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Abstract: In this study, we developed highly thermally conductive composites using boron nitride (BN) and graphene
oxide (GO) hybrid fillers. By employing a simultaneous grafting procedure involving poly(catechol/polyamine) (PCPA)
and silane fillers, we enhanced the thermal and mechanical properties of an epoxy polymer. Surface treatments with (3-
glycidyloxypropyl)trimethoxysilane (GPTMS), polycatechol, and tetracthylenepentamine minimized filler aggregation
within the resin matrix. The resulting surface-treated hybrid composite exhibited a remarkable 2252% increase in thermal
conductivity (4.83 Wm™K™") compared to the base matrix. This improvement was achieved by incorporating 50 wt%
surface-treated BN, 5 wt% surface-treated GO, and PCPA and GPTMS treatments. In contrast, composites containing raw
fillers demonstrated lower thermal conductivity (3.37 Wm™'K™). The surface-treated filler-contained composites also
showed superior mechanical properties. The advantages of this surface treatment, combined with the straightforward ther-
mal curing procedure involving PCPA and GPTMS, offer a convenient and rapid solution for heat dissipation challenges
in electronic packaging materials.

Keywords: thermal conductivity, mechanical property, surface treatment.

Introduction technologies such as automobiles,'™ packaging materials, and

integrated electronic components (e.g., printed circuit boards

The demand for high-power, portable, and miniaturized devices and micro light-emitting diodes).*” However, these technological
has increased owing to rapid advancements in the fields of advancements have issues, such as heat accumulation, which

causes device malfunction and degradation. To address these

fThese authors contributed equally to this work. issues, thermal interface materials (TIMs) have emerged as
"To whom correspondence should be addressed. . . . Lo
jooheonkim@cau.ac.kr, ORCID®0000-0002-6644-7791 crucial tools for enhancing heat dissipation and electrical insu-

©2024 The Polymer Society of Korea. All rights reserved. lation.*'” Among all TIMs, polymer composites play an indis-
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pensable role in electronic devices because of their low cost,
ease of processing, lightweight properties, flexibility, and elec-
trical insulating properties.''"* Nevertheless, their inherent low
thermal conductivity (<04 Wm 'K ") remains a major concern."*">
To overcome this limitation, various thermally conductive fill-
16,17 ) 18,19

ers, including graphene, *'’ graphene oxide (GO), *"” carbon
nanotubes,” MXenes,”"** boron nitride (BN),” and aluminum
nitride,”
polymers.

* have been used to enhance the thermal properties of

Hexagonal BN is one of the most commonly employed ceramic
fillers for producing high-thermal-conductivity composites.”
Its popularity stems from its inherent attributes, including high
in-plane thermal conductivities of 185-300 Wm ™' K™', excep-
tional chemical stability, improved insulating characteristics,
and low dielectric properties.”® These attributes are particularly
essential in applications involving electronic devices.

Graphene has recently attracted significant attention in research
because of its remarkably high thermal conductivity of ~5300
Wm 'K, which is achieved through two-dimensional pho-
nonic and electronic transport pathways.?® Generally, there are
two crucial factors for achieving the desired thermal conduc-
tivity in polymer composites: ensuring the uniform dispersion
of fillers within the matrix and promoting strong interfacial
adhesion.”” Unfortunately, although graphene exhibits impres-
sive performance as a filler, the strong interactions among its
sp’-conjugated carbon sheets can lead to aggregation within the
polymer matrix. Additionally, the limited compatibility between
graphene and the matrix results in poor interfacial interactions,
creating acoustic phonon mismatches. These mismatches hin-
der heat transfer within the composite by introducing thermal
boundary resistance. To overcome these limitations, various
approaches, including the chemisorption or physisorption of
organic compounds using grafting or coating techniques, have
been explored to functionalize the surface of graphene.*!

Silane coupling agents have been utilized to establish robust
connections between organic and inorganic materials.*>** These

agents typically consist of silicon atoms, hydrolyzable com-

ponents, linkers (usually alkyl linkers), and an organofunctional
group. In our experiment, (3-glycidyloxypropyl)trimethoxysi-
lane (GPTMS) was chosen as the silane coupling agent because
of the presence of its epoxide group within the epoxy resin
backbone.

The widespread use of dopamine in industrial applications is
limited by its high cost.** Nevertheless, catechol structures and
amino-terminal groups exhibit structural similarity to dopamine,
offering them the potential for promoting strong adhesion.
Therefore, in this study, catechol and polyamine were used as
a cost-effective alternative to poly(dopamine) to synthesize
poly(catechol/polyamine) (PCPA).

In this study, composites were developed using bisphenol A
diglycidyl ether (DGEBA) and surface-treated BN and GO fill-
ers. Generally, the silane treatment of such fillers is known to
be a challenging process. Therefore, the use of PCPA is a low-
cost and straightforward method that allows for the attachment
of GPTMS to the filler surface through polymerization at a
suitable pH. This innovative method of creating polymer com-
posites with high thermal conductivity ushers in a new chapter
in electronic packaging materials because of its simplicity and
low cost.

Experimental

Materials. GO powder was sourced from Grapheneall Co.,
Republic of Korea. Hexagonal BN powder (purity level: 99%
and average diameter: 12 um) was provided by Momentive
Performance Materials Inc., USA. DGEBA was supplied by
Kukdo Chemical Co., Republic of Korea. Jeffamine D-230
(DDM) curing agent was supplied by New Seoul Chemical Co.,
Korea. GPTMS, polycatechol, and tetraethylenepentamine
(TEPA) were obtained from Sigma-Aldrich. Ethanol, distilled
water, acetic acid, and hydroiodic acid were supplied by Dae-
jung Chemical Co., Republic of Korea.

Preparation of Surface-treated BN. Figure 1 demonstrates
surface treatment of fillers. BN was hydroxylated before the
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Figure 1. Schematic of the surface treatment and composite fabrication processes.

Zan, A|484 A|55, 20243



Impact of Simultaneous Silane and PCPA Grafting on the Thermal and Mechanical Properties of BN and GO Hybrid Composites 545

silane and PCPA molecules were attached to its surface. BN
hydroxylation process involved ball milling it with zirconia
balls at 500 rpm. First, the BN powder was dispersed in dis-
tilled water in a 500 mL plastic bottle. The zirconia balls were
subsequently added to the bottle, and ball milling was con-
ducted for 48 h. The filtered hydroxylated BN cakes were then
dried in a vacuum oven at 50 ‘C for 48 h to remove any resid-
ual solvent. Catechol and TEPA were dissolved in 200 mL of
water to obtain a solution pH of 9.5 and a molar ratio of 3:1.
Catechol and PETA were dissolved in 200 mL of water. After-
ward, the dried hydroxylated BN was redispersed in the water.
GPTMS was combined with the hydroxylated BN solution in
a weight ratio of 1:10. This solution was mixed on a hotplate
at 60 C and 500 rpm for 4 h. Subsequently, the solution was
filtered and dried in a vacuum oven at 70 C for 48 h. The
resulting material, which was treated with catechol, TEPA, and
GPTMS, was designated as BPG.

Preparation of Surface-treated GO. GO was subjected to
a reduction process using a reduction solution that comprised
hydroiodic acid and acetic acid in a 3:1 volume ratio. Initially,
5 g of GO was dispersed in 200 mL of the reduction solution,
which was then stirred with a magnetic bar at 500 rpm for 24 h
to produce reduced GO (rGO). Subsequently, the acidic rGO
mixture was filtered with distilled water three times to neutralize
its pH. The rGO cakes obtained from the filtration process were
then dried in the vacuum oven at 70 C for 48 h.

Catechol and TEPA were combined in a molar ratio of 3:1
to produce PCPA, while GPTMS and rGO were combined in
a weight ratio of 1:10 for the silane treatment. The catechol,
TEPA, rGO, and GPTMS were mixed with 200 mL of distilled
water. The solution was then stirred in an oil bath at 60°C and
500 rpm for 4 h. The resulting material, which was subjected
to PCPA and silane treatment, was subsequently filtered and
dried in the vacuum oven at 70°C for 48 h. This PCPA and

Table 1. Compositions of the Matrices and Composites

silane-treated rGO product was labeled as rGPS.

Fabrication of the Composites. Figure 1 depicts the com-
posite fabrication process. The fillers, namely, DGEBA, BPG,
and rGPS, were mixed with epoxy in a planetary paste mixer
for 10 min and degassed for 5 min in a designated ratio. There-
after, the thermal curing agent, DDM, was added to the mix-
ture, which was subsequently mixed for 5 min. The resulting
mixture was then placed in TEFLON and silicon molds to
yield the final composites. To mitigate the formation of voids
due to air pockets, the sample mixtures were placed in the vac-
uum oven at 30 C for 3 h. Next, the samples were placed in
an oven at 150 C for 30 min. The fabricated composites were
designated based on the type and composition of fillers used.
Table 1 presents the composition and corresponding designations
of the composites.

Characterization. The morphological characteristics of the
matrices, fillers, and composites were evaluated using field-emis-
sion scanning electron microscopy (FE-SEM; Sigma, Carl Zeiss).
The functional attributes of the matrices and the surface mod-
ifications of the fillers were evaluated using Fourier-transform
infrared (FTIR) spectroscopy (Spectrum One, PerkinElmer,
USA) in the attenuated total reflection mode at wavelengths
ranging from 4000 to 400 cm™'. X-ray photoelectron spectros-
copy (XPS) was conducted using an ESCA 2000 X-ray pho-
toelectron spectrometer (VG Microtech) to scrutinize the surface
properties of the BN and GO fillers. The crystalline nature of
both the matrices and fillers was confirmed via X-ray diffraction
(XRD; New D8-Advance, Bruker-AXS) within a 26 range of
10°-80°. The thermal stability and degradation properties of
the matrices, fillers, and composites were assessed using ther-
mogravimetric analysis (TGA; TGA 2050, TA Instruments) at
temperatures of 50-800 C in a nitrogen atmosphere. The ten-
sile strength and tensile strain of the matrices and composites
were determined using a universal testing machine (3344Q9465,

Matrix Filler
Composite Total
DGEBA BN BPG GO rGPG
BNS50 50.0% 50.0% - - - 100.0
BP10 90.0% - 10.0% - - 100.0
BP30 70.0% - 30.0% - - 100.0
BP50 50.0% - 50.0% - - 100.0
BNS50/GO5 45.0% 50.0% - 5.0% - 100.0
BP50/GP1 49.0% - 50.0% - 1.0% 100.0
BP50/GP3 47.0% - 50.0% - 3.0% 100.0
BP50/GP5 45.0% - 50.0% - 5.0% 100.0

Polym. Korea, Vol. 48, No. 5, 2024



546 Y. Cho et al.

Instron Co., Norwood, MA, USA) at a crosshead speed of 10
mm min . Additionally, the storage modulus, loss modulus,
and tan delta were measured via dynamic mechanical analysis
(DMA; PerkinElmer DMA 8000, PerkinElmer, Waltham, MA,
USA) at temperatures ranging from 30 C to 150 C, a heating
rate of 3 C/min, and a frequency of 1Hz.

The thermal conductivity was calculated using Eq. (2) with
the measured values:

K=a-p-C, 2)

where K represents the thermal conductivity, p is the density,
a is the thermal diffusivity, and C, is the heat capacity of the
composite.

The thermal diffusivity, specific heat capacity, and bulk den-
sity were measured using laser flash analysis (LFA) (NanoFlash
LFA 467, Netzsch Instruments Co., Selb, Germany), differential
scanning calorimetry (DSC-7, PerkinElmer Co.), and an elec-
tromagnetic balance (HR-250AZ, A&D Company Limited, Tokyo,
Japan) based on the Archimedes principle.

Finally, the thermal conductivity enhancement (TCE) was
calculated using Eq. (3):

K-K,
TCE = ——2x100% 3)

m

where K, represents the thermal conductivity of the matrix.

Results and Discussion

Filler Characterization. Figure 2 shows a comparison of
the morphological characteristics of the BN and GO fillers, tak-

ing into account whether or not they underwent surface treat-
ment. In Figure 2(b), BN was subjected to hydroxylation through
ball-milling with zirconia balls, resulting in a fractured and
thinner BN surface, which signifies the successful production
of BN nanosheets (BNNS) via the ball-milling and hydrox-
ylation processes. As shown in Figure 2(d), the BNNS surfaces
were modified by PCPA and GPTMS. Notably, the raw BN
molecules were clean and orderly, but BPG had smoothly grafted
molecules. However, the surface of BPG was uneven, indicating
the presence of PCPA and GPTMS. Contrarily, rGO had a smooth
surface after GO reduction, but the grafted surface-treatment
agents remained visible on its surface after the grafting pro-
cedure. These effective surface modifications were demonstrated
by the morphological changes observed through FE-SEM anal-
ysis.

The FTIR and XPS spectra are presented in Figure 3 to com-
pare the chemical properties of the BN and GO fillers in var-
ious states. Figure 3(a) shows the FTIR spectra of raw BN and
hydroxylated BN grafted with PCPA and GPTMS (BPG).
Notably, the FTIR spectra of both BN and BPG exhibit B-N
absorption peaks at about 760 and 1300 cm™'.** However, the
FT-IR spectrum of BPG displays peaks at 1130, 1272, and
3392 ecm™!, which correspond to two Si-O-Si and one O-H
absorption peak, respectively.*®

Figure 3(b) depicts the FTIR spectra of raw GO, rGO, and
rGPG The FTIR spectrum of rGO exhibits peaks at 1341, 1642,
2919, and 3397 cm!, which are attributed to C—C stretching, C=O
stretching, C-H stretching, and O—H stretching respectively,”’
indicating that the reduction process was successful. Further-

Figure 2. FE-SEM images of (a) BN in low magnification; (b) BPG in low magnification; (c) BN in high magnification; (d) BPG in high
magnification. () GO in low magnification; (f) rGPG in low magnification; (g) GO in high magnification; (h) rGPG in high magnification.
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more, the FT-IR spectrum of rGPG exhibits distinctive peaks
at 1040, 1583, 1657, 1701, 2934, 3170, and 3347 cm™', which

correspond to Si—O stretching, C—O stretching, C—N stretching,
C=C stretching, C=0 stretching, N-H stretching, and O-H, respec-
tively.*® These peaks observed in the rGO and rGPG spectra
confirm the successful reduction and surface treatment of GO.

XPS analysis was conducted to further validate the presence
of PCPA and GPTMS on the surfaces of the GO and BN fillers.
Figures 3(c) and 3(d) show the C 1s deconvolution spectra of
BPG and rGPG respectively. BPG exhibits deconvoluted C 1s
peaks corresponding to C-Si (284.0 eV), C—C/C-H (284.8 eV),
and C-O-H/C-0-Si (285.9 eV), C-N (286.1 eV), C-O-C (286.5
eV), and O—C-O (287.9 eV) bonds. Similarly, rtGPG exhibits
peaks corresponding to C-Si (283.8 eV), C—C/C-H (284.6 eV),
C-O-H/C-0-Si (285.8 eV), C-N (286.3 V) and O-C-O (287.2
eV) bonds.* The polymerization of PCPA and the presence of
grafted silane molecules can be observed in the XPS decon-
volution spectra. It is worth noting that there was a slight shift
in the binding energy due to the different surface treatments. In
summary, both the FTIR and XPS spectra confirm that the sur-
face treatment of the fillers was successful.

The thermal degradation properties of the fillers were exam-
ined to evaluate their thermal stability and the composition of
the surface-treatment agents, as shown in Figures 4(a—). The
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Figure 4. TGA curves of (a) PCPA; (b) BN and BPG; (c) GO, rGO, and rGPG. XRD spectra of (d,e) BN and BPG; (f) GO and rGPG.
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thermal stability of PCPA was examined as a reference. The
results revealed that the weight gradually decreased as the tem-
perature increased. Raw BN displayed high thermal stability,
with a degradation temperature of 2973 C.** According to the
TGA curves of BPG the weight gradually decreased as the
temperature increased, indicating the successful grafting of the
PCPA and silane molecules. When raw GO, rGO, and rGPG were
compared, it was discovered that raw GO demonstrated a ther-
mally stable profile until ~200 ‘C, rGO started to degrade at about
625 C, and rGPG displayed a thermally stable profile. The
reduction of GO and the polymerization of PCPA with GPTMS
on the GO surface enhanced the thermal stability. Based on the TGA
curves, the compositions of the surface-treatment agents in BPG
and rGPG were calculated to be 6.6% and 5.6%, respectively.

The TGA curves and XRD spectra of the fillers are com-
pared in Figure 4 to assess their properties. The XRD spectrum
of BPG exhibits distinctive patterns with peaks near 26.64°,
41.41°, 43.63°, 50.02°, 54.94°, 71.21°, and 75.78°, which cor-

Zav, A|489 A5, 20243

respond to the (002), (100), (101), (102), (004), (104), and (110)
planes, respectively.” Notably, the XRD pattern of BPG is
similar to that of raw BN, but it is slightly shifted to the right.
The XRD patterns of GO display peaks at 11.39° and 42.10°,
which correspond to the (001) and (100) planes, respectively.
Conversely, the XRD patterns of rGPG display distinct peaks
at 42.27°, 42.76°, and 42.86°, which can be attributed to the
reduction of GO.” The XRD pattern of each filler exhibits minor
shifts, suggesting that the hydroxylation process and the attach-
ment of the surface-treatment agents had a modest impact on the
crystallinity of the fillers.”

Composite Characterization. Figure 5 displays cross-sec-
tional FE-SEM images of the composites. To ensure a smooth
surface for analysis, the samples were cryogenically frozen
with liquid nitrogen and then fractured before FE-SEM imag-
ing. The filler surfaces in the raw filler-containing composites
appeared clean and neat. Moreover, BN and GO were distinct
and separate in these raw filler-containing composites. Addi-

. A e FL S -
: 1 - \ % >
g s I, e

Figure 5. Cross-sectional FE-SEM images of (a) BN50; (b) BP10; (c) BP30; (d) BP50; (e) BN50/GOS5; (f) BP50/GP1; (g) BP50/GP3; (h)
BP50/GO3 in low magnification. Cross-sectional FE-SEM images of (i) BN50; (j) BP50; (k) BNS0/GOS5; (1) BP50/GPS in high magnification.
(The red circles indicate voids.)



Impact of Simultaneous Silane and PCPA Grafting on the Thermal and Mechanical Properties of BN and GO Hybrid Composites 549

(@) 100 = EF (b) EP
F — BN50 = i — BN50
W - g | |
F — BPS0 G5 — BPS50
£ wf s | |
% F RIS I
s [ — . 8 |
> - 1
£ oap g
F E 08|
- N r
g ‘ = 4 e —
ol 1 . . . 1 1 . 1 . 1 . I
200 400 600 800 oo 400 0o ]
Temperature (°C) Temperature (°C)
F 12
(c) s E —Bnsocos | (d) L — BN50/GO5
F BP50 i BP50
r — BPS0/GP1 BPS50/GP1
1 —BPSOIGP3 | & [ — BPS0/GP3
E —BPS0IGPS | % °4f — BPS0/GPS
- mE « I
E S sl
[ T
E nf ol
L] - = 04
= F s L
bl § 0z
E =] b
s f 0o
@ F L . [Py AR T N S | L
200 00 00 00 800

Temperature (°C) Temperature (°C)

Figure 6. (a, b) TGA curves; (¢, d) dTG curves of the composites.

tionally, the BN50 and BN50/GPS5 raw filler-containing com-
posites had substantial voids due to the aggregation of the BN
and GO fillers. By performing simultaneous PCPA and GPTMS
surface treatments, the miscibility of the BN fillers improved.
This is because the surface-treatment agents acted as a bridge
between the matrix and BN, effectively filling the voids. In
contrast, both the surface-treated BN and GO fillers in the sur-
face-treated composites adhered successfully to the matrix
owing to the surface treatment. Consequently, the surface-
treated composites were expected to have relatively high ther-
mal conductivities.

As illustrated in Figure 6, we performed TGA and dTG anal-
yses on the composites. The composites were found to exhibit
higher thermal stability than the matrix, which exhibited the high-
est weight loss, as depicted in Figure 6. Since PCPA exhibited
a gradual weight loss as the temperature increased, the surface-
treated composites also exhibited a slight and gradual weight
loss before and after 400 ‘C. The incorporation of the BN and
GO fillers into the matrix significantly enhanced the thermal
stability of the resin. A similar pattern was observed in the dTG
analysis. A similar trend was observed in the dTG analysis results,
further confirming that the surface treatment and filler addition
were successful.

Figures 7(a-b) show a comparison of the mechanical prop-
erties of the composites. The composites were found to exhibit
a gradual decrease of mechanical strength upon filler addition.
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Figure 7. (a) Tensile strength; (b) elongation at break of the com-
posites; (c, e) storage modulus; (d, f) tan delta of the composites.

However, the surface-treated composites exhibited higher ten-
sile strength than the raw filler-containing composites. Specifi-
cally, BP50 and BN50 exhibited tensile strength values of 15.4
MPa and 5.3 MPa, respectively. The hybrid filler composites
exhibited a similar trend, with BP5S0/GP5 exhibiting a tensile
strength of 3.65 MPa and BN50/GOS exhibiting 3.29 MPa.
The composites exhibited similar elongation at break values.
Overall, the surface-treatment agents not only improved the
dispersibility of the fillers in the matrix but also significantly
enhanced the mechanical properties.

Figures 7(c—f) provide a comparison of the storage modulus
and tan delta. Storage modulus and tan delta showed trends of
general increase with the incorporation of BPG filler, but decrease
with the incorporation of rGPG filler. As observed in UTM
results, DMA results confirm that the inclusion of various fillers
decreases mechanical properties.

Figures 8(a-d) present a comparison of the thermal con-
ductivities and TCEs of the matrix and composites. The thermal
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Figure 9. Agari-uno modeling of the (a-b) BP composites; (c-d) BP/
GP composites.

conductivities of the matrix and the composites, namely, EP,
BP10, BP30, BP50, BN50, BP50/GP1, BP50/GP3, BP50/GP5,
and BN50/GO5, were measured to be 0.21, 0.44, 0.95, 1.68, 1.19,
2.03, 3.10, 4.83, and 3.37 Wm 'K, respectively. Notably, BP50/
GP5 demonstrated the most significant enhancement, with a
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remarkable 2252% increase in thermal conductivity. Surface
treatment on the hybrid fillers was successful in increasing the
thermal conductivity of the composites. The incorporation of
GO and BN hybrid filler with surface treatment showed the
highest TCE among the composites.

In Figure 9, the thermal conductivity of the composites was
analyzed based on the agari-uno model.* The theoretical and
experimental values were compared. Figure 9(a-b) and Figure
9(c-d) were analyzed based on the BPG content compared to
epoxy resin and rGPG filler content to BP50 composites in vol-
ume percentage, respectively. The agari-uno model shows
that the experimental thermal conductivities fit well. The fur-
ther discussion of the Agari-uno model is discussed in the
supplementary information.

Conclusions

In this study, we developed epoxy-based composites with
high thermal conductivity by employing a hybrid filler com-
posite comprising BN and GO. We focused on investigating the
effect of a simultaneous grafting procedure involving PCPA
and silane surface-treatment agents on the thermal and mechan-
ical properties of epoxy polymers. To overcome the challenges
related to the aggregation of fillers within the resin matrix,
we employed surface-treatment agents, namely, GPTMS, cat-
echol, and TEPA. PCPA was polymerized on the filler surfaces,
effectively bridging the fillers and matrix. The resulting sur-
face-treated hybrid composite exhibited a high thermal con-
ductivity of 4.83 Wm "K', which is a 2252% increase compared
to the matrix. This enhancement was achieved by employing
50 wt% surface-treated BN, 5 wt% surface-treated GO, and
PCPA and GPTMS treatments. In contrast, the composite con-
taining 50 wt% raw BN and 5 wt% raw GO fillers exhibited
a thermal conductivity of 3.37 Wm 'K ™'. This demonstrates that
the surface-treated filler composites exhibited significantly
higher thermal conductivity and better mechanical properties
than the raw filler-containing composites. The advantages of
surface treatment, along with the straightforward thermal curing
procedure involving PCPA and GPTMS, offer a convenient
and rapid solution for addressing the heat dissipation issues in
electronic packaging materials.
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