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ly glycidyl methacrylate (PGMA)
chain-grafted boron nitride/epoxy composites and
their thermal conductivity properties†

Haibao Zhang, *ab Xian Zhang,*ab Kang Zhengab and Xingyou Tianab

Surface modification of hexagonal boron nitride (h-BN) has the problem of reducing the interfacial thermal

resistance, which has hindered its application in thermal conductive composites. Herein, poly glycidyl

methacrylate (PGMA) chains were grafted onto the h-BN surface by simple radical polymerization; the

thermal conductivity of epoxy (EP) composites was improved by adding the as-grafted h-BN–PGMA to

EP resin. When the filling volume of h-BN–PGMA was 4, 10 or 16 vol%, the thermal conductivity of EP

composite increased by 160%, 298% or 599%, respectively. Moreover, the h-BN surface modification was

beneficial to enhance the compatibility between the filler and the EP matrix. Compared to EP/h-BN, the

EP/h-BN–PGMA had higher thermal conductivity (1.197 W m�1 K�1) under the same filling amount

(16 vol%). Moreover, excellent dielectric properties and thermal stability indicated that EP/h-BN–PGMA

composites were excellent thermal interface materials (TIMs) and could be applied in the field of thermal

management. The preparation process is environmentally friendly, easy to operate, and suitable for

large-scale practical applications.
1. Introduction

Epoxy resin (EP) is widely used in the process of electronic
packaging substrates, which makes the electronic devices
exhibit long service life and good performance.1 However, its
thermal conductivity is low (�0.2 W m�1 K�1), and the pack-
aging process is complex, which is not benecial to its further
development. With the development of the next generation
microelectronic technology, thermal management has become
a key link in the production of high thermal conductivity
insulating electronic packaging materials.2 The high-efficiency
heat transfer of polymer composites with high thermal
conductivity and low conductivity llers has been paid more
and more attention in the thermal management materials
eld.3 A thermal interface material (TIMs) is a polymer-based
material that is commonly used in electronic devices to
reduce operating temperature and support optimal perfor-
mance and service life.4 The design and fabrication of epoxy-
based electronic packaging materials with excellent thermal
conductivity (greater than 1 W m�1 K�1) remain challenging.5

Therefore, how to effectively improve the thermal conductivity
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of epoxy resin is particularly important in electronic packaging
technology.

It is well known that the incorporation of highly thermally
conductive ceramic particles such as aluminum nitride (AlN),6

alumina (Al2O3),7 silicon carbide (SiC),8 silicon nitride (Si3N4)9

into the polymer matrix can greatly improve the thermal
conductivity of composites. However, high thermal conductivity
oen requires high content llers to establish a heat conduc-
tion network. However, the high lling amount will decrease the
mechanical properties and dielectric properties of the
composites. Hexagonal boron nitride (h-BN) is the most
commonly used heat conduction ller, because h-BN has very
high thermal conductivity (250–300 W m�1 K�1), very low
dielectric constant, while the thermal conductivity of traditional
ceramic llers (such as Al2O3, AlN) is far less than that of h-BN.
Although the thermal conductivity of h-BN is much lower than
that of graphene, its high resistance and ideal dielectric prop-
erties make it a feasible candidate in the electronic packaging
technology eld.10 We oen use h-BN ller to prepare thermal
conductivity and electrical insulation composite materials.
Because it has good thermal conductivity with in-plane thermal
conductivity ranging from 300 W m�1 K�1 to 600 W m�1 K�1,
and it has also good electrical insulation.11 Furthermore, the
two-dimensional h-BN ller has anisotropy, and when it is
added to the polymer matrix, the thermal conductivity of this
composite is also anisotropic.12 The orientation of BNNS is
horizontal in-plane direction,13 and the in-plane thermal
conductivity of the composite is obviously higher than that of
the through-plane surface. The modied boron nitride is more
RSC Adv., 2021, 11, 22343–22351 | 22343
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widely used and has an excellent performance in many aspects,
it is usually modied by acid–base composite materials. Lin
et al.14 functionalized h-BN llers with octadecyl amine (ODA) or
oligomeric terminal amino polyethylene glycol (PEG) to obtain
ODA-BN or PEG-BN functionalized llers. Via the interaction of
amino groups with boron atoms, when the mass fraction of the
as-functionalized h-BN lling amount was 75 wt%, the h-BN-
based polyimide (PI) composites were prepared by Sato
et al.,15 while the thermal conductivity of PI composites was as
high as 7 W m�1 K�1. Chen et al.16 constructed a three-
dimensional aerogel (3D-BNNS) thermal network in the epoxy
resin (EP) matrix and lled the EP matrix. The study found that
the thermal conductivity of EP/3D-C-BNNS composites could be
increased by about 14 times when the 3D-BNNS lling amount
was 9.6 vol%. The increase in thermal conductivity was due to
the formation of a thermal network. Nano-brous inorganic
llers were easy to disperse in the polymer matrix due to their
large aspect ratio, and could also establish an effective thermal
conductivity network at low lling capacity. At the same time,
graing polymers on the surface of thermal conductive particles
have been shown to be an effective method to improve the
dispersion of llers and enhance the compatibility between the
llers and the polymer matrix, which would lead to an increase
in thermal conductivity of composites.17

The data in Table 1 could be seen that the different lling
amounts of llers and the different methods of testing thermal
conductivity would affect the thermal conductivity and dielec-
tric properties of composites. The lling amount of function-
alized BN ller in the table is the optimal content. The results
showed that the AgNPs were used as an adhesive to bridge two
adjacent BNNS to form a continuous thermal conductivity
pathways. At this time, the thermal conductivity of the
composite was 1330% times that of pure epoxy resin (EP ¼
0.23 W m�1 K�1). Nevertheless, AgNPS particles were easy to
agglomerate, oxidize easily, and had instability. All the above
functionalized BN llers had high lling capacity, and the
thermal conductivity of the composites was also improved, but
the mechanical properties of the composites were reduced. The
morphology of llers had special requirements. The base-EP
Table 1 Main parameters of various epoxy composites

Materials Filler loading (vol%) TCb (W m�1 K�1)

EP/BNNS 12a 0.387
EP/3D-C-BNNS 9.6 3.13
EP/BN-ODA 3a 0.329
EP/BN-HBP 6 0.246
EP/BN 18a 1.037
EP/BN 36a 1.05
EP/3D-BNNS 9.3 2.85
EP/aligned BN 44 9
EP/aligned BN 40 5.2
EP/BN/AgNPs 25.1 3.06
EP/BN 17.5 0.91
EP/h-BN–PGMA 16 1.198

a Converting for mass fraction to volume fraction. b TC is abbreviation of

22344 | RSC Adv., 2021, 11, 22343–22351
composites prepared by blending epoxy resin and BN ller or
modied BN ller usually showed lower thermal conductivity
than EP/h-BN–PGMA composites in this work, except for EP/BN/
AgNPs composite.18 Therefore, through the various studies
shown in Table 1, the h-BN–PGMA ller with a lling amount of
less than 18 vol% was nally selected for ideal llers. In this
work, we selected a large aspect ratio h-BN to construct
a thermal network with a low percolation threshold and estab-
lished multiple PGMA macromolecular chain growth active
points to achieve an enhancement of the interfacial interaction
between h-BN and EP resin, and to improve the thermal
conductivity of the EP matrix composites.

2. Experiment
2.1 Material

h-BN powder (size is �15 mm, thickness is 200 nm, the aspect
ratio is 150) was purchased from Dandong Rijin co., ltd (china),
solvent: toluene (analytical pure AR) was purchased from Wuxi
Yasheng chemical co., ltd, silane coupling agent, DMF, BPO and
GMA were purchased from Shanghai Aladdin reagent co., ltd,
deionized water was made in the laboratory.

2.2 Functionalization of h-BN surfaces

According to previous reports, the surface hydroxylation of h-BN
was achieved by interacting with a strong base.19 The edge
surfaces of the h-BN successfully generated hydroxyl groups
bound to boron atoms. According to Fig. 1, the synthesized
hydroxylated h-BN (h-BN–OH) was graed onto the coupling
agent. The specic processes were as follows: h-BN–OH (2 g)
and the appropriate amount of MPMS (2 wt% relative to the h-
BN–OH) ultrasonically dispersed for 20 min in toluene solution
(250ml).20 The resulting suspension was reuxed and stirred for
10 h under nitrogen atmosphere conditions, and washed with
multiple ltration to obtain graed h-BN (h-BN–MPMS).
Finally, the graed h-BN (h-BN–PGMA) was prepared by simple
radical polymerization through polymer-graing modication.
Construction of the experimental device: a 500 ml three-necked
ask was xed in a device equipped with a mechanical stirrer
Dielectric constants Test method of TCb Ref.

— Laser ash 4
— Laser ash 16
— Laser ash 14
4.45 Laser ash 28
— Hot wire 26
6.55 TPS 27
— Laser ash 29

Laser ash 32
Laser ash 35
Laser ash 33

— Laser ash 31
3.42 Hot disk This work

thermal conductivity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation process of PGMA chain grafted h-BN.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

1:
56

:5
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
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and a condensation reux tube, 1 g of h-BN–MPMS and 10 ml of
GMA were placed in 200 ml of DMF solvent, the obtained
dispersion liquid was heated to 55 �C, and the solution was
stirred under N2 atmosphere, then 0.083 g of weighed BPO was
slowly added to the above reaction device, the reaction was
continued for 12 h, and nally the as-prepared h-BN–PGMA was
obtained (as shown in Fig. S1 and S3†), and subsequently
dispersed in ethanol for later use.
2.3 Formulation design and preparation of epoxy
composites

According to the above preparation process, h-BN or h-BN–
PGMA suspensions (dispersed in ethanol) were mixed with an
appropriate amount of epoxy resin. The excess ethanol aer
mixing could be removed by oven curing. The curing agent of
8 wt% quality (compared to epoxy resin) was added to the
resulting blend and stirred for 1 h, and poured into the silica gel
mold to cure by three gradient temperatures. The disc specimen
with a diameter of 20 mm, a thickness of 2 mm was nally
fabricated. h-BN–PGMA volume fraction contents in the
composites were 4, 10 and 16 vol%, respectively, and the nal
epoxy composite block material could be directly used for the
thermal conductivity test. EP/h-BN–PGMA composites were
prepared by the same process as that for EP/h-BN.
2.4 Characterization instruments

X-ray lm and powder diffraction (XRD) analysis were carried on
a Philips X'Pert Pro MPD X-ray diffractometer (40 kV, 40 mA)
with Cu-Ka radiation (l ¼ 0.1549 nm). The surface and cross-
sectional morphology of the composite sample was observed
© 2021 The Author(s). Published by the Royal Society of Chemistry
using scanning electron microscope (Sirion 200 FESEM, FEI,
USA), the acceleration voltage of the electron microscope was 10
kV at this time, all samples were coated with an Au-seed layer
with a certain thickness in the ion-sputtering coater before
observation. The dispersion of llers in the composite was
characterized using a transmission electron microscope (TEM)
(JEM-2100, JEOL Electronics, Japan) at an acceleration voltage
of 100 kV. The prepared powder was placed into ethanol for
ultrasonication, then it was dropped on the copper mesh and
dried for the next detection. Infrared spectrum analysis (NEXUS
type) was conducted by mixing the sample and KBr, followed by
grinding in a ratio of 1 : 120, the mixed powder was compressed
and then taken out, and the sample was placed in an infrared
instrument for testing. Thermogravimetric analysis (TGA) test:
a thermogravimetric analyzer (TGA; Pyris 1, Perkin-Elmer, USA)
was used for studying the thermal properties of the material
under the nitrogen environment, the temperature was between
50 �C and 700 �C, and the heating rate was 10 �C min�1. A
dynamic thermo-mechanical analyzer (Pyris Diamond DMA,
Perkin Elmer Instruments, USA) was used for investigating the
storage modulus (G0), loss modulus (tan d) and glass transition
temperature of the composites. Small strips sample with a size
of 3 cm � 0.5 cm � 0.2 cm was detected at four different
frequencies (0.1, 0.5, 1, 5 Hz). Differential thermal analyses were
performed on a differential scanner (DSC Q2000 V24.10 Build
122, Shanghai Yukon Industrial co., ltd), under N2 atmosphere,
and the temperature range was 50–250 �C, and the heating rate
was 20 �C min�1. Waterproof detection was performed using
a contact angle analyzer analysis (CAD-100, Shanghai Yingnuo
Instrument co., ltd); the test was carried out with a 5 ml water
drop sample. The chemical structures of the rawmaterials h-BN
RSC Adv., 2021, 11, 22343–22351 | 22345
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Fig. 2 XRD patterns of h-BN and h-BN–PGMA composites.
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and h-BN–PGMA were determined using a FTIR spectrometer.
The morphologies of h-BN and h-BN–PGMA were observed and
compared using SEM and TEM. Their composition information
was obtained by energy-dispersive X-ray spectroscopy (EDS,
JEM-2010) (the performance of composite materials was char-
acterized in the International Unit System).

3. Results and discussion
3.1 Surface treatment of thermally conductive llers

To further demonstrate the orientation of h-BN–PGMA in the
epoxy resin (EP) matrix, the h-BN orientation shown in Fig. 2
was investigated using XRD analysis. The h-BN–PGMA sheets in
the horizontal and vertical directions were related to the (002)
and (100) peaks, respectively.21 The difference in peak strength
Fig. 3 (a) SEM images of pure h-BN and (b) h-BN–PGMA, (c) TEM imag

22346 | RSC Adv., 2021, 11, 22343–22351
indicated that the orientation of the h-BN–PGMA sheet in the
polymer matrix was different.22 The value of a was dened by
the following formula, and the relative intensity of the (100)
peak was compared with the sum of the relative intensities of
(100) and (002) peaks.

a ¼ Ið100Þ
Ið002Þ þ Ið100Þ

� 100% (1)

According to Fig. 2 and formula (1), it is known that for the h-
BN sheet, the value of a was 19.96%; for the h-BN–PGMA sheet,
the value of a was 7.59%. As the lling amount of h-BN and h-
BN–PGMA increased, the value of a increased. The lower value
of a indicated that a large number of h-BN and h-BN–PGMA
sheets were arranged in the in-plane direction. The results in
Fig. 3(a) and (b) indicated that only a small amount of h-BN and
h-BN–PGMA sheets accumulated in the direction of the
through-plane direction.

Fig. 3 shows the morphology and elemental composition of
h-BN and h-BN–PGMA, h-BN had a smooth surface with a size of
15.0 mm (Fig. 3(a)). The modied h-BN surface became rougher
(Fig. 3(b)), which was due to the formation of a PGMA layer on
the edge surface of h-BN sheets aer the surface treatment (as
shown in Fig. S1 and S2†). The EDS of h-BN–PGMA sheets
showed higher contents of C and O elements (Fig. 3(d)). Which,
indicated a PGMA layer was successfully graed on the surface
of the h-BN ller.17 TEM results showed a thin coating (a PGMA
layer) on the h-BN ller surface (Fig. 3(c)). Such coating
conrmed the successful graing treatment of the surface of
the h-BN sheet.

The TEM results shown in Fig. 4 indicated the contrast
diagrams before and aer the edge of boron nitride nano-sheets
(BNNS) were graed with polymer PGMA chains, Fig. 4(a) shows
es of h-BN–PGMA and (d) EDS spectra of h-BN–PGMA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) and (b) TEM images of h-BN–PGMA microchip.
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the morphology of BNNS before they were graed with PGMA
chains. The red arrow in Fig. 4(b) indicated that the thickness of
the PGMA coating was about 7 nm, moreover, BNNS of 1 mmwas
attached to form a spherical BN structure by a PGMA chain (as
shown in Fig. S1 and S2†), indicating that this coating was
uniformly graed to the edge of the h-BN sheets.

Fig. 5 shows FT-IR results on the surface modication. For h-
BN sheets, peaks at 817 cm�1 and 1345 cm�1 were attributed to
the B–N bond absorption peaks. Moreover, the peak at
3440 cm�1 might be caused by the dehydration of hydroxyl
groups on BN llers. While the ester peak of h-BN–PGMA sheets
appeared at 1740 cm�1. Furthermore, the absorption peak of
epoxides appeared at 908 cm�1. The peaks at 2930 cm�1 and
2950 cm�1 were attributed to the absorption vibration peaks of
–CH3– and –CH2– bonds, respectively. FT-IR results showed that
a PGMA layer had been successfully graed onto the surface of
h-BN sheet llers.

The TGA data in Fig. 6 show that the weight of the h-BN–
PGMA sheets was obviously decreased. Nevertheless, because
only a small amount of hydroxyl (–OH) was modied on the
surface of h-BN sheets, the weight loss rate of the h-BN–PGMA
was still very low. When the heating temperature was 120 �C, the
weight loss rate of h-BN–OH was about 3%, which might be
caused by the self-loss of some h-BN sheets during the heating
process or the loss of water due to the hydroxyl reaction.23 The
weight loss rate of h-BN–PGMA sheets was 17.7% at 700 �C,
Fig. 5 h-BN and h-BN–PGMA FTIR spectrum.

© 2021 The Author(s). Published by the Royal Society of Chemistry
indicating that the PGMA chain was successfully attached to the
surface of the h-BN sheets.

3.2 Dispersion and microstructure of h-BN–PGMA

The dispersion state of the ller (h-BN–PGMA) was directly
related to the thermal conductivity of the composite. By con-
structing the thermal conductivity network structure, strong
interfacial adhesion between the ller and the matrix was ob-
tained.24 To reveal the difference of any obvious interfacial
interactions in these composites, the morphologies of different
EP composites (Fig. 7) were observed by SEM. The h-BN sheets
extended from the epoxy matrix, indicating that there were still
some weak interfacial interactions in the epoxy composites
(Fig. 7(b)). Nevertheless, h-BN–PGMA were implanting EP, and
surrounded by absorbed EP (Fig. 7(c) and (d)), resulting in
strong interfacial interactions in EP composites. There was no
signicant difference in the h-BN–PGMA dispersion state
compared with h-BN. With 16 vol% of h-BN content (Fig. 7(a))
and h-BN–PGMA content (Fig. 7(c)), numerous h-BN or h-BN–
PGMAmicroplatelets are seen in the eld of vision connected to
each other. Here, a distinct heat conduction network was con-
structed in the EP matrix.

3.3 Dynamic mechanical properties of composite materials

Fig. 8(a) shows the storage modulus of the EP composite
material. The stiffness of the ller allowed the stress with
Fig. 6 TGA curves of h-BN and h-BN–PGMA.

RSC Adv., 2021, 11, 22343–22351 | 22347
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Fig. 7 (a) The SEM image of the fracture surface of the h-BN composite with 16 vol%, (b) the magnified image of (a), (c) the SEM image of the
fracture surface of the h-BN–PGMA composite with 16 vol%, (d) the magnified image of (c).
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a greater degree to be transferred from thematrix to the ller. In
addition, the gra-modied BN ller had a stronger interface-
binding force and fewer defects than the BN ller without
gramodication, so the EP/h-BN–PGMA composite had a high
storage modulus. In Fig. 8(a), when the lling amount of h-BN–
PGMA ller was 4 vol%, the storage modulus of EP/h-BN–PGMA
composite material at 50 �C was 4.65 GPa, while the storage
modulus of EP/h-BN composite materials (when h-BN was
4 vol%) at 50 �C was 2.95 GPa. This improvement was due to the
interaction between the EP group on the h-BN edge and the EP
matrix; therefore, enhanced interface adhesion could improve
the transfer of external stress.25 The dielectric loss of the epoxy
resin composite was obtained by DMA (Fig. 8(b)). The peak of
the curve was the glass transition temperature (Tg). When the
lling amount was 16 vol%, the Tg of EP/h-BN–PGMA composite
material increased from 79.2 �C of pure epoxy to 83.2 �C, and
the Tg of EP/h-BN composite material increased from 79.2 �C of
pure epoxy to 81.4 �C, indicating that the Tg had an equally
upward trend. When the lling amount decreased to 4 vol%, the
movement of the PGMA polymer segment was restricted by the
interface between the matrix and the ller. Therefore, it relaxed
its relaxation in the glass transition zone, resulting in an
increase in Tg.26 In general, the Tg value of composite materials
with different amounts of h-BN–PGMA or h-BN was greater than
the temperature value required by the electronic packaging
primer.27

3.4 Thermal conductivity of composites

Constructing thermal conduction channels and reducing
interfacial thermal resistance are effective ways to improve the
thermal conductivity of epoxy composites.28 Fig. 9 shows the
thermal conductivity of the composite materials. Fig. 9(a) shows
22348 | RSC Adv., 2021, 11, 22343–22351
that the thermal conductivity of the composite varied with the
volume fraction of the ller. The thermal conductivity
enhancement (F) of the composites and the data in Fig. 9(b)
could be calculated and substituted using formula (2):

f ¼ Kc � Ke

Ke

� 100 (2)

here, Kc and Ke represented the thermal conductivity of EP-
based composite materials, and the thermal conductivity of
pure EP resin materials, respectively. When the BN content
increased from 4 vol% to 16 vol%, the thermal conductivity of
EP/h-BN increased from 0.279 W m�1 K�1 to 1.052 W m�1 K�1,
and the value of F increased from 40% to 426%. When the h-BN
volume fraction-lling amount was increased from 10 vol% to
16 vol%, the F value was increased from 119% to 426%. This
was because when the thermal conduction network was fully
established,29 the thermal conduction increased rapidly. At low
volume fractions, h-BN nanosheets were randomly embedded
in EP matrix without contact. The increase of h-BN lling
amount led to better connectivity of h-BN nanosheets, and the
thermal conductivity of the composite material would also
increase. From the experimental data, the gramodication on
the ller surface could obviously improve the thermal conduc-
tivity of epoxy composites. When the volume fraction of h-BN–
PGMA was 16 vol%, the thermal conductivity of the composite
material was 1.197 Wm�1 K�1, which was 4.99 times that of the
pure EP resin. These results could be interpreted as PGMA had
a longer molecular chain, leading to a stronger interface inter-
action.30 The PGMA macromolecular chain here acted as
a bridge between h-BN nanosheets and epoxy resin (as shown in
Fig. S4†). As conrmed from the transmission electron micro-
graph in Fig. 4, the stronger interface interaction could reduce
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Thermal conductivity (a) thermal conductivity and (b) thermal
conductivity enhancement ratio of pure EP and its composites.

Fig. 8 (a) Storage modulus and (b) loss coefficient (tan d) of EP, EP/h-
BN and EP/h-BN–PGMA composites.
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the interface thermal resistance, resulting in higher thermal
conductivity. There are two reasons for this: on the one hand,
the PGMA macromolecular chain could enhance the compati-
bility and interface force between the ller and the matrix, but
when the h-BN–PGMA lling amount exceeded 16 vol%, the
thermal conductivity and dielectric properties of the composite
material would decrease slightly (as shown in Table 1), making
it difficult to meet the requirements of unlled electronic
packaging technology. For example, Zeng et al. developed an
aerogel (3D-BNNS)/epoxy resin composite material, the results
showed that the epoxy composite material with a low ller
content (less than 10 vol%) had a high thermal conductivity
(�3.0 W m�1 K�1).31 The ordered arrangement of BN in the
polymer matrix was the key to improving the thermal conduc-
tivity of the composite.32 Due to the high ller content and the
single preparationmethod, it couldn't meet the requirements of
low viscosity processes. Except for EP/BN/AgNPs composites,33

the thermal conductivity of epoxy composites made of epoxy
resin and BN was generally lower than that of EP/h-BN–PGMA
composites graed by polymer links. However, there are few
reports about EP/BN/AgNPs composite materials, and the lling
© 2021 The Author(s). Published by the Royal Society of Chemistry
of AgNPs would signicantly increase the manufacturing cost of
EP/BN composite materials, which has limited its application in
the eld of electronic packaging. In summary, the EP/h-BN–
PGMA composite material with a lling amount of less than
18 vol% had a high thermal conductivity, which could meet the
requirements of electronic packaging technology.
3.5 Dielectric properties of composite materials

The ideal dielectric properties are very important for unlled
electronic packaging processes. The importance of electronic
packaging processes was to achieve an excellent operating
speed of integrated devices.34 Fig. 10 shows the dielectric
properties of EP composites. It could be seen from Fig. 10(a)
that the frequency was in the range of 8.2 GHz to 12.5 GHz. As
the frequency increases, the dielectric constant of the
composite material decreased slightly. For example, the
dielectric constant of EP/h-BN–PGMA composite with 16 vol%
ller at 8.2 GHz was 3.39, which was slightly higher than the
dielectric constant of EP/h-BN composite with the same lling
amount (3¼ 3.05). This was because when PGMA was graed on
RSC Adv., 2021, 11, 22343–22351 | 22349
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Fig. 10 Dielectric properties of EP and composites: (a) frequency
dependence of dielectric constant; (b) dielectric loss at 8.2 GHz.
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the surface of h-BN, the bond bridge formed between organic
and inorganic materials increased the interfacial polarization
and dielectric constant of the composite material.35 Fig. 10(b)
shows the tangent of the dielectric loss of the composite
material at different lling levels at 8.2 GHz. As the lling
amount increased, the dielectric loss of the composite material
increased slightly. However, the EP/h-BN–PGMA composites
had a lower dielectric constant and dielectric loss than the
polymer composite reported in Table 1.
4. Conclusion

The graed h-BN–PGMA/epoxy homogeneous dispersion
composite material was prepared. This polymer link branch
modied the thermal conductivity network not only enhanced
the interface interaction between h-BN and EP but also
improved the thermal conductivity of the composite material.
The thermal conductivity of the EP/h-BN–PGMA composite
material with a lling volume of 16 vol% was 1.197 W m�1 K�1,
which was 4.99 times that of pure epoxy. At the same lling
22350 | RSC Adv., 2021, 11, 22343–22351
amount, the thermal conductivity of the EP/h-BN composite was
lower than that of the EP/h-BN–PGMA composite. In summary,
EP/h-BN–PGMA composite materials showed excellent insu-
lation and thermal conductivity, ideal dielectric properties and
low dielectric loss, and were used as candidates for the new
generation of electronic packaging technology.
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