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In this paper, a novel non-covalent treatment method for the micron-sheets of inert hexagonal boron nitride (h-
BN) was proposed by using natural flavonoid dihydromyricetin as modifier. The modified micro-sheets were
further applied to fabricate thermally conductive glass fiber cloth reinforced epoxy (GFREP) composites. Spe-
cifically, the mixture of high concentration h-BN, acrylate copolymer and epoxy monomers were firstly coated on
glass fiber cloth (GFC) to construct in-plane thermally conductive layer, and reduce the interfacial heat resistance
between GFC and epoxy matrix. Afterwards, lower concentration h-BN was compounded with epoxy matrix,
which provided through-plane thermal conductive paths and avoided excessive deterioration of mechanical
properties. The produced GFREP composite exhibited high tensile strength retention (78.1%), excellent in-plane
(2.36 W m~! K1) and through-plane (0.76 W m~! K1) thermal conductivity at 29.6 wt% h-BN content. This
study offered an efficient way to develop high-performance GFREP composites with prominent thermal con-

ductivity for integrated circuit packaging applications.

1. Introduction

Printed circuit boards (PCBs) have played an important role in sup-
porting electronic components and heat dissipation [1]. Nowadays, with
the development of electronic components towards high integration and
miniaturization, the power density per unit mass or volume increases
greatly. Large amounts of heat have to be generated and accumulated
during service, leading to shortening of service life, deterioration of
performance, and even burning out the electronic components directly
[2-4]. Therefore, improved heat dissipation is highly desired in this
case.

The insulating polymer composite substrate in PCBs used to be glass
fiber reinforced epoxy, polyimide, phenolic resin, polyester, and bis-
maleimide [5]. Comparatively, glass fiber cloth (GFC) reinforced epoxy
(GFREP) is mostly applied owing to its excellent mechanical and adhe-
sion properties, good electrical insulation, low cost and easy processing
[6]. Nevertheless, thermal conductivity (TC) of GFREP is rather low
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(0.2-0.3W mIK! [71), which fails to meet the increasing requirement
for high heat dissipation. In recent years, various kinds of high thermal
conductive inorganic ceramic fillers (e.g., hexagonal boron nitride
(h-BN), alumina (Al,03)) were incorporated into the epoxy matrix for
establishment of efficient thermally conductive pathways in hopes of
raising TC value of GFREP [6,8]. The research outcomes indicated that
h-BN is rather attractive not only because of its high TC (about 250-600
Wm1K! along the basal plane) [9,10] but also because of its superior
electrical insulation and dielectric properties.

In general, increasing the content of thermally conductive fillers
benefits formation of more thermal conduction paths in composite ma-
terials, but the high loading often reduces mechanical properties as a
result of insufficient interfacial interaction [11,12]. With respect to the
GFREP for commercial FR-4 (i.e., Flame Retardant Type 4) substrate, the
weight fraction of glass fiber (e.g., type 1080) is about 30%. When a lot
of particulate fillers (typically more than 50 wt%) were introduced to
construct efficient thermal conduction paths, the content of matrix resin
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would be too low to bond the reinforcement fabric and fillers simulta-
neously. Meanwhile, weight fraction of glass fibers in thermal conduc-
tive GFREP is generally less than that in common GFREP. Clearly, it is a
challenge to achieve high TC and decent mechanical strength under the
circumstances.

Herein, a facile and novel approach is proposed to tackle the issue.
First, dihydromyricetin (DMY) is employed to functionalize inert h-BN
micron platelets, which are difficult to be directly modified with general
coupling agents (Fig. 1). Unlike the surface treatment agents including
amino [13-16], alkali [17,18], acid [19,20], sodium cholate [21,22],
polydopamine [23] and long-chain fatty amine [24], DMY, a physical
modifier, is an abundant and cheap natural flavonoid complex with
aromatic benzene ring coupling structure. Its molecular structure should
have strong affinity for the basal plane of h-BN sheets by forming large
n-bond conjugation (Fig. 1a). Secondly, since TC value of glass fiber
cloth is generally too low to facilitate the transport of heat in composite,
if GFC is imparted with TC in advance by coating DMY treated h-BN to
construct in-plane thermally conductive layer (Fig. 1b), and then
impregnated with the matrix resin containing fewer h-BN for formation
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of through-plane thermal conductive paths, we may obtain a GFREP
with high TC at relatively lower content of h-BN. In this context, the
negative influence of high particulate fillers loading on mechanical
properties of the composite would be minimized.

To this end, epoxy, acrylate copolymer resin (ACR) binder and high
concentration modified h-BN sheets are well mixed and coated on the
surface of GFC to yield GFC@xA (refer to Fig. 1c, x denotes coating
times, and A stands for acrylate copolymer resin). Afterwards, the
GFC@xA is infiltrated by the epoxy monomers containing lower content
h-BN so as to build up through-plane thermal conduction paths in the
composite.

The physical and chemical properties of DMY-modified h-BN (h-
BN@DMY) and thermally conductive GFREP are carefully analyzed in
the following, and the relationship between structure and properties is
also discussed. It is hoped that the results will provide a new idea for
increasing the practicality of thermally conductive GFREP.

Stirring, r.t.,, 6 h

<4

Epoxy/ACR,
Epoxy/PVDF

h-BN@DMY-200

Thermal conductive GFREP

: » Epoxy/ACR/h-BN@DMY-200, «
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h-BN@DMY-200

Fig. 1. (a) Synthesis of the materials. (b) Fabrication of GFC@xA; (c) Fabrication of the thermally conductive GFREP. (Note: h-BN@DMY-200: h-BN@DMY treated at
200 °C; ACR: acrylate copolymer resin; PVDF: polyvinylidene fluoride; GFC@xA: GFC coated with epoxy/ACR/h-BN@DMY-200 for x times; GFC@xP: GFC coated
with epoxy/PVDF/h-BN@DMY-200 for x times; y: percentage of h-BN@DMY-200 °C in the epoxy based dip coating solution.)
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2. Experimental
2.1. Materials

DMY (98%) was supplied by Xi’an Natural Field Biological Tech-
nology Co., Ltd., Xi’an, China. h-BN (99%, lateral size: 2-4 pm, thick-
ness: 200-300 nm) was purchased from Dandong Rijin Technology Co.,
Ltd., Dandong, China. ACR (SG-708-6, M,, = 566946 g mol 7, T, =
~10 °C, acid value = 9 mg KOH g™!) was obtained from Nagase
ChemteX Co., Japan. Bromo-bisphenol A epoxy resin (DER 530A80,
epoxy equivalent = 425-440 g eq”!) was provided by Dow Inc.,
Midland, USA. Dicyandiamide (99%, DCD) and 2-methylimidazole
(99%, 2-MI) were purchased from Aladdin Biochemical Technology
Co., Ltd., Shanghai, China. PVDF powder (HSV900, T, = 39 °C, Tp, =
~164 °C) was obtained from ARKEMA, Paris, France. Electronic grade
glass fiber cloth 1080 modified with 3-aminopropyltriethoxysilane
(KH550) (Table S1) was supplied by Honghe Electronic Materials
Technology Co., Ltd., Shanghai, China. All the other reagents were
purchased from Guangzhou Chemical Reagent Factory and used as
received.

2.2. Preparation of dihydromyricetin-modified h-BN (h-BN@DMY)

Typically, 100 g h-BN powders were firstly dispersed in 1 L ethanol in
a glass bottle, and then 50 g of DMY was added. After stirring for 6 h at
30 °C, the reaction mixture was filtered, washed with ethanol and vac-
uum dried at 65 °C to obtain the pale-yellow powders of h-BN@DMY.
For improving thermal stability, h-BN@DMY was further heat-treated in
vacuum at 200 °C for 4 h, marked as h-BN@DMY-200.

2.3. Fabrication of the GFC coated with epoxy/ACR/h-BN@DMY-200 or
epoxy/PVDF/h-BN@DMY-200

The mixture of DCD (3.616 g) and 2-MI (0.0826 g) with molar ratio
of 4/1 was dissolved in 36.9 mL N,N-dimethylformamide (DMF), fol-
lowed by adding 161.432 g bromo-bisphenol A epoxy resin DER 530A80
and stirring at room temperature to obtain the epoxy/hardener mixture
solution, marked as 530A80/DCD/2-MI (solid content = 81.74%).

Meanwhile, 122.4 g h-BN@DMY-200 was dispersed in 400 mL N-
methyl pyrrolidone (NMP) under mechanical stirring and ultra-
sonication. Then, 13.6 g ACR and 16.64 g 530A80/DCD/2-MI mixture
solution (containing 13.74 g epoxy resin) were added into the h-BN
dispersing solution (mass ratio of h-BN to resin = 4.5/1). Afterwards, the
mixture was stirred at room temperature for 12 h to obtain uniformly
dispersed coating solution with a concentration of 0.37 g mL™L.

Subsequently, the coating solution was applied on both sides of GFC
by a 200 pm Mayer rod, which was then dried at 120 °C for 3 h before the
next coating. By controlling the daubing times (1-5), the modified GFC
with different contents of h-BN were obtained and labeled as GFC@xA (x
and A represent the coating time and polymer binder ACR, respectively).
When ACR was replaced by PVDF, the reference sample GFC@xP was
fabricated.

2.4. Fabrication of thermally conductive GFREP

Typically, a certain proportion of h-BN@DMY-200 (i.e., 0 wt%, 5 wt
%, 10 wt%, 15 wt%, and 20 wt%) was firstly added to the 530A80/DCD/
2-MI mixture solution. Then, GFC@xA was impregnated with the mixed
solution through scraping with a polytetrafluoroethylene (PTFE)
scraper, and then dried at 155 °C for 5-15 min to obtain the semi-curable
sheets GFC@xA/yEP. Moreover, semi-curable GFC/0EP and GFC@xP/
OEP sheets were prepared as references following the same procedures.
Afterwards, two pieces of the same semi-curable sheets were overlapped
and hot-pressed by a plate vulcanizer at 190 °C under 15-30 MPa for
2-3 h to obtain the thermally conductive GFREP.

The control composite containing unmodified h-BN, GFC@1A/20EP-
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ref, was fabricated following the same procedures as those applied to
GFC@1A/20EP.

2.5. Characterization

Fourier transform infrared spectra (FTIR, Thermo Nicolet, Madison,
USA) were recorded on a Bruker Tensor 27 from 400 to 4000 cm .
Proton nuclear magnetic resonance (*H NMR) and carbon-13 nuclear
magnetic resonance (13C NMR) spectra were measured by an AVANCE
I1I 400 MHz (400 MHz, Bruker, Karlsruhe, Germany) with chloroform-
d as solvent. Wide angle X-ray diffraction (XRD) patterns were recor-
ded by a D-MAX 2200 VPC X-ray diffractometer (Rigaku, Tokyo, Japan)
with Cu-K, (A = 1.54 1°\) radiation. Morphologies and microstructures of
the composites were characterized by a Hitachi S4800 scanning electron
microscopy (SEM, Hitachi, Tokyo, Japan) equipped with an energy
dispersive X-ray spectroscopy (EDS) detector (IXRF). The tensile tests
were carried out using a CMT6103 electronic universal testing machine
(SANS, Shenzhen, China). Differential scanning calorimetry (DSC)
measurements were performed with a TA DSC-Q10 (TA Instruments,
New Castle, USA) in Ny atmosphere at a heating rate of 10 °C min™'.
Dynamic mechanical analysis (DMA) was recorded with a 01 db
Metravib DMA25 (ACOEM, Lyon, France) at a heating rate of 3 °C min !
from room temperature to 200 °C. Water contact angle was measured
with a K12 surface tension meter (Kriiss, Hamburg, Germany) at
ambient temperature. Five kinds of liquids (i.e., ethylene glycol, benzyl
alcohol, water, ethanol and formamide) were applied to calculate the
surface free energies. Tensile tests were performed using a CMT6103
electronic universal testing machine (SANS, Shenzhen, China) at 50 mm
min L. The volume resistivity and surface resistivity were determined by
a 4339B high resistance meters (Agilent, California, USA) at a voltage
of 500 V and a charge time of 60 s.

Thermal gravimetric analysis (TGA) was recorded by a TG-Q50 in-
strument (TA Instruments, New Castle, USA) at a heating rate of 10 °C
min~! from 50 to 800 °C in an air stream with a flow rate of 40 ml min~'.
The BN content was estimated from:

BN content = (mgsgo-marc)/m, x 100% (@D)]

where mgggo is the residual mass at 800 °C, mgrc is the mass of GFC
calculated from mass per unit area (46.8 g m’z) and area of the tested
sample, m, is the sample mass.

The overall thermal conductivity (k,) of the composites was char-
acterized by a steady state heat flow thermal conductivity tester TIM
LW-9389 (Long Win, Taiwan, China), while the through-plane (k, ) and
in-plane (k/,) thermal conductivity, k, were calculated from the equa-
tion as follows:

k=axpxc ®))

where « is the thermal diffusivity recorded by an LFA 467 laser-flash
diffusivity instrument (NETZSCH, Hanau, Germany), p is the bulk den-
sity (1.58 g cm~3) determined using an electronic density balance, c is
the specific heat capacity (1.15 J g~ °C™1) detected by a 200 F3 dif-
ferential scanning calorimetry (NETZSCH, Hanau, Germany) at a heat-
ing rate of 10 °C min™".

3. Results and discussion
3.1. Surface modification of h-BN

To improve surface activity of h-BN, a new non-covalent modifier
DMY was utilized to functionalize the h-BN micro-platelets (Fig. 2a-b).
Subsequently, the functional groups on the surface of h-BN@DMY were
detected by FTIR (Fig. S1a), which presents characteristic peaks at 3426,
1655 and 1099 cm‘l, corresponding to —OH, C=0 and C-O-C stretching
vibration peaks of DMY [25], respectively. Moreover, the absorptions at
1381 and 816 cm™! belonging to B-N stretching and B-N-B bending of
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Fig. 2. SEM images of (a, b) h-BN@DMY, and surfaces of (c, d) original GFC and (e, f) GFC@1A. (g) SEM image and element mappings of (h) Si (representing glass

fibers) and (i) B (representing h-BN sheets) on the cross-section of GFC@1A.

h-BN can be observed [26]. Besides, the n-bond interaction between
h-BN micro-platelets and DMY was proved by UV-vis spectroscopy
(Fig. S1b). For DMY, the absorption peak at about 290 nm corresponds
to m-n* transition of benzoyl moieties [27]. After mixing with h-BN, the
intensity of the original absorption at 290 nm decreases and a red shifted
absorption appears at 323 nm, implying the existence of n-r interactions
between DMY and h-BN [28]. On the other hand, the result of TGA re-
veals that the loading of DMY on the h-BN surface is 2.0 wt% (Fig. S1c).

Since commercial DMY may be dehydrated at elevated temperature,
pretreatment at 200 °C was carried out to enhance the thermal stability
of h-BN@DMY for its application in composites. As shown in Fig. S2, the
heat treatment at 200 °C has no influence on the 'H and *3C chemical
shifts of DMY, but the higher temperature treatment at 270 °C signifi-
cantly alters its chemical structure. The hydrophilicity of h-BN and
modified h-BN examined by contact angle tests is shown in Table S2,
which demonstrates that the water contact angle of h-BN@DMY
(64.80°) is greatly reduced as compared to h-BN (85.05°). Furthermore,
hydrophilicity of h-BN@DMY-200 (65.26°) remains nearly unchanged.
Nevertheless, the water contact angle of h-BN@DMY-270 increases to
75.64°.

3.2. Construction of in-plane thermal conductive pathways on GFC
surfaces and the related laminates

For constructing in-plane thermal conductive pathways in the com-
posite, the GFC was homogeneously coated with layers of thermally
conductive film composed of high content h-BN@DMY-200 and ACR/
epoxy polymer binder. The high molecular weight ACR can compul-
sively connect h-BN@DMY-200 sheets by means of the intermolecular
forces (i.e. hydrogen bonding and van der Waals interaction) between
the functional groups (e.g., carbonyl and carboxyl) of the polymer
chains and the hydroxyl of DMY absorbed on the h-BN surfaces. As
verified in Fig. S3, due to the intermolecular hydrogen bonds formed
between DMY and ACR, the absorption peak of hydroxyl groups of the
DMY/ACR mixture shifts to lower wavenumber (3323 cm’l) [29,30].
Meanwhile, a new absorption assigned to hydrogen bonded carbonyl
groups of ACR appears at 1700 cm ™ [31,32]. It no doubt benefits the
adhesion at the interface. Moreover, the chains of epoxy also contain a
few hydroxyl groups, which may form hydrogen bonds with ACR
(Fig. 1a), so as to improve the compatibility.

The surface morphologies of GFC before and after coating are
observed by SEM. As shown in Fig. 2c—d, the original GFC presents

regular warp and weft structure, as well as smooth surfaces of the single
fibers. After coating with h-BN@DMY-200/ACR/epoxy mixture solu-
tion, the h-BN micron platelets are tightly stacked layer by layer along
the horizontal direction on the surface of the GFC with the aid of Mayer
rod (Fig. 2e—f). Moreover, the SEM images and element mappings of the
cross-section of GFC@1A (Fig. 2g, h and 2i) indicate that the h-BN
micron sheets are embedded in the interlayer gaps of GFC, forming heat
conduction pathways across the GFC. Since the commercial GFC had
already been modified by silane coupling agent KH550 (see Fig. S4, the
absorption peak near 3458 cm ™! is ascribed to amino group), the epoxy
groups in the coating could further react with the amino group to in-
crease the interfacial adhesion.

To have deeper understanding of the influence of the coating layers
and polymer binder type on the morphologies of the composite lami-
nates, SEM images and EDS mappings (i.e. B, Si and Br elements) of the
cross-sections of GFC@xA/0OEP and GFC@xP/0OEP laminates are shown
in Fig. 3 and Fig. S5. For the GFC with fewer layers of the ACR based
coating, it can be seen from the B element distribution that there is a
layer of pure epoxy between two GFC (Fig. 3b-f). On the contrary, for h-
BN@DMY-200/PVDF/epoxy coated GFC, no obvious epoxy layer be-
tween the GFC is observed (Fig. 3d-h). The results imply that the ACR
with a large number of polar groups has good wetting with epoxy, while
the interaction between PVDF and epoxy is weaker, which makes it
difficult for the pure epoxy to adhere on the surface of PVDF coated GFC
during Mayer rod coating. In the case of the composites with ACR
binder, the pure epoxy layer disappears with increasing the coating
times to 3-5 (Fig. 3j, n and 3r). This is mainly attributed to the increased
content of the inorganic h-BN micron platelets (Fig. 4a), which de-
teriorates the surface wettability of the modified GFC. But still no cracks
or defects are observed as reflected by the SEM images. With regard to
the material with PVDF binder, however, voids and defects can be seen
in both GFC layers and epoxy matrix (Fig. 3s and t) when the coating
time rises to 5.

The above results prove that ACR has superior interaction with epoxy
matrix as compared with the common binder PVDF, which must be
conducive for the preparation of composite with better performance.
The deduction is confirmed by the contact angle measurements
(Table S3), which imply that the surface properties of epoxy and acrylate
copolymers are closer.

Fig. 4a shows the dependences of BN content of GFC@xA/OEP and
GFC@xP/0EP composite laminates on the coating times, which are
estimated from the TGA analysis in Figs. S6a and S6b according to
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GFC

GFC

Fig. 3. SEM images and the B element mapping of the cross-sections of (a, b) GFC@1A/OEP, (c, d) GFC@1P/0EP, (e, f) GFC@2A/0EP, (g, h) GFC@2P/0EP, (i, j)
GFC@3A/0EP, (k, 1) GFC@3P/0EP, (m, n) GFC@4A/0OEP, (o, p) GFC@4P/0EP, (q, r) GFC@5A/0EP, and (s, t) GFC@5P/0EP.

Equation (1). As expected, the BN content increases with a rise of coating
times (i.e. coating layers). For the laminates derived from different
polymer binders, the BN contents are similar under the same conditions,
which are about 17 wt%, 30 wt%, 40 wt%, 45 wt% and 50 wt% for the
coating varying from 1 to 5 layers, respectively. When the BN content
increases from 17 wt% to 30 wt%, the k, value rapidly increases from
0.34 Wm ' K! to 1.03 W m~! K™}, which implies that continuous
thermally conductive networks are formed under the circumstances
[33]. Generally, the k, values significantly increase with the coating
layers due to the increase of BN content (Fig. 4a), while the mechanical
properties drop drastically (Fig. 4b, Fig. S6e, Fig. S6f). For example, k,
value of GFC/0EP without the thermally conducting fillers is only 0.26
Wm! K’l, however, that of GFC@5A/0EP increases to 1.25 W m1K!
after coating 5 layers of h-BN@DMY-200/ACR/epoxy on GFC. Mean-
time, the tensile strength and elongation at break of GFC/0EP without
the thermally conducting fillers decrease from 113.6 MPa to 2.63% to
46.2 MPa and 0.96%, respectively, due to the increase of interfacial
defects between the polymer binders and h-BN micron sheets [19]. As
revealed in Fig. 4a, b and Table S4, the GFC@xA/OEP laminates possess
higher k, and mechanical properties than those of GFC@xP/0EP with
the same coating layers, which must be due to the improved compati-
bility and fewer defects between ACR and epoxy matrix (Fig. 3).

In addition, the impact of the thermally conductive coating layers on
thermal properties and stability of the composite laminates is studied. As
shown in Fig. 4c-4f, the glass transition temperatures, Tg, of the lami-
nates composed of GFC and pure epoxy are 134.2 and 149.6 °C,
respectively. Table S4 further shows that the T, values of GFC@xA/OEP
and GFC@xP/0EP composites (123.0-132.6 °C measured by DSC, and
113.7-143.9 °C measured by DMA) decrease after the incorporation of

the modified h-BN and polymer binder. The competition between the
following two opposite factors should account for the variation. With
increasing the number of the coating layers, the increased h-BN micro-
sheets would restrain more epoxy molecules, and hence hinder the
movement of the chain segments and result in the raised Ty [34,35]. On
the contrary, the increase of ACR and PVDF binder content with lower Tg
(i.e. ~10 °C and —39 °C, respectively, Fig. S7) would decrease T of the
system. Furthermore, incorporation of h-BN fillers reduces the heights of
the tan & peaks (Fig. 4e—f) by restricting the movement of epoxy mole-
cules and increases the initial storage moduli (Figs. S6¢c and S6d) [36,
37]. The width of the tan 8§ peak becomes broader than that of the
GFC/0EP, suggesting that the modified h-BN fillers may have brought in
various kinds of relaxation modes to the molecular chains [35,38].
Fig. S6a and Fig. S6b also proves that thermo-oxidative decomposition
behaviors of the GFC@xA/0EP and GFC@xP/0OEP laminates resemble
that of the pure GFC/0EP. The onset weight loss temperature, T;, shifts to
higher temperature region (with an increment of 1.1-14.6 °C, Table S4),
implying that the thermo-oxidative stability of epoxy is slightly
improved with the increase of BN content.

3.3. Construction of through-plane thermal conductive pathways in epoxy
matrix and the corresponding composite laminates

For achieving the designed composite laminates with decent TC and
mechanical properties, the GFC@1A with only one layer of the ther-
mally conductive coating containing ACR as the binder is used for
construction of through-plane thermal conductive pathways. When the
GFC@1A is immersed by the mixture solution of h-BN@DMY-200/
epoxy, the h-BN sheets on GFC/1A should be able to closely contact and
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overlap with the h-BN sheets in the epoxy matrix.

The microstructure morphologies of the cross-sections of the
GFC@1A/yEP composites are examined by SEM and EDS mapping
(Fig. 5 and Fig. S8). When the contents of h-BN sheets in the epoxy
matrix are 5 wt% and 10 wt%, obvious epoxy matrix layer could be
observed due to the lower content of the fillers in comparation with that
of GFC@1A (i.e. 17.2 wt%). As the amount of h-BN sheets increases to
15 wt% and 20 wt%, the boundary between GFC@1A and epoxy matrix
gradually becomes vague. Furthermore, the enlarged views of the
interfacial region between GFC@1A and epoxy matrix in the GFC@1A/
20EP laminate (Fig. 5g, circled regions I, I and III in red) indicate that
the h-BN micron-sheets are tightly bonded to the surface of GFC (Fig. 5i),
while the distribution of h-BN in the matrix is relative sparse (Fig. 5j and
k). The observation is consistent with the h-BN content in the epoxy
matrix layer estimated from TGA (i.e. 29.6-17.2 = 12.4 wt%, where
29.6, 17.2 and 12.4 wt% are the contents of h-BN in GFC@1A/20EP
laminate, GFC@1A, and epoxy matrix layer, respectively, refer to
Table S4). Besides, although the EDS mappings seem to show that the
GFC has lower content of B (e.g., Fig. 5h) and Br (e.g., Fig. S8g) because
the glass fibers have blocked the vision, it doesn’t mean that this GFC
region adversely affects the vertical thermal conductivity of the

material. The SEM and element mapping images of GFC@1A/20EP with
higher resolution (Fig. 51~5°) demonstrate that a large number of h-BN
sheets can penetrate into the internal gaps of GFC. Nevertheless, there
are still a few unfilled micro-voids (Fig. S10a) due to the imperfect
wetting between GFC and h-BN filled epoxy.

Interestingly, the h-BN sheets are found to be preferentially oriented
in the composite. In general, the XRD intensity ratio between (002) and
(100) lattice planes reflects the orientation degree of boron nitride
sheets [40], which is hard to be judged from SEM images (Figs. S10b and
$10c). According to this criterion, it is seen from (Fig. 6d) that although
the orientation degree of h-BN within epoxy (i.e. GFC@1A/20EP,
Loo2)/I(110) = 72) is smaller than that of the thermally conductive layer
on the GFC surface (i.e. GFC@1A, Io2)/I10) = 94), it is still much
higher than that of the h-BN powders (Iigp2)/I(110) = 8). Clearly, the h-BN
micron sheets in the thermally conductive layers and epoxy matrix tend
to align along the horizontal direction under the joint action of Mayer
rod, Teflon scraper and hot pressing [38,39].

Fig. 6a displays that k, values of GFC@1A/yEP composites are
improved with the increasing of BN loading in epoxy matrix. The total
BN content of the composite laminates ranges from 17.2 to 29.6 wt% as
calculated by TGA (Fig. S9a) and Equation (1). The gradual
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Fig. 5. SEM images and B element mappings of the cross-sections of (a, b) GFC@1A/5EP, (c, d) GFC@1A/10EP, (e, f) GFC@1A/15EP, and (g, h) GFC@1A/20EP. (i, j,
k, 1) SEM images of the enlarged views of the circled regions I, II, IIl and IV in red in (g). I: The interfacial region between GFC and h-BN@DMY-200/ACR/epoxy
coating. II: The interfacial region between h-BN@DMY-200/ACR/epoxy coating and 20 wt% h-BN@DMY-200/epoxy matrix. III: Morphology of h-BN@DMY-200/
epoxy matrix. IV: The interlayer region of GFC. (m, n, o) Element mappings of Si (representing glass fibers), Br (representing epoxy) and B (representing h-BN sheets)
in (1). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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improvement of thermal conductive pathways effectively reduces the
interfacial phonon scattering and thermal resistance [6]. Consequently,
the k, of GFC@1A/20EP detected by steady state method is increased by
3.5 times (i.e. 0.90 W m ™! K’l, Table S4) of the original value (0.26 W
m~! K™1). Meanwhile, the k /, and k| values measured by LFA approach
are 2.36 and 0.76 W m ! K2, respectively.

To understand the main factors responsible for improving TC of the
composite, two epoxy composites containing the same mass fraction of
h-BN@DMY as that of GFC@1A/20EP (i.e. 29.6 wt%) but excluding GFC
were fabricated as reference materials by solution casting (i.e. Epoxy/h-
BN-C) and Mayer rod coating (i.e. Epoxy/h-BN-M), respectively. The in-
plane and through-plane thermal conductivities of the former are
detected to be 0.44 and 0.38 W m ! K~! (Table S5), while those of the
latter are 1.38 and 0.49 W m~! K~ ! (Table S5), which are all lower than
the corresponding properties of GFC@1A/20EP composite. It is thus
known the important contributions of the well designed in-plane and
through-plane thermally conductive pathways, and the processing-
induced orientation of h-BN sheets (Fig. 6d) during fabrication as
well. The efficient in-plane thermally conductive pathways are con-
structed by introducing thermally conductive layer from high h-BN
concentration epoxy based coating (mass ratio of h-BN to resin = 4.5/1)
onto GFC with Mayer rod. In the meantime, a few h-BN sheets are
squeezed into the interstitial gaps of the glass fiber cloth, forming heat
conduction paths across the GFC and eventually favoring through-plane
thermal conduction of the composite in cooperation with the lower h-BN
concentration (20 wt%) epoxy matrix. Moreover, the surface modifica-
tion of h-BN sheets using DMY also exerts positive effect. Table S5 shows
that the control composite, GFC@1A/20EP-ref, which contains 29.6 wt
% unmodified h-BN sheets, has lower thermal conductivities (2.1 and
0.66 W m™ K™!) and tensile strength (75.1 MPa) than GFC@1A/20EP
owing to the relatively poor dispersion of the unmodified h-BN sheets
and higher interface thermal resistance between h-BN platelets and
epoxy.

The thermal conductivities obtained in this work is close to or even
higher than those of the previous reported GFC/epoxy laminates
(Fig. 6¢, Table S6) at lower filler content [8,14,15,36]. It is worth noting
that the fillers like spherical boron nitride (s-BN) and SigNy4 [41,43] are
much more expensive than h-BN, so that they are difficult to be used in
industrial production on a large scale.

On the other hand, the thermal conductivities of commercially
thermally conductive glass fiber/epoxy laminates are generally around
1-1.5 Wm ! K ! (Table S7), which means that the composites devel-
oped in this work can meet the actual heat dissipation requirements.
Besides, electrical insulation is also important for practical application
of PCBs as mentioned in the Introduction. The volume resistivity and
surface resistivity of GRC@1A/20EP are detected to be 9.69 x 10'® Q cm
and 8.86 x 10'° Q, respectively, exhibiting superior electrically insu-
lating performance like other thermally conductive insulating compos-
ites [31,44-46].

It has been reported that a small amount of h-BN fillers (e.g., 2-3 wt
%) can improve the mechanical strength of epoxy resin due to the
effective absorption of fracture energy and prevention of crack propa-
gation by h-BN sheets [19]. While in the condition of higher filler
loading, the increase of interfacial defects between polymer matrix and
fillers may become the main fracture source under external force, and
lead to attenuation of mechanical strength [19,42]. Owing to the fact
that the majority of the h-BN micro-sheets are entrapped in the GFC
zones, which helps to relieve stress concentration in the matrix to a
certain degree, however, the negative influence of high particulate
fillers loading on mechanical properties of the composite is minimized.
As aresult, 78.1% (i.e. 87.8 MPa) and 74.7% (i.e. 1.24%) of the original
tensile strength and elongation at break can be maintained even for
GFC@1A/20EP (Fig. 6b), in spite of the fact the overall mechanical
properties decline with increasing additives. Not only the tensile
strength is comparable to those of the reported glass fiber/epoxy com-
posite laminates with even higher glass fiber content (e.g., ~40 wt%)
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[47-50], but also the retention of tensile strength at the similar ther-
mally conductive fillers content is higher than the reported values
(about 64.3-67.0%) [19,42].

4. Conclusions

To develop inexpensive non-covalent functionalization method for
the inert surface of h-BN, dihydromyricetin is used to increase surface
polarity through the large n-bond conjugate interaction. The resultant h-
BN@DMY-200 pm platelets exhibit good hydrophilicity and compati-
bility with the epoxy matrix. Afterwards, a facile two-step coating
method for fabricating highly thermally conductive GFREP is applied
with h-BN@DMY-200 as the thermally conductive fillers. The thermally
conductive coating on GFC surface can effectively construct in-plane
thermal conductive paths, and reduce the interfacial heat resistance
between GFC and epoxy matrix as well. As compared to PVDF binder,
ACR shows better compatibility and fewer defects between the ther-
mally conductive coating and epoxy matrix. After infiltration of the
epoxy resin containing fewer h-BN@DMY-200, through-plane thermally
conductive pathways are formed. The composite made from only one
layer of h-BN@DMY-200/ACR/epoxy coating and the epoxy matrix with
20 wt% h-BN@DMY-200 shows excellent k,, and k , , which are 2.36 and
0.76 Wm™ ! K, respectively. Meanwhile, 78.1% (i.e. 87.8 MPa) and
74.7% (i.e. 1.24%) of the original tensile strength and elongation at
break can be maintained under the circumstances because the majority
of the h-BN micro-sheets are entrapped in the fiber-rich zone.
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