2.1. Raw materials

The 4,4’-(propane-2, 2-diyl)bis(cyanatobenzene) (CE), AG80
(EWW=117-134 g/mol), Imidazole and h-BN powders were
commercially available and used as received without further
purification.

2.2. Preparation of CE/AG80/h-BN composites

The detailed procedure for the preparation of CE/AG80/h-BN
composites was as following. The required amount of epoxy
resin and cyanate with a ratio of 4 to 6 were melted and mixed
at 100 °C with imidazole added. Then, h-BN was added, con-
taining stirring for another 3 h. The h-BN proportion was
0 wt%-40 wt%. The mixtures of CE/AG80/h-BN were poured
into the preheated molds at 100 °C and cured with standard
procedure. The detailed temperatures and times of curing pro-
cedures of AG80/CE/h-BN copolymers are as follows: 120°C
for 2h, 160 °C for 2 h, 200 °C for 2 h, 220 °C for 2 h, and 250°C
for 2 h.

2.3. Characterizations

Scanning electron microscope (SEM, JSM25900LV) was employed
to observe the morphology of the fractured surfaces of the
polymers. Fourier transform infrared (FTIR) spectra were
recorded by utilizing Shimadzu FTIR8400S (Japan) spectrome-
ter in KBr pellets between 3000 and 500 cm™ in air. Dielectric
properties of the CE/AG80/h-BN polymers were tested by a
TH 2819A precision LCR meter (Tong hui Electronic Co., Ltd.),
which was carried out at different frequencies (500 Hz-100
kHz) at room temperature with 40 % humidity, and at various
temperatures (50-350 °C) at the frequency of 1 kHz. Dynamic
mechanical analysis (DMA) in a three-point-blending mode was
performed on QDMA-800 dynamic mechanical analyzer (TA
Instruments, USA) to determine the glass temperature (7).
The tan delta were studied with the amplitude of 15 pm and a
frequency of 1 Hz, and the composites were all heated from
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50°C to 350 °C at a temperature ramp of 3 °C/min. TGA was
performed on a TA Instruments TGA Q50 with a heating rate of
20°C/min (under nitrogen or air) and a purge flow rate of
40 mL/min. Thermal conductivity measured with Netzsch LFA
457 Laser Flash Apparatus.

3. Results and discussion
3.1. Thermal conductivity of the CE/AG80/h-BN composites

As expected, the thermal conductivities of the CE/AG80/h-BN
composites are strongly dependent on the content of h-BN,
with higher contents consistently resulting to higher thermal
conductivity, shown in Figure 1(a). When the h-BN content is
40 wt%, the thermal conductivity of the CE/AG80 composite
achieves 0.54 W/mK a 1.8-fold improvement, which shows large
advantages comparing with that of epoxy composites filled
with AIN, Si;N, and copper particles.**3

In h-BN, the inside BN layers functions as highly conductive
channels for thermal transport, while the heat treated outside
layers would afford sufficient covalent and non-covalent bond-
ing with the matrix molecule chains, and facilitates the phonon
transfer from the h-BN to the polymer matrices.* The semi-
empirical model (Agari’s model) based on the generalization of
series and parallel conduction models in composites and cor-
relates thermal conductivity with the ability of fillers to create
particle conductive chains is:*®

logK, = pCylogK+(1-p)logCiK,

where K, K;and K, are corresponding to the thermal conduc-
tivity of the composites, the fillers and the polymer matrices,
respectively. ¢ is the filler volume/weight fraction, C; and G,
are obtained by fitting the experimental data. The logarithmic
plot of thermal conductivity with respect to the filler content is
presented in Figure 1(b), and the two parameters C; and C, are
calculated to be 0.934 and 0.1593. The value of C; suggests the
introduction of h-BN would affect the curing process of the
polymer chains and decreases the crosslinking degree of the
matrices. The low value of C, suggests that the h-BN in this work
is hard to create thermal conductive channels efficiently under
the conditions. While, considering of the increased thermal

1(b)
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Figure 1. Thermal conductivity of CE/AG80 composites with various contents of h-BN fillers.
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conductivity, it can be concluded that although it’s hard, the
effective conductive channels have been formed with increasing
the content of h-BN. Thus, for the AG80/CE/h-BN polymers, the
main heat transfer mechanism is heat conduction, via the phonon.
After adding the h-BN fillers, many BN particles could touch each
other and begin to form the thermal conductive pathways. Finally,
these pathways would form the network to improve the ther-
mal conductive of AG80/CE polymers.

3.2.Morphological properties

Figure 2 shows the SEM images of the h-BN and the h-BN filled
CE/AG80 composites to investigate the fracture morphology of
samples. It can be seen obviously that the pure h-BN is subor-
biculate with uniform size of ~100 nm diameter (Figure 2(a)).
Figure 2(b)-(d) presents the fracture surface of CE/AG80 com-
posites with various contents of h-BN fillers. It can be seen that
the suborbiculate h-BN is well embedded in the CE/AG80 matri-

ces. No aggregation and bare h-BN can be observed in the frac-
ture surface, indicating the good dispersion and excellentinterface
compatibility of h-BN in the matrices. Moreover, the compos-
ites with low content of h-BN exhibit obvious resin-rich regions
that without conductive fillers existence (Figure 1(b)), and the
h-BN is seldom mutual contaction and overlap each other, hard
to form an effective conductive channel (shown in Figure 1(b)),
resulting to a slighter improvement for the thermal conductivity.
With increasing the content of h-BN, the contaction and overlap
will increase significantly and be conducive to the formation of
conductive channels, contributing to the significantly improve-
ment of conductivity (shown in Figure 1(c) and (d)).

3.3. Structure characterization of the h-BN and their com-
posites

FTIR were used to investigate the introduction of h-BN and the
structure transition of the CE/AG80 resin matrix after being

Figure 2. SEM images of CE/AG80/h-BN composites with various contents of h-BN: (a) neat h-BN, (b) without BN (c) with 20 wt% h-BN, (d) with

30 wt% h-BN and (e) with 40 wt% h-BN10 pm.
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Figure 3. FTIR spectra of h-BN and their composites (a) pre-heated at 100 °C and (b) cured at 250 °C.
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Figure 4. Dielectric properties with respect to frequency of CE/AG80 composites with various contents of h-BN: (a) Dielectric constant and (b)

dielectric loss.

heat treated at various conditions.*® Figure 3(a) and (b) pre-
sented the structures of the CE/AG80/h-BN composites treated
at 100°C and 250°C, respectively. In Figure 3(a), the spectra of
pristine h-BN and CE/AG80 without h-BN were shown, in order
to make a clear comparison with that of the composites with h-BN.
It can be seen that the absorption peaks near 1289 and 803 cm™
assigning to the B-N are observed for the pristine h-BN, and the
corresponding peaks can be observed in the composites of CE/
AG80/h-BN-20% and CE/AG80/h-BN-40%, indicating the incor-
poration of h-BN and the resin matrix. Moreover, the character-
istics of the CE (C-N, 2236,/2270 cm™) and AG80 (913/917 cm™)
can be also observed in Figure 3(a). After being heat treated at
250°C, the characteristics absorption peaks of the composites
are shown in Figure 3(b). The absorption peaks of B-N can be
observed in the composites of CE/AG80/h-BN-20% and CE/
AG80/h-BN-40%, shown in Figure 3(b). Additionally, the epox-
ide groups (913/917 cm™) and cyanate groups (2236/2270 cm™)
disappear after being treated at elevated temperature. The
traizine structures (the characteristic bands are 1348 cm™ and
1565 cm™) can be observed which are generated by the self-
polymerization of cyanate resins. Also, the oxazolidione structure
(1750 cm™) appears in Figure 3(b), indicating the copolymer-
ization of CE and AG80. Thus, the structures of the CE/AG80/h-BN
composites can be confirmed with the FTIR spectra, demon-
strating the incorporation of h-BN and the copolymerization of
CE and AG80.

3.4. Dielectric properties of the CE/AG80/h-BN composites

The variations of dielectric constant and loss with respect to
frequency for the CE/AG80 composites with various contents
of h-BN fillers are shown in Figure 4. It's well known that the
dielectric properties for the nano-composites are determined
by the dielectric polarization and the relaxation mechanisms in
the bulk of the composites.? In this case, polarizations associ-
ated with the polymer matrices and h-BN fillers as well as the
interface polarizations occur at the matrix-filler interface would
coexist. It can be seen in Figure 4(a) that the dielectric constant

Macromol. Res., 26(7), 602-608 (2018)
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Figure 5. Dielectric properties with respect to temperature of CE/
AG80 composites with various contents of h-BN: (a) Dielectric con-
stant and (b) dielectric loss.

is frequency dependent parameter for the CE/AG80 matrices
and decreases with increasing the frequency. It's reported that
the dielectric constant would continuously decrease at high
frequency due to the fact that the orientable dipolar groups and
relaxation of molecular chains could not keep pace with that of
the alternating field."” However, with increasing the content of
h-BN fillers, the dielectric constant slightly increases. It can be
assigned to the interfacial polarizations generated by the likely
impurities and excess free charges associated with the subor-
biculate h-BN. In Figure 4(b), low dielectric loss for the com-
posites is presented and it's obvious that the dielectric loss is
also a frequency-dependence parameter. In this case, the conduc-
tion loss and relaxation loss contribute most to the low dielectric
loss for the CE/AG80/h-BN composites with respect to fre-
quency.'® In the high frequency of 20-75 kHz, an increasing of
the dielectric loss for all of the composites appears that can be
attributed to the significant relaxation polarization loss gener-
ated by the orientable dipoles in the molecular groups attached
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Figure 6. Maximum use temperatures of CE/AG80/h-BN composites with stable dielectric properties.

perpendicular to the longitudinal polymer chains.>” Then, at
the higher frequency, the conduction loss dominates the dielec-
tric loss for the composites, showing a slight decrease.

Figure 5 shows the dielectric properties of CE/AG80/h-BN
composites with respect to temperature. As discussed above,
the conduction polarization and relaxation polarization coexist
and combined influences on the dielectric constant and loss for
the CE/AG80/h-BN composites have been observed. At low
temperature, the dielectric constant is mainly assigned to the
conduction polarization governed by the dipolar groups in the
polymer matrices and the composites show low and stable
constants.” With increasing temperature, the relaxation polar-
ization becomes evident and affects the dielectric constant and
loss significantly at about 280 °C, shown in Figure 5. It's pro-
posed that the mutations at about 280 °C occur for the dielectric
constant can be attributed to the violent mobility of polymer
chains, which can be assigned to the glass transition processes.

In order to ensure that the CE/AG80/h-BN composites could
be stably applied to the related fields, the maximum tempera-
tures (T,..) which the composites could be used with stable

dielectric properties are discussed. In Figure 6, we have made
the tangents to the smooth stage and the rising stage of the
dielectric temperature curve of the composites. The intersec-
tion point of two tangents is defined as the maximum tempera-
tures (T;,x), which were collected in Table 1. It can be seen that
during the temperatures below T,,,, all of the composites pres-
ent stable and low dielectric constants, which can be ascribed
to the fact that the conduction polarization plays the dominant
role under such a condition. As is well known, mobility of the
molecular chains would significantly alter the dielectric prop-
erties including dielectric constant and loss by altering the con-
duction channels. Thus, in this system, the saltation of the
dielectric constants can be ascribed to the mobility of polymer
chains with increasing the test temperatures, that is, the T}, can
be concluded as the glass transition temperature of the com-
posites. In sum, the CE/AG80/h-BN composites demonstrate
the stable and favorable dielectric properties with respect to
frequency and temperature below their glass transition tem-
peratures and the T, of the composites is confirmed to be up
to 300 °C.

Table 1. Saltation temperatures of the dielectric properties for CE/AG80 composites with various contents of h-BN

Samples Thax (°C) T, (°C) Dielectric constant Dielectric loss
0 wt% h-BN 320.74 292.08 5.23 2.33
20 wt% h-BN 305.02 222.87 10.12 1.29
30 wt% h-BN 305.59 239.83 5.84 1.62
40 wt% h-BN 298.17 274.64 891 2.07
© The Polymer Society of Korea and Springer 2018 606 Macromol. Res., 26(7), 602-608 (2018)
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Figure 7. Tan delta of AGB0/CE composites with various content of h-BN.

To further study the glass transition temperatures (7,) of the
composite with various content of h-BN, the Tan delta is mea-
sured by DMA analysis and the temperature of its peak point is
defined as the T;. In Figure 7, all of the T}, can be observed obvi-
ously and the detailed data are collected in Table 1. It can be
seen that the T, decreases with the introduction of h-BN and
the increases with increasing the content of the h-BN. It can be
attributed to several reasons: first, the introduction of h-BN
have affected the crosslinking degree to some extent as men-
tioned above, which would result to a kind of loose three dimen-
sional network; second, the special interfacial interaction between
h-BN and the resin matrix, which included a high constant or
the higher mobility for the interfacial healing processes and
can be attributed to the -stacking noncovalent interactions in
this system. Thus, the composites of CE/AG80/h-BN with 20 wt%
h-BN present the lowest T, with the effects of the aforemen-
tioned factors.

Moreover, the glass transition temperatures obtained from
the results of DMA are lower than that obtained from dielec-
tric-temperature curves. It can be attributed to the differences
in the testing process. In the testing of DMA, material samples
are tested though three point bending and the midpoint of
sample have to be subjected to the extra down force, which
would accelerate the deformation of the composites. However,
in the testing of dielectric-temperature characteristics, the sam-
ples would not bear extra force. Further, the heat rate (3 °C/
min) of DMA is slower than that of the dielectric-temperature
testing (5 °C/min). Thus, the results of the dielectric-tempera-
ture testing are in good agreement with that of the DMA results,
indicating the T, and the maximum temperatures (T,,.,) which

Table 2. Detailed data of the thermal stability of the composites

105 A
90 +
- T54
£
z
s 604
=
45 —=— 0%BN
——20% BN
—&—30% BN
304 —v—40% BN

T v T v T A T v T
100 200 300 400 500
Temperature (°C)

Figure 8. TGA curves of the CE/AG80/h-BN composites with various
content of h-BN.

the composites could be used with stable dielectric properties.
3.5. Thermal stability of the CE/AG80/h-BN composites

TGA was applied to investigate the thermal stability of the CE/
AG80/h-BN composites with various content of h-BN. Figure 8
showed the TGA curves of the composites and the relative data
is showed in Table 2. It can be seen that all of the composites
possess outstanding thermal stability with decomposition tem-
peratures up to 330°C. Moreover, it is observed that the decompo-
sition temperatures of all the composites are approximate, indicating
the approximate decomposition mechanism and processes.
Additionally, with increasing the content of h-BN, the char yields
of the composites increase, which can be ascribed to the excel-
lent thermal stability of h-BN itself.

As is well known, the decomposition process of the compos-
ites can be described by the decomposition activate energy
(E,), which can be obtained according to the Broido equation.?’
The Broido equation is showed as followed:

lnln()—D =—(E,/R)/T+const

In the equation, y is the value of (w,-w.,)/(Wo-W.,). Where wy, w.,
and w, are the initial weight, final weight and the weight at any
temperature, respectively. E, is the active energy and T is the
temperature at w,. The detailed data is collected in Table 2 and
Table 3. The Broido plots of the composites are obtained through
linear fitting (Figure 9) and the slopes of the line are calculated
as the E,, which are presented in Table 3. It can be seen that all

Sample wo (%) W, (%) we (%)

T,=336.7 °C T,=370.01°C T5=420.05°C T,=460.01°C
0% BN 100 34.09 95.11 79.92 50.83 42.63
20% BN 100 42.78 95.57 81.11 56.96 50.23
30% BN 100 48.07 97.92 83.91 61.34 55.29
40% BN 100 53.2 96.78 82.73 63.3 58.29
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Table 3. Data of the Broido equation of the composites

Wo-w,, (%)
Sample wo-w,,, (%) E, (k]J/mol)
T1=336.7 °C T,=370.01°C T5=420.05°C T,=460.01°C
0% BN 65.91 61.02 45.83 16.74 8.54 99.81
20% BN 57.22 52.79 38.33 14.18 7.45 98.21
30% BN 51.93 49.85 35.84 13.27 7.22 115.59
40% BN 46.8 43.58 29.53 10.1 5.09 102.92

0% BN

——20% BN
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In(Inl/y)

=2 3"}“:-]100.61\0%**17.!6

| ¥agop=11812.07x,5,, +17.11

3. Yapo,=-13902.82x 5, +20.04 \
Y409,=—12379.29x 40, +18.01 A
T T T T T
1.4x10° 1.4x10° 1.5x10° 1.6x10” 1.6x10°
/T (1/K)

Figure 9. The Broido curves of the composites with various content of
h-BN.

of the composites show relative high E,, indicating the rela-
tively low decomposition rate. In sum, it can be concluded that
all of the composites with various content of h-BN possess out-
standing thermal stability.

4. Conclusions

The CE/AG80/h-BN thermal conductive composites with low
and stable dielectric properties were achieved by a simple
method. It was found that the homogeneous dispersion of h-BN
in the matrix could significantly maintain the low and stable
dielectric constant (<3.6) and loss (<0.01) with respect to both
frequency and temperature. Meanwhile, the introduction of h-
BN demonstrated a remarkable enhancement of the thermal
conductivity (0.54 W/mK a 1.8-fold enhancement) and signifi-
cantly outperformed traditional thermal conductive fillers.
Moreover, the outstanding thermal stability of the composites
is confirmed by the TGA tests and the decomposition active
energy obtained from Broido equation. In summary, the low
and stable dielectric properties of CE/AG80/h-BN composites

© The Polymer Society of Korea and Springer 2018 608

with good thermal conductivity can be tuned by controlling the
contents of the fillers, and it’s believed that the composites should
be candidates for the application of microelectronic insulation
and printed circuit substrate materials.
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