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ABSTRACT: Coupling agent-functionalized boron nitride (f-BN) and glycidyl
methacrylate-grafted graphene (g-TrG) are simultaneously blended with polyimide
(PI) to fabricate a flexible, electrically insulating and thermally conductive PI
composite film. The silk-like g-TrG successfully fills in the gap between PI and f-
BN to complete the thermal conduction network. In addition, the strong
interaction between surface functional groups on f-BN and g-TrG contributes to
the effective phonon transfer in the PI matrix. The thermal conductivity (TC) of
the PI/f-BN composite films containing additional 1 wt % of g-TrG is at least
doubled to the value of PI/f-BN and as high as 16 times to that of the pure PI. The
hybrid film PI/f-BN-50/g-TrG-1 exhibits excellent flexibility, sufficient insulating
property, the highest TC of 2.11 W/mK, and ultralow coefficient of thermal
expansion of 11 ppm/K, which are perfect conditions for future flexible substrate
materials requiring efficient heat dissipation.
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1. INTRODUCTION

Polyimide (PI)-based substrates are potential materials in
advanced electronic systems, such as flexible printed circuits
(FPC) and flexible displays, due to the requirement of flexibility,
lightweight, and robustness.1−4 However, the increased power
density in advanced electronics makes effective heat removal a
critical concern for a reliable performance. Different types of
thermally conductive fillers have been incorporated with polymer
matrices to improve the thermal conductivity (TC) of the
resultant polymer composites.5−9 However, the thermal
resistance at the interface between filler and polymer is created
and should be minimized to facilitate smooth heat transfer in
polymer composites.6,9−11 Another prominent factor to facilitate
efficient phonon transfer or lattice vibration in polymer matrix is
to form a thermally conductive network by appropriate selection
and packing of conductive fillers in polymer matrix.9,12,13

Introduction of fillers with high aspect ratios5,10 or a hybrid
filler system7,10,14,15 in polymer matrix allows the formation of a
conducting network for thermal energy. However, a large contact
area between filler and polymer might increase the resistance of
heat transport at the interface.11 Hence, the affinity of filler to
polymer should also be improved by modifying the surface of
fillers.9,16 The functional groups on fillers will assist the
movement of phonon between the thermally conductive filler
and the polymer matrix,11 and consequently the efficiency of heat
transportation in polymer matrix can be increased.
For the electronic applications, the thermally conductive but

electrically insulating PI composites are essential.6,9,12,17−19

Therefore, highly electrical conductive materials, such as carbon
nanotubes, are not appropriate fillers for thermally conductive PI
in electronic devices. Other candidate fillers, including aluminum
nitride (AlN) and boron nitride (BN), have been blended with
polymer matrix. Xie et al. prepared a thermally conductive PI
composite containing 32 vol % modified AlN, and its thermal
conductivity (TC) reaches 0.8 W/mK, compared to 0.22 W/mK
for pure PI.7 Li and Hsu12 prepared a PI composite containing 30
wt % of surface-modified micro- and nanosized BN fillers with an
enhanced TC up to 1.2 W/mK. For electronic applications, a
lower water absorption rate of the polymer substrate is essential.
Consequently, a more hydrophobic BN is superior to AlN as the
filler in those polymer substrates.9 In addition, the packing
density of BN in polymer is much higher than that of other fillers
that the filler content in polymer matrix can be decreased.6

Hence, the insulating and lubricating BN was considered the
candidate filler for thermally conductive PI films for electronic
usage. On the other hand, graphene-related nanofillers have been
confirmed as efficient thermal interface materials to minimize the
thermal resistance between two surfaces.20 Although graphene
nanosheets are excellent materials for both thermal and electrical
conductivity,21 the electrical conductivity of the chemically
converted graphene, i.e. graphene oxide (GO), is not as high as
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that of the pristine graphene or carbon nanotube (CNT) due to
the retained oxygen-related groups.22−24

Previously, we have investigated the effects of single filler, BN
or chemically exfoliated GO, contents on the TCs of PI films.
With the blending of 50 wt % coupling agent-modified BN fillers,
the TC value of PI composite is 0.86W/mK, compared with 0.13
W/mK for pure PI.25 On the other hand, the PI composite film
containing 10 wt % of surface-modified GO (g-GO) has a TC up
to 0.81 W/mK,26 which is a compatible enhancement in TC for
the PI containing 50 wt % of BN. The microsized BN platelets
and thermally reduced GO (TrG) nanosheets were reacted with
PI in order to complete the conductive network in the electrically
insulating PI matrix. The dimensional stability, TC, and
mechanical strength of PI hybrid films were correlated with the
type and composition of thermally conductive fillers. By
appropriate selection and packing of functionalized BN (f-BN)
and grafted TrG (g-TrG) in the PI matrix, the PI hybrid films
have the potential in modern electronic devices requiring
efficient heat transportation and superior thermal stability.

2. EXPERIMENTAL SECTION
2.1. Materials. Pyromellitic dianhydride (PMDA) and 4,4′-

diaminodiphenyl ether (ODA) were purchased from Aldrich (USA).
Anhydrous dimethylacetamide (DMAc), N-methyl-2-pyrrolidone
(NMP), and the thermal initiator 2,2′-azobis-isobutyronitrile (AIBN)
were provided by Showa Chemical Co. (Japan). Glycidyl methacrylate
(GMA, 99.5%) from Aldrich (USA) from Acros (USA) was employed
as-received. Natural graphite powder (325 mesh) was supplied by Alfa-
Aesar (USA). Hexagonal BN nanosheets with the purity of 99.0%, the
mean size of 4 μm (NW-04) or 15 μm (SW-15), and the specific surface
area of 11 m2/g (NW-04) or 13 m2/g (SW-15) were courtesy of
National Nitride Technologies Co. (Taiwan). The titanate coupling
agent (KR-44) from TCI with the chemical structure shown in Figure 1
was employed to modify the surface of BN.
2.2. Functionalization of BN. BN platelets with the mean particle

size of 4 or 15 μmwere dispersed in solvent DMAc and ultrasonic for 2 h
at room temperature. The coupling agent KR-44 with the weight ratio of
0.01 to BN was mixed with the above suspensions dropwise and
continue stirred at 80 °C for 24 h to complete the sol−gel process
between the hydroxyl groups on BN and the amine group on KR-44.
The f-BN was then obtained after washing, centrifuging, and drying
treatments.
2.3. Preparation and Functionalization of Graphene Oxide.

GO was chemically exfoliated from graphite by the modified Hummers
method26 and followed by the centrifugation and vacuum-drying at 60
°C. The dried GOwas then placed under heat treatment at a heating rate
of 2 °C/min to 1050 °C to obtain TrG nanosheets. TrG and AIBN were
dispersed in NMP and ultrasonificated at 65 °C for 2 h followed by the
addition of GMA at a fixed weight ratio of 1:0.5:0.03 for
TrG:AIBN:GMA. The mixture was continuously stirred at 80 °C for
24 h under N2 to accomplish the grafting of GMA on TrG.27 The
resultant GMA-grafted TrG slurry was washed and centrifuged several
times with acetone to remove the free GMA molecule or its oligomers.
The precipitates were collected and then dried in a vacuum oven to
obtain g-TrG.
2.4. Preparation of PI/f-BN/g-TrG Composite Films. The

synthesize procedure of PI/f-BN/g-TrG films is shown in Figure 1.
Typically, ODA (10 mmol) was thoroughly dissolved in DMAc in a
three-necked flask equipped with a mechanical stirrer at room
temperature under N2. PMDA (9 mmol) was sequentially mixed with
the above ODA solution every 0.5 h to obtain a viscous poly(amic acid)
(PAA) solution with a chain length of 5000 g/mol. Two types of f-BN
platelets with mean particle sizes of 15 and 4 μm were selected and
mixed with the weight ratio of 70% and 30%. The size-mixed f-BN and g-
TrG were dispersed in DMAc with the assistance of ultrasonic vibration
prior to the mixing with the above PAA solution. The final portion of
PMDA (1 mmol) was mixed and continuously stirred at room

temperature for 6 h to obtain a homogeneous viscous PAA/f-BN/g-
TrG solution. The above solution was cast on a glass substrate by a
scalpel and transformed to the PI/f-BN/g-TrG film after the following
thermal imidization process. The casted film was imidized in an oven at a
heating rate of 2 °C/min, from 80 °C through 150 and 170 °C, annealing
at each temperature for 1 h, and finally to 350 °C and annealing for 2 h.
The thickness of the resultant PI/f-BN/g-TrG film was about 20 μm.
The sample code was denoted PI/f-BN-x/g-TrG-y, where x and y
represent the wt % of f-BN and g-TrG, respectively, in PI composites. In
this study, x was ranging from 10 to 50 and y was fixed to 1. The same
procedure was applied to synthesize PI/f-BN-x, PI/BN-x, or PI/g-TrG-y
films containing single type of filler f-BN, BN, or g-TrG. In addition, a
reference PI film without the addition of those fillers was also
synthesized and denoted pure PI. The digital photos of flexible PI/f-
BN/g-TrG composite films are shown in Figure 1.

2.5. Characterizations. The morphology of BN, TrG, g-TrG, and
PI composites were investigated by the transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) using
electron microscopes JEOL TEM-2100 and JEOL SEM-6700F,
respectively. For TEM measurements, samples were prepared by drop
casting on carbon-coated copper grids followed by solvent evaporation
in air at room temperature. Infrared spectra of PAA solution at various
temperatures were obtained to identify the imidization degree by using a
Nicolet Proteǵe-́460 Fourier transform infrared (FTIR) spectropho-
tometer equipped with a variable-temperature sample holder.
Thermogravimetric analysis (TGA) was performed using a TGA
analyzer (Q500, TA Instrument) at a heating rate of 10 °C/min under
N2. The temperature at 5 wt % weight loss was denoted the thermal
decomposition temperature (Td

5) in this work. The storage modulus
and tan δ were measured using a dynamic mechanical analyzer (DMA,
2980, TA Instrument) at a heating rate of 3 °C/min. The glass transition
temperature (Tg) was determined from the peak temperature of tan δ
curve. The thermal mechanical analyzer (TMA, Q400, TA Instrument)
was conducted under an extension mode, with a tension force of 0.05 N,
at a heating rate of 10 °C/min, at a frequency of 1 Hz, and under N2. The
coefficient of thermal expansion (CTE) was evaluated from the TMA

Figure 1. Procedure of preparing fillers (f-BN and g-TrG) and
composite films (PI/f-BN-x/g-TrG-1).
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data in the temperature range of 100 to 200 °C, which is a commonly
testing condition in manufacturing. The crystalline structures of
nanofillers and deposited films were identified by X-ray diffraction
(XRD) using a Shimadzu XRD-6000 equipped with a CuKα radiation (λ
= 0.154 nm) at 40 kV and 30 mA. An X-ray photoelectron spectroscopy
(XPS) (ESCA PHI-1600, Physical Electronics) was utilized to detect the
surface composition of nanofillers. The TC of films (diameter: 20 mm)
at room temperature and at a fixed load of 20 kgf was measured on a TC
tester (CL-TIM from Taiwan) based on the ASTM D-5470 standard.
Thermal-conductive grease (TC-5121 from Dow Corning) was applied
on both sides of each specimen to reduce the thermal resistance at the
interface between copper and sample. The surface resistance (Rs) of
each film (sample size: 10 cm square) at room temperature was
measured on a megaohm-meter (Hioki SME-8310) at a DC voltage of
100 V. The TC and Rs values presented in this work are the average
values of at least three measurements of each sample.

3. RESULTS AND DISCUSSION
3.1. Characteristics of Functionalized Fillers. The FTIR

spectra of dried BN and f-BN platelets are shown in Figure 2. The

characteristic B−N stretch and bending peaks12,16around 1381
and 791 cm−1 were observed from BN platelets before and after
surface modification. The B-NH2 or B−OH stretching
vibrations9 on the BN surface were not significant on the FTIR
spectra of BN. The absorption peak of amine groups at 1730
cm−1 were observed from both f-BN and Ti-coupling agent KR44
indicating the presence of KR44 on f-BN.
In order to further confirm the successful modification of f-BN,

the XPS spectra of BN and f-BN are compared. As shown in
Figure 3, the additional Ti 2p signals presented in the survey XPS

spectra of f-BN. The XPS (Ti 2p) spectrum of f-BN (Figure 4)
exhibits the characteristic Ti−O binding energy at 458.2 and

463.9 eV.28 The existence of C andO in BN platelets is consistent
with the literature.29 The atomic ratios of O and C on f-BN
increase to 8.6 and 31.4%, respectively, compared to 2.4 and 4.1%
for pure BN. The increase in Ti, C, and O amounts on f-BN
suggests the successful modification of BN by the Ti-coupling
agent KR-44. There is no significant difference in XPS B 1s andN
1s spectra between BN and f-BN. The dominant B 1s peak
centered at 190.3 eV and the N 1s peak at 397.9 eV for both BN
samples are the characteristic binding energies of hexagonal
BN.30

The XRD patterns of obtained TrG nanosheets together with
the precursor graphite and GO are displayed in Figure 5(a-c).

The XRD pattern of natural graphite reveals the characteristic
intense diffraction peak of graphite at 2θ = 26.4°, which
corresponds to the graphene interlayer of (002) with the d
spacing of 0.34 nm.31−33 The disappearance of the characteristic
graphite peak at 26.4° and the formation of a broad peak at 9.7°
(d = 0.92 nm) of dried GO indicate the intercalation of hydroxyl,
carbonyl, and epoxide groups in graphite interlayer during the
chemical oxidation process.31,32,34 Abundant amounts of those
functional groups on the surface of GO were removed and
simultaneously leading to a fast exfoliation during the thermal
treatment to obtain RG as confirmed in the following XPS
results. The absence of significant diffraction peak in the XRD
pattern of TrG reveals the exfoliated feature after the thermal
reduction of GO. The interlayer distance of TrG remains during

Figure 2. FTIR spectra of (a) Ti-coupling agent (KR-44), (b) Ti-
coupling agent-functionalized boron nitride (f-BN), and (c) dried boron
nitride (BN).

Figure 3. XPS full-scan spectra of (a) BN and (b) f-BN.

Figure 4. XPS Ti 2p spectrum of f-BN.

Figure 5. XRD patterns of (a) graphite, (b) GO, (c) TrG, and (d) g-
TrG.
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the GMA-modification process because the similar XRD patterns
were obtained from g-TrG and TrG.
The TGA curves of graphite, GO, TrG, and g-TrG are shown

in Figure 6. Two weight loss stages are observed for GO sample.

The first weight loss stage below 250 °C is due to the
decomposition of surface carboxyl or hydroxyl groups on
GO.27,35 For the thermally reduced TrG sample, the weight
loss below 250 °C is negligible indicating the successful removal
of the oxygen-related functional groups during the heat
treatment. Some oxygen-containing functional groups remain
on TrG as evidenced in XPS data that around 5 wt % of weight
loss of TrG is obtained in the temperature range of 250 to 450
°C. For g-TrG, the weight loss starting from 300 to 450 °C
resulted from decomposition of the grafted polymers on TrG.27

Based on the percentage of weight loss, the grafted polymer on
TrG is around 35 wt % of TrG, corresponding to a grafting ratio
of 70% of introduced GMA precursor.
The surface composition of TrG is examined and compared to

that of g-TrG by the analysis of their XPS spectra. Figure 7 (a)
illustrates the raw data and deconvoluted XPS spectra in the C 1s
region of TrG. The graphitic CC and C−C structures are
revealed at the binding energy of 284.2 and 284.7 eV,
respectively.33,36,37 Compared with the XPS results of GO, the
intensity of graphitic CC components on TrG increased
indicating the successful thermal reduction of TrG from GO. In
addition, the splitting of the C 1s peak at higher binding energy
for TrG is negligible. The results suggest few oxidized carbon
functional groups including C−OH (286.5 eV), C−O−C (286.8
eV), CO (287.3 eV), and O−CO (288.6 eV)33,37,38

remained on TrG after the thermal treatment on GO. In
contrast, the oxygen-containing functional groups appear on g-
TrG. The deconvoluted XPS curves show an increased epoxy
signal at 286.5 eV on g-TrG indicating the successfully grafting of
GMA on TrG.
The morphology of fillers is shown in Figure 8. The TEM

image of TrG demonstrates ultrathin sheets with wrinkled,
folded, and silk-like morphology as shown in Figure 8(a). We
also observed an ordered and layered lattice structure of carbons
at the edges or the folding of the graphene nanosheets from a
high-magnified image as shown in Figure 8(b). The number of
graphene layers is around 22 layers with the thickness of 8 nm.
The dark spots, which are believed to be the polymerized
GMA,27,38 are distributed on the surface of TrG as displayed in
Figure 8(c). The SEM images shown in Figure 8(d, e)
demonstrate the distribution of individual f-BN (30 wt %) or
g-TrG (1 wt %), respectively, in PI composites. The improved

compatibility between two phases resulted in the appropriate
surface modification of BN and TrG. The distribution of hybrid
fillers in the PI matrix can be examined from Figure 8 (f, g).
Similar plastic deformation features are observed from the
fractured surface of the PI/f-BN-30/g-TrG-1 composite film
suggesting the strong interactions between PI and fillers. More
importantly, the wrinkled g-TrG is attached closely to the edge of
f-BN and perfectly filled the gap between PI and f-BN. The
strong interaction comes from the reactivity of those functional
groups, amine and epoxy, respectively, on f-BN and g-TrG. The
epoxy groups on g-TrG also lead to better compatibility of TrG
to the PI matrix as confirmed by previous study.26 Consequently,
the enhanced affinity of nanofillers to the PI matrix is responsible
for the improvement of the thermal and mechanical properties of
the resultant PI composite films.

3.2. Improved Properties of PI Composites by Hybrid
Filler System. Based on previous results,25,26 the optimum
combination of two-size-mixed BN platelets is determined to be
30 wt % of 4 μm and 70 wt % of 15 μm to efficiently improve the
TC of the PI/BN composite films. In addition, the effect of total
BN contents on the TC value of the PI films is evaluated in this
study. As shown in Figure 9(a), the TC value of the PI film
containing hybrid BN platelets asymptotically increases from
0.13 W/mK (for pure PI) to 0.74 W/mK (for PI/BN-50). The
improvement of TC by the surface modification of BN is limited
as shown by the TC value of PI/f-BN-50 only slightly increases to
0.86W/mK.On the other hand, a significant enhancement in TC
is observed for PI films containing only 1 wt % of g-TrG (the star
legend in Figure 9(a)). The TC value of PI/g-TrG-1 is as high as
0.41 W/mK, which is comparable to that of PI/f-BN-10. The
additional 1 wt % g-TrG in the PI/f-BN-50 matrix dramatically
increases the TC value by a factor of 3, accordingly from 0.74 to

Figure 6. TGA curves of graphite, GO, TrG, and g-TrG.

Figure 7. XPS C 1s spectra and deconvolution results of (a) TrG and
(b) g-TrG.
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2.11 W/mK. The enhancement in this TC value is as high as
1500% compared to the intrinsic PI film. The results indicate the
efficient thermal conduction network is achieved by filling the

silk-like g-TrG in the gap between f-BN and the PI matrix.
Furthermore, the strong interactions between PI and all surface-
modified fillers (f-BN and g-TrG) as illustrated in SEM images
contribute the effective phonon transfer in the PI matrix.
Consequently, the TC value of PI/f-BN/g-TrG is improved as
well as the following thermal and mechanical properties.
The dimensional stability is an important issue for PI films,

because they are commonly laminated with other metals or
ceramics for further thermal processing. The CTE value is
indicative to the dimensional stability of PI films and is evaluated
by TMA results within the temperature range of 100 to 200 °C.
The effects of filler type and BN content on the CTE of PI
composite films are shown in Figure 10. The CTE of the PI/BN
film decreases linearly with the increasing BN content. The
surface modification on BN leads to stronger interaction between
2 phases that the CTE of composites can be further reduced. The
CTE of PI/f-BN-50 is as low as 12 ppm/K, which is even lower
than that of copper. Based on knowledge from the manufacturer,
a PI film with a CTE lower than 30 ppm/K shows the potential in

Figure 8. TEM images of (a, b) TrG and (c) g-TrG. SEM images of the fracture surface of (d) PI/g-TrG-1, (e) PI/f-BN-30, and (f, g) PI/f-BN-30/g-
TrG-1.

Figure 9. Effects of filler type and BN content on the (a) thermal
conductivity (TC) and (b) TC enhancement of PI composites. The
lines shown in both graphs represent the regression results.

Figure 10. Effects of filler type and BN content on the coefficient of
thermal expansion (CTE) of PI composites.
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practical FPC applications. Surprisingly, the reduction in CTE by
g-TrG is more significant that the CTE of PI containing 1 wt % of
g-TrG is 31 ppm/K, which is close to the value of PI/f-BN-10.
The CTE lower than 30 ppm/K is obtained from PI composites
containingmore than 10 wt % of f-BN. The extent of reduction in
CTE by additional 1 wt % g-TrG slightly decreases with the
increasing BN contents. The micrometer-sized BN platelets
predominantly improve the chain orientation of PI and thus
suppress the thermal expansion of the PI matrix.26,39−41

Table 1 summarizes the thermal, mechanical, and electric
properties of PI hybrid films. The surface resistance of each PI/f-
BN/g-TrG film is checked to confirm the electrical insulating
feature as substrates for electronic applications. The surface
resistances of those PI/f-BN/g-TrG films are in the range of 1013

Ω indicating their sufficient electrical insulating property. The Tg
value of PI films increases first when the loading of f-BN is 10 wt
% and then decreases with the increasing f-BN contents. In
contrast, the Tg value of PI films increases significantly with the
increasing g-TrG amounts. The presence of g-TrG improves
both the mechanical and thermal properties of PI films. The large
f-BN platelets with functional groups on their edges lead to
loosely packing of PI chains. Consequently, the weak chain−
chain interaction results in a lower value ofTg. The rigidity of film
is increased when the PI matrix containing BN platelets as shown
by its tan δ (damping) lower than pure PI. On the other hand, the
damping of PI/g-TrG is similar to that of pure PI. The rotational
motion of PI main chains is effectively restricted by g-TrG that
the Tg value of PI/g-TrG is higher than that of pure PI. The Tg
value of PI containing 1 wt % of g-TrG is 421 °C. The Tg values
of PI/f-BN/g-TrG are ranging from 403 to 419 °C, which are
significantly higher than those of the PI/f-BN film. The increase
in Tg value not only suggests a hindered rotation of PI chains by
g-TrG but also an improved interfacial strength between phases.
For pure PI, the thermal decomposition temperature Td

5 is 550
°C. An increased Td

5 value is observed for PI films containing
either f-BN or g-TrG. The PI/f-BN/g-TrG hybrid films exhibit
Td

5 values in the range of 567 to 591 °C. Those thermally
conductive fillers in PI films effectively dissipated heat from the
PI matrix that improved the thermal stability of PI films. Notably,
each PI film remains very flexible, even for the one containing 50
wt % of f-BN and 1 wt % of g-TrG, as illustrated in the digital
photograph in Figure 1.

4. CONCLUSIONS

The combination of two types of thermally conductive and
functionalized fillers f-BN and g-TrG in the PI matrix
dramatically improves the TC and dimensional stability of PI
films. The f-BN platelets significantly reduce the CTE of PI films,
and, on the other hand, the silk-like g-TrG nanosheets complete
the thermal conducting pathway throughout the PI/f-BN matrix
by filling in the gaps. The thermal resistance at the interface
between filler and PI is minimized due to the surface functional
groups, and thus, the fillers serve as thermal interfacial materials
to facilitate smooth heat transfer within polymer matrix.
Furthermore, the thermally conductive PI/f-BN/g-TrG compo-
sites exhibit superior dimensional stability simultaneously. The
flexible hybrid films have excellent mechanical strength and
thermal stability for future substrate materials applied in the fields
requiring efficient heat dissipation.
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