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ABSTRACT: Boron nitride (BN) reinforced polymer nanocomposites have attracted a growing research interest
in the microelectronic industry for their uniquely thermal conductive but electrical insulating properties. To
overcome the challenges in surface functionalization, in this study, hexagonal boron nitride (h-BN) nanoparticles
were noncovalently modified with polydopamine in a solvent-free aqueous condition. The strong 7— interaction
between the hexagonal structural BN and aromatic dopamine molecules facilitated 1S wt % polydopamine
encapsulating the nanoparticles. High-performance bisphenol E cyanate ester (BECy) was incorporated by
homogeneously dispersed h-BN at different loadings and functionalities to investigate their effects on thermo-
mechanical, dynamic-mechanical, and dielectric properties, as well as thermal conductivity. Different theoretical
and empirical models were successfully applied to predict thermal and dielectric properties of h-BN/BECy
nanocomposites. Overall, the prepared h-BN/BECy nanocomposites exhibited outstanding performance in
dimensional stability, dynamic-mechanical properties, and thermal conductivity, together with the controllable

dielectric property and preserved thermal stability for high-temperature applications.
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1. INTRODUCTION

Polymer composites offer excellent properties that can be
tailored to specific applications and are relatively easy to
process, which has made them prime candidates for a wide
range of applications, from advanced microelectronic packaging
to structural energy devices in aerospace engineering. To
ensure appropriate service life and reliability of these devices, it
is necessary to control power dissipation and heat fluxes;'
therefore, ideal composite candidates should possess rapid heat
dissipation, good electrical resistance, and low coeflicients of
thermal expansion (CTE).”> Compared with most conventional
thermosetting polymers, such as epoxy and polyimide, cyanate
esters (CE) exhibit outstanding properties, in particular in
terms of their excellent thermal stability, superior mechanical
properties, and attractive low dielectric loss. Although various
fillers, such as carbon nanotubes,*™” POSS,® CaCu,Ti,0 12,9 and
BaTiO;,'® have been investigated to improve the dielectric and
mechanical properties of CE, few efforts have focused on
tailoring CE’s thermal conductivity.

Boron nitride (BN) is a nonoxide ceramic material with
attractive physical properties, including outstanding thermal
conductivity, excellent electrical insulation, desirable dielectric
properties, and promising low thermal expansivity as well as
superior thermal stability. For example, by utilizing its intrinsic
thermal conductivity, BN was studied as an effective heat
transferring medium between an electrical conductor made of
CNTs/CNFs and an epoxy resin in shape memory polymer
nanocomposites for Joule heating and infrared light induced
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shape recovery behaviors.'"'* Compared with BN nano-

tubes'*™"” and BN nanosheets'® " that imparted outstanding
properties enhancement to different polymers, h-BN nano-
particles seems to be a more appealinég multifunctional fillers in
epoxy,”' ** bismaleimide resin,*>*® polyimide,””*’">* and
poly(vinyl alcohol)® for the sake of its fabrication easiness
and commercial availability. Because of the chemical inertness,
both covalent'®*"*! and noncovalent'*'>3 routes of function-
alization of BN were extensively studied to enhance the
dispersion and interfacial interaction between the filler and
matrix prior to processing polymer nanocomposites. However,
most chemical modifications of BN are very laborious and
involve the use of solvents, which may cause environmental
concerns. Consequently, it is essential to develop an easy and
environmentally friendly route for processing and functional-
ization of boron nitride.

In our investigation, the functionalization of hexagonal boron
nitride (h-BN) was performed using an approach inspired by
the adhesive protein polydopamine, found in the anchoring
mechanisms of mussels. This biomimetic polymer, which is self-
polymerized from dopamine (2-(3,4-dihydroxyphenyl)-
ethylamine) molecules, has been recently studied as a versatile
surface coating to control the surface functionality of materials
in both energy and medical devices®>** as well as a
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modification of several nanomaterials.’> > The aromatic
structure of polydopamine is postulated to form a strong,
noncovalent bond with the hexagonal structure of BN
nanotubes (BNNT) via 7—7 and van der Waals interactions.>®
Bisphenol E cyanate ester (BECy) was selected as the polymer
matrix into which both pristine and functionalized h-BN
nanoparticles were incorporated for the development of
advanced multifunctional polymer nanocomposites applied in
microelectronic packaging and structural energy storage devices
in the aerospace industry.

2. EXPERIMENTAL SECTION

2.1. Materials. Hexagonal boron nitride nanoplatelets (99%) were
purchased from Nanostructured & Amorphous Materials, Inc.
(Houston, TX). To avoid negative effects of residual impurities,
such as metal and metal oxides, on dielectric properties,'® the
nanoplatelets were washed with prepared 10% acid solution diluted
from 70% HNO; (reagent grade) acquired from Fisher Scientific.
Dopamine hydrochloride, 2-amino-2-hydroxymethylpropane-1,3-diol
(Tris), and hydrochloric acid (36% reagent) were obtained from
Sigma-Aldrich (St. Louis, MO). The BECy resin used in this
experiment was EX 1510 Part A and the catalyst was EX 1510 Part
B, both obtained from TenCate Advanced Composites (Morgan Hill,
CA).

2.2. Functionalization of h-BN Nanoparticles. Surface
functionalization of h-BN nanoparticles with polydopamine followed
the route reported by Thakur et al.*® Initially, 0.726 g of Tris buffer
was dissolved in a flask containing 600 mL of deionized water. Then,
diluted HCI was gradually added to the solution until pH = 8.5 was
reached. The solution’s color turned gray as 1.2 g of dopamine
hydrochloride was dissolved in the prepared 600 mL Tris-Cl aqueous
solution. Subsequently, 3 g of purified h-BN nanoparticles was
introduced into the solution, and the mixture was sonicated for 3 h to
ensure good dispersion. The mixture was then vigorously stirred and
refluxed at 60 °C for another 72 h to facilitate self-polymerization of
the dopamine molecules around the h-BN nanoplatelets. After the
reaction, the nanoparticles were filtered through a 0.05 um filter
membrane and washed several times with deionized water until the
filtered solution became colorless. Finally, the polydopamine-treated h-
BN nanoparticles were dried in a vacuum oven at 80 °C for 24 h. The
color of the functionalized h-BN nanoparticles changed from white to
dark-brown, indicating that the polydopamine was successfully coated
onto the nanoplatelets.

2.3. Preparation of h-BN/BECy Nanocomposites. BECy
nanocomposites with different loadings of h-BN nanoplatelets were
processed via the following route: predetermined amounts of pristine
or dopamine-treated h-BN nanoparticles were preheated at 130 °C
and ground into fine powders, and then mixed with Part A of the
BECy resin in a vial according to the composition in Table 1. The

Table 1. Calculated Amount of Components Applied in the
Processing of h-BN/BECy Nanocomposites

h-BN
nanoparticles filler filler
(g) BECy, Pt. A (g) BECy, Pt B (g) (vol %)  (wt %)
0.699 5.723 0.177 S 10.59
1.475 5.723 0.177 10 20.00
4.685 11.45 0.354 15 2842

suspension was sonicated in a water bath for 3 h, followed by adding
Part B of the BECy resin in a ratio of 3 parts catalyst per 100 parts
resin. Subsequently, the slurry was prepared by alternating tip
sonication with a sonic dismembrater and high-speed mixing with a
planetary mixer to ensure homogenization and deaeration. Then, the
slurry was gently injected into two stainless molds using a 10 mL
syringe, avoiding the creation of any bubbles. The h-BN/BECy
nanocomposites were first cured at 150 °C for 2 h in a rotary oven,
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followed by curing at 180 °C for 2 h, and postcuring at 250 °C for
another 2 h.

2.4. Measurement and Characterization. The morphologies of
pristine and dopamine-treated h-BN nanoparticles were characterized
using field emission scanning electron microscopy (FE-SEM, FEI
Quanta 2250) at 20.00 kV under high vacuum. Raman spectra were
recorded at room temperature in the range from 800 to 2000 cm™" on
a Renishaw dispersive raman spectrometer with 480 nm solid-state
laser as the excitation source. A small amount of nanoparticles was
finely mortared and then deposited onto a glass slide followed by
manually pressing to smooth the sample before measurement. The
morphology of noncovalently functionalized h-BN nanoparticles and
the dispersion of nanofillers in the BECy matrix were determined
using a scanning and transmission electron microscopy (STEM, JEOL
2100) instrument with an accelerating voltage of 200 kV. X-ray
diffraction (XRD) patterns of h-BN nanoparticles and h-BN/BECy
nanocomposites were collected using a Rigaku Ultima IV powder
diffractometer with Cu Ka at 40 kV/44 mA at scan steps of 0.01° from
10° to 60°. Thermo-gravimetric analysis (TGA, Q20, TA Instruments)
was employed to determine the thermal degradation of dopamine-
treated h-BN and the thermal stability of h-BN/BECy nanocomposites
at different h-BN loadings. A platinum pan was loaded with ca. S mg of
sample material and heated from room temperature to 800 °C at a rate
of 20 °C/min in air flow. The thermal-mechanical properties of h-BN/
BECy nanocomposites were studied using thermo-mechanical analysis
(TMA, Q400, TA Instruments). The prepared cubic specimens (3 X 3
X 3 mm) were first heated up to 300 °C at a rate of S °C/min to erase
their thermal history and then cooled to 30 °C at a rate of 3 °C/min.
The thermal strain behavior and the CTE of the specimens were
obtained from the second heating scan to 300 °C at a rate of 3 °C/
min. Rectangular (15 X S X 1 mm) specimens were heated from 0 to
350 °C at a rate of 3 °C/min to determine the dynamic-mechanical
properties of h-BN/BECy nanocomposites using a dynamic-
mechanical analysis (DMA, Q800, TA Instruments) instrument in
tension mode with an amplitude of 10 ym and a frequency of 1 Hz.
The thermal conductivity of circular bulk nanocomposites with
diameters of 30 mm and thickness of 5 mm was measured on a
thermal constants analyzer (TPS 1500) from ThermTest Inc. at room
temperature. The dielectric properties of the nanocomposites were
characterized using a Novocontrol dielectric spectrometer from 1 Hz
to 1 MHz at room temperature. Prior to characterization, both sides of
the circular specimens (diameter ~ 20 mm, thickness ~ 1 mm) were
sputtered with silver in an Edwards Pirani coater. To prepare the
samples for dielectric breakdown strength measurements, the circular
specimens were fully sputtered with silver on the bottom surface, while
20 small spots were sputtered on the top surface using a mask. The
prepared specimens were placed between the probes of a dielectric
rigidity instrument from CEAST/Instron, where the upper probe was
precisely positioned on the sputtered spots. The breakdown voltage
for each testing spot was measured as the voltage was increased by 0.5
kV/s and the current was maintained at 10 mA.

3. RESULTS AND DISCUSSION

A possible mechanism of dopamine functionalization of h-BN
nanoparticles is illustrated in Scheme 1. Boron nitride
nanoparticles consist of alternating boron and nitrogen atoms
forming a closed hexagonal structure, which is assumed to
interact with the aromatic molecules of dopamine through 7—7x
stacking forces and van der Waals forces among amino
moiety.”***" Subsequently, noncovalently bonded dopamine
molecules experience alkaline induced pH-oxidation and further
nucleophilic reaction associated with rearrangement to form
5,6-dihydroxyindole in aqueous solution,****"** followed by
dopamine self-polymerization on the surface of the h-BN
nanoparticles.

The morphologies of pristine and dopamine-treated h-BN
nanoparticles are compared in Figure 1. The purified h-BN
nanoparticle showed a circular platelet shape with diameters of
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Scheme 1. Schematic Illustration of Noncovalent Functionalization of BN Nanoparticles via Polydopamine
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100—200 nm. The surface of the nanoparticles became rough
after polydopamine functionalization compared with pristine h-
BN, indicating that the polydopamine layer was noncovalently
coated onto the nanoparticles.

High-resolution TEM images further confirmed the
successful noncovalent functionalization of h-BN nanoplatelets
by polydopamine. As shown in Figure 2, a continuous,
amorphous, thin layer (ca. 8 nm) was observed on the surface
of dopamine-treated h-BN nanoplatelets, indicating that the
polydopamine encapsulated the nanoparticles via strong 7—7x
and van der Waals interactions.

Figure 3 compares the thermal degradation behavior of
pristine and functionalzied h-BN nanoparticles. Pristine h-BN
exhibited high thermal stability up to 800 °C without causing
any decomposition. On the other hand, the dopamine-treated
nanoparticles began to degrade at about 200 °C and then
experienced major weight loss between 250 to 650 °C, which
corresponded to the decomposition of polydopamine mole-
cules attached to the surface of the h-BN nanoparticles. In
addition, approximately 15% polydopamine was noncovalently
attached to the h-BN nanoparticles during the surface
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treatment as revealed by the measured weight loss during the
pyrolysis procedure.

Raman spectra in Figure 4 showed significant differences
between pristine and functionalized h-BN. Pristine h-BN
exhibited a sharp characteristic peak at 1366 cm™, which was
attributed to the E,, phonon mode.*** Besides the intrinsic
peak of pristine h-BN, dopamine functionalized h-BN displayd
two broad peaks at 1589 and 1363 cm ™', which were assigned
to catechol stretching vibration and deformation in the
polydopamine structure,**¢

Figure S provides a visualized comparison on the dispersion
of nanosized h-BN in BECy matrix. As expected, a noticeable
increasing amount of circular nanoplatelets presented when the
filler loadings increased from S to 15 vol %. Although the
surface characteristic of nanoplatelets was modified via the
polydopamine treatment, the functionalization had little effect
on the h-BN dispersion in polymer matrix: both pristine and
dopamine-treated h-BN were homogeneously dispersed in the
nanocomposites. This was attributed to the feasible processing
technique applied in the experiment. It is worth noting the
white scratches observed in the images, which were caused by
the movement of h-BN nanoplatelets in the matrix during the
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Figure 1. SEM images of h-BN nanoparticles: (a) pristine and (b)
dopamine-treated.

Figure 2. TEM image of dopamine-treated h-BN nanoparticles.

sectioning of ultrathin films for measurement, reflecting the
high hardness of the h-BN nanoplatelets.

Figure 6 compares the XRD patterns of pristine and
dopamine-treated h-BN. Pristine h-BN exhibited a well-
crystallized structure, showing distinct characteristic peaks,
such as the (002), (100), and (004) planes, without detection
of impurity phases, indicating the high purity of the
nanoparticles after the nitric acidic purification process. The
dopamine-treated h-BN exhibited no major change according
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Figure 3. Thermal degradation of pristine and dopamine-treated h-BN
nanoparticles.
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Figure 4. Raman spectra of pristine and dopamine-treated h-BN
nanoparticles.

to the XRD patterns. The h-BN/BECy nanocomposites
exhibited the characteristics of both the amorphous region
and the intrinsic crystalline structure of hexagonal BN.
Moreover, the XRD peak intensity increased as the polymer
matrix incorporated higher volume fractions of nanoparticles.

TGA measurements were performed to investigate the
thermal stability of h-BN/BECy nanocomposites. Both neat
BECy and h-BN/BECy nanocomposites underwent thermal
degradation between 450 and 700 °C, as illustrated in Figure 7,
which demonstrated their prospective application in high-
temperature environments. Table 2 shows that the incorpo-
ration of pristine h-BN nanoparticles at any loading level did
not affect the degradation temperature, which was determined
as the temperature of 5% weight loss of specimens; nonetheless,
the temperature slightly decreased by 7 °C when dopamine-
treated h-BN nanoplatelets were incorporated into the BECy
system. The influence of the filler loading on the residual
weight after the pyrolysis process at 800 °C is also summarized
in Table 2. As expected, the amount of pristine h-BN
nanoparticles incorporated in the samples was in a good
agreement with the calculated weight percent provided in Table
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Figure 5. TEM images of h-BN/BECy nanocomposites with different functionalities and loadings: (a) S vol % pristine, (b) S vol % dopamine-
treated, (c) 10 vol % pristine, (d) 10 vol % dopamine-treated, (e) 1S vol % pristine, and (f) 15 vol % dopamine-treated.

1. Regarding the polydopamine-treated h-BN, because 15 wt %
polydopamine was confirmed to encapsulate the nanoparticles,
it is not surprising to notice a less portion of nanoparticles left
after the decomposition of nanocomposites compared with

calculated values.
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Figure 8 illustrates the thermal strain behavior of h-BN/
BECy nanocomposites in the temperature range from 30 to 300
°C. The overall dimensional stability of BECy nanocomposites
gradually improved with the incorporation of increasing volume
fractions of low CTE h-BN nanoparticles (—2.7 ppm/°C),
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Figure 6. XRD patterns of h-BN nanoparticles, neat BECy, and h-BN/
BECy nanocomposites at different filler loadings.
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Figure 7. Comparison of thermal stability of neat BECy and h-BN/
BECy nanocomposites.

indicated by the reduction in the magnitude of the slope of the
thermal strain—temperature curves. Also, BECy and nano-
composites underwent a glass transition as indicated by the
change in slope of the curves. Specifically, the onset of the
glassy transition point was shifted to lower temperatures for the
dopamine-treated h-BN/BECy nanocomposites, causing a
decrease in glass transition temperature (Tg). On the other
hand, the specimen reinforced by pristine h-BN nanoparticles
exhibit no negative influence on T, compared with neat BECy.
The influence of nanoparticles on T, will be discussed in more
detail in the following section.
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Figure 8. Thermal strain of h-BN/BECy nanocomposites.

The CTE values of h-BN/BECy nanocomposites in the
glassy region were determined between 50 and 70 °C based on
eq 1:

L dL
a=——
L,dT (1)

where L, is the initial length of the sample and L is the length at
temperature T. Figure 9a compares the CTEs of nano-
composites reinforced with pristine and dopamine-treated h-
BN nanoparticles at different volume fractions. Compared with
neat BECy (64.9 = 1.01 ppm/°C), the h-BN/BECy nano-
composites showed lower CTE values depending on filler
loading. However, the extent of CTE reduction seemed to be
independent from the functionalities of nanoplatelets at given
loading levels. Figure 9b compares the experimental CTE data
of pristine and h-BN reinforced nanocomposites with
predictions according to different micromechanical models.
Typically, three models are used to predict the CTE of
polymer/filler composites. The rule of mixtures is represented
by eq 2:

o = am(l - ¢f) + af¢f (2)

where ¢ is the volume fraction of filler, @; is the CTE of the
filler, a,, is the CTE of the matrix. Overall, the rule of mixtures
overpredicted the CTEs compared with the experimental values
of the nanocomposites, indicating the occurrence of interfacial
interactions between the filler and the matrix in the
nanocomposites. Turner’s model was applied to account for
the particle—matrix interactions, incorporating the bulk
modulus of both filler (K; = 450 GPa)*” and matrix (K,, =
2.06 GPa)*® into eq 3. However, it failed to accurately predict
the CTE of these composites as it is appropriately applied only
to unidirectional, fiber-reinforced composites:

Table 2. Onset Thermal Degradation Temperature and Residual Weight of Neat BECy and h-BN/BECy Nanocomposites®

pristine h-BN nanoparticles

dopamine-treated h-BN nanoparticles

sample neat BECy S vol %
temperature at 5% weight loss ~ 455.29 + 247  455.64 + 1.02
(°C)
residual weight (%) 0 10.62 + 0.017

“The standard deviation was calculated based on four measurements.

10 vol %
454.16 + 0.43

19.88 + 0.002

15 vol % S vol % 10 vol % 15 vol %
455.62 + 0.62 44898 + 0.156 448.34 + 1.53 447.50 + 0.247
28.19 + 0.687 8.61 + 0.004 16.88 + 0.006 24.11 + 0.262

DOI: 10.1021/acsami.5b00147
ACS Appl. Mater. Interfaces 2015, 7, 5915—5926


http://dx.doi.org/10.1021/acsami.5b00147

ACS Applied Materials & Interfaces

Research Article

(a) I \eat BECy
Pristine h-BN

Dopamine-treated h-BN

CTE (ppm/ °C)

5 1
Nanoparticle Loading (vol. %)

(b) 70
60 t
|
v
50 - .
L
o 4l '
e o —— Rule of Mixture
IS . - - -Turner's Model
o %F L% - - - - Lower Bound of Schapery's Model
w i \ ---= Upper Bound of Schapery's Model
'5 20F 1 .
\
r \
10 |- \
N, omEmmE
o T RS e ]
1 1 1 1
0 5 10 15 20

Nanoparticle Loading (vol. %)

Figure 9. Thermo-mechanical properties of h-BN/BECy nano-
composites: (a) experimental CTE values, and (b) prediction models
of CTE in the glassy region. The error bars represent standard
deviations based on four measurements.

(1= @)Kua, + oK
(1r- (pf)Km + @K (3)

Schapery’s model includes a determination of the upper (a})
and lower bound (al) values for the composites, as shown in
eqs 4 and S:

1
K (K, — K)(a; — a
acu =a, + _ﬁ ( m c)( f m)
K. (K, — K¢) *)
o Ky = KO - )
‘ " I<cu (Km - I<f) (5)
where K® and K. are determined using eqs 6 and 7:
1_ ¢
K.=K_ + ; 304
K—-K, (3K, +4G,) (6)
1 —
K' =K, + i 7
f
K, —K; + (3K +4Gy) (7)

where G,, and G; are the shear moduli of the matrix (0.78
GPa)* and the filler (112 GPa),* respectively. The upper
bound of Schapery’s model provided a very close approx-
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imation of the CTE values for h-BN/BECy nanocomposites. In
addition, Schapery’s upper limit also provided good predictions
of the CTE behavior for the BECy matrix reinforced by other
nanofillers.***’

The dynamic-mechanical properties of BECy nanocompo-
sites reinforced by h-BN nanoparticles are displayed in Figure
10. Figure 10a shows that the reinforcing effect of the
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Figure 10. Dynamic mechanical properties of h-BN/BECy nano-
composites: (a) storage modulus, and (b) tan &,

nanoparticles as recognized by a gradual increase in dynamic
storage modulus (E’) in both glassy and rubbery regions with
increasing loading levels of h-BN particles. In Figure 10b, a
decreasing trend of tan J,, peak’s magnitude with increasing
filler loading was detected regardless of the nanoparticles’
functionality. Such phenomena could be a consequence of
alleviating the damping effect by enhancing the elastic response
of stress transferring within BECy as elastic fillers incorporated
into the viscoelastic matrix.>® Furthermore, T, is often taken at
the tan J,, peak temperature; therefore, dopamine-treated h-BN
reinforced nanocomposites exhibited a slightly T, suppression
by 20-25 °C compared with neat BECy (~300 °C). In
contrast, pristine h-BN had almost no negative effect on T, as
illustrated from tan J,, peak position in Figure 10b. According
to several previous studies, the reduction in T, was also found
in BECy nanocomposites reinforced by various nanofillers, such

as alumina,”' ZrwW,0,,* and Fe,0, coated SiO,,”> which might

DOI: 10.1021/acsami.5b00147
ACS Appl. Mater. Interfaces 2015, 7, 5915—5926


http://dx.doi.org/10.1021/acsami.5b00147

ACS Applied Materials & Interfaces

Research Article

be interpreted by the weak interfacial interaction between fillers
and matrix based on an “interphase creation” theory proposed
by K. Putz et al.>® In this study, pristine nanoparticles had
nearly no detrimental effect on the T, of BECy nanocomposites
at any given volume fractions, which was attributed to the
formation of covalent bonding between the primary amine
moiety (—NH,) terminated on the nanoparticles’ surface®* and
the —OCN group of the cyanate ester.”'* After the dopamine
functionalization, however, a number of flexible hydroxyl
(—OH) and secondary (R—NH—R)/aromatic amine (=N—R)
groups formed on the polydopamine shell increased the
molecular chains segmental mobility of BECy, and thus led
to a reduction in T, of functionalized h-BN nanocomposites.>®

Figure 1la depicts the effect of functionalities and volume
fractions of h-BN on E’ of BECy at 25 °C. As expected, E’
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Figure 11. Comparison of (a) storage modulus at 25 °C, and (b) glass
transition temperature of h-BN/BECy nanocomposites. The error bars
represent standard deviations based on four measurements.

increased with higher volume fractions of nanofillers contained
in the polymer matrix. The different functionalities of h-BN had
little influence on E’ at equivalent loading levels. For example,
although nanocomposites reinforced by both types of h-BN at §
vol % exhibited the same increase in E' (27%), at higher loading
levels (10 vol %), the dopamine-treated nanoparticles facilitated
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a higher increase in E’ than pristine h-BN at (156% vs 120%).
The storage modulus reached its highest value of 7.16 GPa for
nanocomposites reinforced with 15 vol % pristine h-BN
nanoparticles, which doubled the value of neat BECy. As
depicted in Figure 11b and discussed earlier, pristine h-BN/
BECy nanocomposites present overall higher T, than the
specimen containing same volume faction of the dopamine-
treated nanoparticles.

Figure 12a illustrates the thermal conductivity of h-BN/
BECy nanocomposites. The high thermal conductivity (600
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Figure 12. Thermal conductivity of h-BN/BECy nanocomposites: (a)
experimental values, and (b) prediction models of thermal
conductivity. The error bars represent standard deviations based on
three measurements.

W/(m-K)) of the incorporated h-BN nanoparticles facilitated
an obvious increase in thermal conductivity compared to the
neat BECy. The samples containing 15 vol % pristine h-BN
exhibited the highest thermal conductivity, which was twice that
of neat polymer (0.27 vs 0.55 W/(m‘K)). It is also worth
mentioning that the samples containing pristine h-BN exhibited
overall higher thermal conductivity than those containing
dopamine-treated nanofillers. This was attributed to a less
thermally conductive polydopamine amorphous thin layer,
which was found to encapsulate on the surface of functionalized
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h-BN, inhibited the effective thermal transferring between h-
BN and polymer matrix.

Several theoretical and empirical models have been
developed and applied to predict the thermal conductivity of
polymer nanocomposites. In this study, some typical models
were used to investigate pristine h-BN/BECy nanocomposites
systems. Initially, simple parallel and series models were applied
(see egs 8 and 9):>°

k.= d)fkf + ¢k (8)
k. = &
bk + Pk ©)

where ¢ is the volume fraction of the filler, ¢, is the volume
fraction of the matrix, and k., k; and k., are the thermal
conductivity of the composite, filler and matrix, respectively.
Figure 12b shows that parallel and series models generally
provide upper and lower bounds for the thermal conductivity of
composites. The Maxwell model was also applied (see eq 10).
However, the Maxwell model underestimated the experimental
data, which may have been caused by the assumption that the
reinforcing filler was of spherical shape.>’

Lo ke + 2k, + 2¢ (ke — k)
© M ke + 2k, — ke — Ky)

(10)

Taking account of the shape, aspect ratio, and packing factor of
the nanoparticles, the Lewis—Nielsen model was modified and

derived from the Halpin—TSsai equation given in eq 11:%8
. 1+ ABgp
"1 —Byg (11)
kf
here B = = T Rl
where B= ——, w=1+ @
:—‘ +A ¢

The shape parameter A and the packing factor ¢ were chosen
as 3.99 and 0.52, respectively, for platelet-sized nanoparticles.
Compared to the experimental data, the Lewis—Nielsen model
offered an excellent prediction of the thermal conductivitgr of h-
BN/BECy nanocomposites. Previous studies®”*”% also
showed the promising thermal conductivity prediction for
other composite systems.

The effects of nanoparticle functionality and volume fraction
on dielectric properties of h-BN/BECy nanocomposites were
examined. Figure 13ab shows that 15 vol % pristine h-BN
increased the permittivity (¢') of BECy nanocomposites by
only approximately 0.2 without negative influence on the
dissipation factor (tan &,) over a wide frequency range, which
was attributed to the intrinsic dielectric properties of BN.
However, dopamine-treated h-BN had a significant effect on
the dielectric properties of h-BN/BECy nanocomposites; they
exhibited an overall higher ¢’ and tan J, than the specimens
containing pristine nanoplatelets at the same volume fraction,
in particular in the lower frequency range between 1 and 10 Hz.
This behavior was originated from an increase in frequency-
dependent orientation polarization induced by the strong
dipole—dipole moment among a sufficient number of amino
moieties and catechol groups formed in the conjugated bridge
structure of the polydopamine coating.61 In addition, a
substantial increase in tan J, at low frequencies elicited the
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Figure 13. Dielectric properties of h-BN/BECy nanocomposites: (a)
experimental dielectric constant, (b) prediction models of dielectric
constant at 1 Hz, and (c) dissipation factor.

presence of space charge polarization or ionic conduction
dielectric loss within nanocomposites.>

The dielectric constants of the investigated composite
materials were predicted using both theoretical and empirical
models. The two common models employed were the parallel
(eq 12) and the series model (eq 13):
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& = g + P (12)
€.
€ = .
b.ec + e (13)

where &, &, and ¢_ are the dielectric constants of the composite,
filler, and matrix, respectively. The Kananu and the Maxwell—
Garnett model are given in eqs 14 and 15 for comparison.
Among them, the obtained experimental permittivity of h-BN/
BECy nanocomposites at 1 Hz followed series model well.

_ 2¢f8f€m
Sc - Em
2, + ¢ & (14)
& — €y
3¢f X & + 26,
e =¢el1+ 1= 4 x o
£ e +2e, (15)

The dielectric breakdown strength of a material is an
important property for microelectronic packaging applications.
Figure 14 compares the breakdown strength of h-BN/BECy
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5 10
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Figure 14. Comparison of dielectric breakdown voltage of h-BN/
BECy nanocomposites. The error bars represent standard deviations
based on 20 measurements.

nanocomposites. It can be seen that reinforced h-BN
nanoplatelets slightly improved the breakdown strength of
the polymer matrix (16.94 + 148 MV/m) with increasing
volume fraction of nanoparticles, which was due to the higher
intrinsic breakdown strength of the h-BN (35 MV/m) and
homogeneous dispersion of nanoparticles on polymer matrix.
The functionality of nanofillers had no significant effect on the
breakdown strength of the nanocomposites.

4. CONCLUSION

In this work, a novel biomimetic functionalization approach was
used to enhance the chemical reactivity of h-BN nanoparticles
in an aqueous solution. Strong 7—z and van der Waals
interactions facilitated the noncovalent encapsulation of
nanoparticles by polydopamine, as confirmed by different
characterization techniques such as SEM, TEM, TGA, and
Raman spectroscopy. The prepared h-BN/BECy nanocompo-
sites were investigated to determine the effect of volume
fractions and functionalities of nanofillers on nanocomposite
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properties. The promising thermal stability of neat BECy was
not compromised with the incorporation of h-BN nanoplatelets
at any given loading levels. Because of their low CTE and
superior storage modulus, the incorporated h-BN nanoparticles
offered an improved dimensional stability and an outstanding
reinforcement effect on the BECy resin, regardless of their
functionality. Even though the dopamine-treated h-BN nano-
perticles reduced the T, of nanocomposite because of the lower
chemical reactivity between the catechol moiety and the
functional cyanate ester group, the pristine h-BN nanoparticles
had nearly no detrimental effect on either cross-linking density
or T,. Incorporation of 15 vol % pristine nanoparticles caused
the most pronouced improvement in thermal conductivity of h-
BN/BECy nanocomposites. In addition, dielectric properties of
nanocomposites could be tailored based on the functionalities
of h-BN nanoparticles. In summary, the h-BN/BECy nano-
composites exhibited promising improvement in both thermo-
mechanical and dynamic-mechanical properties, desirable
enhancement in thermal conductivity, and controllable
dielectric properties, indicating potential applications in micro-
electronic packaging and as structural capacitors for aerospace
devices.
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