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1. Introduction

Improved out-of-plane thermal conductivity
of boron nitride nanosheet-filled polyamide
6/polyethylene terephthalate composites by a
rapid solidification method+

*a0C Xinxin Li,® Jiaxin Hu,® Yanling Liao,°
*d

Qingchong Xu,?° Zhenxing Chen,
Yongfeng Liu,® Long Li,® Shiyang Wei® and Ziwei Li

High thermal conductivity of insulating polymer composite material can effectively solve the heat
dissipation problem associated with electronic equipment. In this work, we obtained modified boron
nitride nanosheets (M-BNNSs) by ultrasonic exfoliation and modification. The surface was successfully
grafted with organic functional groups that promoted the compatibility between filler and matrix.
Orienting them along the in-plane during the preparation process was facilitated by the anisotropy of
BNNSs, which resulted in poor out-of-plane thermal conductivity. Herein, m-BNNSs were uniformly and
randomly orientated in the polyamide 6/polyethylene terephthalate (PET/PA6) matrix by a simple
strategy of a rapid solidification method including solution mixing, rapid solidification, and hot pressing.
The randomly orientated m-BNNSs increased the thermal conductivity of the PA6/PET composite film
as high as 3.28 W (m~! K™ at a filler loading of 55 wt%, which is 64% higher than that of directly hot-
pressed h-BN/PA6/PET composite film. With the increase in filler, the m-BNNS/PET/PA6 composite film
exhibited excellent thermal stability as compared to pure PET/PA6 matrix. Such excellent performance
indicates that there is a great deal of potential for this composite to be used in thermal management.
Non-equilibrium molecular dynamics (NEMD) simulations showed that the increase in the numbers of
boron nitride nanosheet (BNNS) layers and the orientation change from vertical heat flow to parallel
heat flow can effectively increase the phonon density of states overlap area of BNNSs and PA6/PET,
thereby enhancing the interfacial thermal conductance (Gy).

phenomenon of the lattice vibration during transmission.>*
Considering the heat resistance and flexibility, polyamide 6

With the increasing level of sophistication in the electronics
industry, electronic components are being developed in the
direction of integration, densification, and miniaturization,
and therefore, there are higher requirements for the thermal
diffusion efficiency of thermal interface materials (TIMs), espe-
cially in 5G communication.”* Although polymers have been
widely used as TIMs, their intrinsic thermal conductivity is very
low due to their amorphous region, which causes a scattering
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(PA6) and polyethylene terephthalate (PET) are satisfactory
choices for thermal conductive matrixes.>”’

To overcome the problem of low thermal conductivity by a
matrix, the most common methods tend to add high thermal
conductive fillers. Currently, the high thermal conductive fillers
that have been studied mainly include carbon fillers (such as
graphene,®° carbon fiber,"" and carbon nanotubes'?), and
ceramic fillers (such as alumina,'® aluminum nitrite,’*'> boron
nitrite,’*® and silicon carbide®*>?). Polymer-based thermal
conductive composites are commonly prepared using only the
hot pressing method,?*** in which the two-dimensional (2D)
thermal conductive fillers orientate parallel to the horizontal
direction of the composite film and then cause poor thermal
conductivity in the vertical direction. For example, Yu et al.>?
prepared hexagonal boron nitride (hBN)/thermoplastic polyur-
ethane (TPU) composite by a hot pressing method, with in-plane
and out-of-plane thermal conductivity to 10 and 1.5 W (m~ ' K™ )
at 50 wt% boron nitride nanosheet (BNNS) loading, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To increase the out-of-plane thermal conductivity of composites,
the presence of 2D thermal conductive fillers vertically or
randomly orientated in the matrix is very important.

Graphene-like hexagonal boron nitride (h-BN) is an ideal
thermal conductive filler for polymer matrix composites
because of its favorable electrical insulation, thermal conduc-
tivity, and lubricity.>>>° As a typical 2D material, strong aniso-
tropic thermal conductivity has been observed for h-BN (in-plane
direction (600 W (m " K 1)), out-of-plane direction (30 W (m ™" K ))).
To increase the out-of-plane thermal conductivity, constructing
a 3D network with vertically arranged fillers,"*”*® slicing up
with vertical orientation and then compact packing,?® magnetic
field induction®® and a freeze-drying technique®' have been
suggested.

Wu et al.** prepared a three-dimensional (3D)-BN scaffold
composite material containing randomly oriented boron
nitride using the ice template method, and the out-of-plane
thermal conductivity was 1.42 W (m~" K™ ') at 13.41 vol% filler
loading. However, the method is complex and difficult to
implement on a massive scale. Pan et al.** and Chen et al.**
effectively disrupted the arrangement of 2D materials along the
lateral direction during the compression process by adding AIN
and Al,O; particles, respectively, thus increasing the out-of-
plane thermal conductivity of the composite. Due to the different
structures and morphologies of different fillers, the synergistic
effect of the heat transfer properties may be disrupted.
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Therefore, it is urgent to develop a simple process to randomly
distribute a single filler BN in order to expand the application of
composite films.

Functionalization of heat-conductive fillers can promote
their dispersion in the polymer matrix and reduce phonon loss
at the interface, thus enhancing the interface heat transfer
between the polymer matrix and fillers.*>® Because h-BN
possesses few functional groups® at its edge, such as hydroxyl
(-OH) and amino (-NH,), the introduction of additional -OH
functional groups at the edge of the h-BN lamellae would
increase the possibility of h-BN modification.

Liu et al.*® prepared epoxy resin-based composites contain-
ing hydroxylated BNNSs modified with triethoxysilane (APTES),
and they exhibited a 95% improvement in thermal conductivity
over unexfoliated and unmodified hBN/epoxy composite at their
filler content of 40 wt%. Recent extensive studies on liquid-phase
exfoliation were conducted,*'** and a large specific surface area
and a greater abundance of edge groups were noted for exfo-
liated BNNSs as compared to the raw material h-BN. It is time-
consuming to perform low-intensity liquid-phase exfoliation,
and low yields are obtained. Therefore, the use of strong ultra-
sound for exfoliation is worth trying.

In this work, a rapid solidification method including
solution mixing, rapid solidification, and hot pressing is put
forward to prepare thermally conductive insulating composites,
in which modified boron nitride nanosheets (m-BNNSs) are in a
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Fig. 1 Schematic diagram: (a) preparation of ternary blend organic silanol-modified BNNSs; (b) preparation of randomly oriented m-BNNS/PA6/PET

composites through a rapid solidification method.
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randomly orientated state. First, h-BN was treated by ultrasonic
exfoliation and surface modification to obtain m-BNNSs to
enhance the compatibility between the filler and matrix.
Second, m-BNNS/PA6/PET composite films were prepared by
the rapid solidification method. This technology can be utilized
to produce high thermal conductivity composites on a massive
scale. Non-equilibrium molecular dynamics (NEMD) was used
to study the interfacial thermal conductance (Gy) between the
thermal conductive filler and the PA6/PET matrix on a micro-
scopic scale. The influence of the number and orientation of
the BNNS layers on the Gy was explored, which might provide
theoretical guidance for increasing the interfacial thermal
conductivity of fillers and matrix.

2. Experimental section
2.1 Materials

h-BN (size 5-10 um, purity >99%) was purchased from
Qinhuangdao ENO High-Tech Material Development Co., Ltd
(Shandong, China). PA6 and PET were purchased from Dupont
China Holding Co., Ltd. Ternary blend organic silanol was
synthesized in the laboratory.

2.2 Exfoliation and functionalization of BNNSs

Boron nitride nanosheets with hydroxyl groups (BNNS-OH)
were prepared from micron raw material h-BN by ultrasonic
exfoliation in water and then modified by ternary blend organic
silanol, as shown in Fig. 1(a). First, h-BN and deionized water
were mixed and treated in a homemade high-energy ultrasonic
instrument (5 kW m~?) for 12 h to obtain BNNS-OH. Then, the
ternary blend organic silanol was added to the mixed slurry of
BNNS-OH and ethyl alcohol and reacted at 80 °C for 1 h to
obtain organic silanol-modified m-BNNSs.

2.3 Preparation of m-BNNS/PA6/PET composite films

The m-BNNS/PA6/PET ternary composite films were prepared
through a rapid solidification method that included solution
mixing, rapid solidification, and hot pressing, as shown in
Fig. 1(b). After the m-BNNSs had been uniformly dispersed in
the PA6 solution (using formic acid as the solvent), the PET
powder was added to the slurry in a mass ratio of PA6/PET = 5/1.
Then, the m-BNNS/PA6/PET slurry was poured into deionized
water, in which PA6 rapidly coagulated into solid particle
composites combined with PET powder and m-BNNSs. After
filtering, and repeatedly washing and drying, an m-BNNS/PA6/
PET composite film was obtained by hot pressing with control
of PET in the molten state. Herein, composite films with
m-BNNS loading of 0, 10, 20, 30, 50, and 55 wt% were prepared.
Furthermore, h-BN/PA6/PET composite films were also pre-
pared by the rapid solidification method. For comparison,
directly hot-pressed h-BN/PA6/PET composite films were
prepared after h-BN, PA6, and PET were evenly mixed in a
v-type mixer.
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2.4 Characterization

The size of h-BN and the cross-sections of composite films were
characterized by scanning electron microscopy (SEM, JSM-
IT200, Japan). The morphology of the BNNSs was observed by
atomic force microscopy (AFM, Bruker Dimension Icon, Germany),
field emission scanning electron microscopy (FE-SEM, Apreo 2 S,
USA) and transmission electron microscopy (TEM, HT7800, Japan).
A laser particle size analyzer was used to measure the diameter of
the powder before and after BNNS exfoliation (Anton Paar, PSA
1190L, France). The functional groups of powder in the range of
500 to 4000 cm ™' were analyzed with a Fourier transform infrared
(FTIR) spectrometer (Spectrum Two, USA). The microstructures of
the powders and composite films were tested by X-ray diffraction
(XRD, Ultima IV, Japan) using Cu Ko radiation with a 20 range of
10-80° at a scan rate of 10° min~ . The elemental composition and
chemical states of the sample surface were analyzed through X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA).

Furthermore, the microstructures of the powders were char-
acterized by a Raman spectroscope (Raman, WITecalpha300R,
Germany) in a wavenumber range of 500-3500 cm ™" with a
532 nm laser. The surface temperature of the composite films was
captured by an infrared camera (FLIR SC325, USA). The thermal
conductivity of the composite films was measured with a thermal
conductivity tester (DRL-III, China). Thermogravimetric analysis
(TGA) of powders and composite films was performed using
a thermogravimetric analyzer (TG209F1 Libra, Germany) at a
heating rate of 10 °C min~" from 25 to 800 °C in nitrogen. The
glass transition temperature and melting temperature of the
composite films were measured by differential scanning calori-
metry (DSC, TA DSC2500, USA).

2.5 NEMD simulations

The NEMD method was used to study the heat transfer beha-
vior between BNNSs and the PA6/PET matrix. For BNNS/PA6/
PET composites, two types of interface models were established
(a schematic diagram is shown in a). One consists of the BNNS
surface aligned perpendicularly to the heat flow, and then the
effect of BNNSs varying from the second layer to the eighth
layer on the Gy was studied. The second model consists of the
BNNS surface aligned parallel to the heat flow. BNNSs present
as an eight-layered structure, and therefore, the dimensions in
all directions are exactly equal to the eight-layer BNNSs
perpendicular to the heat flow plane. Through the study of
two eight-layer BNNS models, the effect of filler orientation on
the Gy can be explored.

In this work, the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) package was used to perform all
molecular dynamics (MD) simulations. In the above models,
the size of BNNSs is specified as 2.61 x 2.76 nm, PET possesses
a hexameric molecular structure,** and the PA6 molecule
contains six monomers.”> The PCFF potential*®™*® was used
to describe the atomic interactions in the PA6/PET system, and
the Tersoff potential®®* was used to describe the interactions
between BNNS layers. The interactions between the layers of
BNNSs, BNNS/PET, and BNNS/PA6 are described by the

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00985d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 January 2023. Downloaded on 1/12/2026 4:40:49 AM.

(cc)

Paper

Lennard-Jones (L]) potential as follows:

o=l ()] o

where r;; is the distance between atom i and atom j; ¢;; is energy
constant; oy; is distance constant. The L] potential parameters
between BNNS layers®*® are r = 0.33 nm and ¢ = 4 meV. The
structure of the constructed model was optimized by the smart
algorithms. The optimized model was subjected to kinetic equili-
brium at a constant atomic number, volume, and temperature
ensemble (NVT ensemble) with a Nosé-Hoover thermostat at 300 K
for 500 ps. To prevent energy exchange between particles and the
outside world, fixed layers were set at both ends of the model. A
hot source and cold sink were set up inside the fixed layer. A
Langevin thermostat®®>® was used to maintain the temperature in
the hot source and cold sink at a preset 330 K and 270 K,
respectively. Then, the system was switched to the NVE (constant
volume and no thermostat) ensemble for 500 ps equilibrium,
which can form a stable heat flux inside the model. After that, a
1 ns NEMD simulation was then performed to output data for
calculation. The time step for all simulations in this study was
chosen to be 0.25 fs. The dynamic change in the energy in the hot
source and cold sink and the temperature difference (Fig. S5, ESIT)
formed at the interface were calculated in four counts. From the
definition of heat flux and Fourier’s law, and can be calculated by:

(AEhot + AEcold)

J= 2AA 2)

Gk :]/AT (3)
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where J is the heat flux; AEy.c and AEq are the energy changes
in the hot source and cold sink, respectively; A denotes the
cross-sectional area; At is the simulation time.

3. Results and discussion
3.1 Characterization of BNNS-OH and m-BNNSs

The intrinsic thermal conductivity of h-BN depends on its
vertical thickness.*>**® Therefore, it is meaningful to obtain
BNNSs by ultrasonic exfoliation of raw micron h-BN. Fig. 2(a)
and Fig. Sla (ESIt) present the SEM image of h-BN and the
corresponding particle size distribution, respectively, which
show a flat surface with clear edges and an average transverse
size of approximately 11 um. Fig. 2(b) and (c), and Fig. Sib
(ESIT) present the AFM images of BNNSs, which indicate
approximately 3.8 nm thickness and approximately 4 pum
average particle size. Theoretically, the interlayer spacing of
BNNSs is 0.33 nm,*® and therefore, the as-prepared BNNS is
relatively thin. Fig. 2(d) presents an FE-SEM image of a BNNS,
which shows that it maintains complete morphology under small
size. Fig. 2(e) and (f) present the TEM image, demonstrating the
ultra-thin and transparent characteristics of a BNNS with sharp
outlines. The above results indicate that BNNSs were successfully
prepared by ultrasonic exfoliation, and the transverse size of
BNNSs was decreased as a consequence of ultrasonic oscillation.

The FT-IR spectra of raw h-BN, exfoliated BNNS-OH, and
functionalized m-BNNSs were analyzed, and the result is shown
in Fig. 3(a). Three curves all have strong characteristic peaks at
811 cm™ "' and 1380 cm™', corresponding to the stretching
vibration in-plane of BN and bending vibration out-of-plane

Height (nm)
S — ~ w -

.

0 5 10 15 20 25
Position (um)

Fig. 2 Morphology and microstructure of BN. (a) SEM image of h-BN; (b) AFM image of BNNSs exfoliated from h-BN; (c) size statistics for BNNSs; (d) FE-

SEM micrograph of BNNSs; and (e), (f) TEM images of BNNSs.
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of BN, respectively.’” BNNS-OH exhibited a characteristic
absorption peak of ~OH at 3415 cm ™ *,'® which is significantly
stronger than that of h-BN, indicating that large amounts of
hydroxyls were generated on the BNNS surface after an ultra-
sound treatment. Comparison of h-BN by reaction with organic
silanol (Fig. S2, ESIT) and m-BNNSs modified by the ternary
blend organic silanol (Fig. S3, ESIT) show characteristic absorp-
tion peaks at 2945 cm™ ' and 2860 cm ™, corresponding to the
asymmetric and symmetric stretching vibrations of -CH,-,
respectively.®’ In addition, a stretching vibration absorption
peak of -Si-O- appeared near 1113 cm™',®> which infers that
the organic silanol was successfully coated on the surface of
BNNS-OH.

In Fig. 3(b), the XRD patterns of h-BN, BNNS-OH, and
m-BNNSs all show a series of diffraction peaks, corresponding
to the (002), (100), (101), (102), and (004) lattice planes of the
hexagonal BN (JCPDS: 45-0893), which shows that the crystal
form of the particles does not change after ultrasonic exfolia-
tion and ternary blend organic silanol modification. The (002)
and (004) diffraction intensities of ultrasonically exfoliated
BNNS-OH are weaker than those of h-BN, which may be due
to the reduction in the number of BNNS layers®® and the
smaller lateral dimension.'® Compared with BNNS-OH, the
intensity of the (002) peak of m-BNNS decreased after modifica-
tion, indicating that the ternary blend organic silanol had been
successfully grafted to the surface of BNNSs.

Fig. 4(a) shows the XPS spectra of h-BN, BNNS-OH, and m-
BNNSs. The XPS spectrum of m-BNNSs reveals the co-existence
of O, N, C, B, and Si elements. Compared with h-BN, the O
content in the BNNS-OH spectrum is increased and two Si
peaks appear for m-BNNSs, which is consistent with the results
of FT-IR spectroscopy. This demonstrates that the exfoliated
BNNSs produced more -OH and successfully reacted with the
ternary blend organic silanol. The high-resolution XPS spectra
for Bls and O1s in BNNS-OH and C1s and Si2p in m-BNNSs
were fitted by the multimodal Gaussian method to confirm the
connection of functional groups. The B1s spectrum (Fig. 4(b))
contains two fitted peaks at 190.4 and 191.0 eV, which are
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attributed to the B-N and B-O bonds, respectively. The O1s
spectrum (Fig. 4(c)) presents two fitted peaks at 532.6 and 533.5 eV,
corresponding to O-H and O-B bonds, respectively. In addition,
the C1s spectrum (Fig. 4(d)) shows four fitted peaks at 284.8, 285.8,
286.7, and 283.7 eV, corresponding to C-C, C-N, C-Si, and C-O
bonds, respectively. The Si2p spectrum (Fig. 4(e)) includes four
fitted peaks of Si-O-Si, Si-O-B, Si-OH, and Si-C at 103.6, 102.9,
102.3, and 100.8 €V, respectively.

These values are similar to those previously reported,®¢*%*
which confirms the successful bonding of BNNSs to silicone
alcohol. To study the content of ternary blend organic silanol in
m-BNNSs, thermogravimetric tests of h-BN and m-BNNSs were
carried out. Fig. 4(f) presents the TGA curves for h-BN, BNNS-
OH, and m-BNNSs. At 800 °C, the BNNS-OH residues were at
99.57 wt%, with the mass lost due to hydroxyl group oxidation.
Different from h-BN and BNNS-OH, the m-BNNSs began
weightlessness at 380 °C, and the weight loss rate at 800 °C
was 1.07 wt%. The weight loss can be attributed to the decom-
position of the organosilicon polymer. In Fig. S4 (ESIf), the
Raman spectra for h-BN, h-BNNSs, and m-BNNSs all show
similar characteristic G bands at 1366 cm™*, which are due to
the out-of-plane vibrations of boron and nitrogen atoms.®>®®
The intensity of the three peaks sequentially decreased due to
exfoliation and modification, which is in agreement with a
previous report.®” According to the above results for XRD, XPS,
TGA, and FT-IR and Raman spectroscopy, it can be concluded that
ternary blend organic silanol successfully modified BNNS-OH.

3.2 Morphology and structure of composite films

In this work, h-BN/PET/PA6 (directly hot-pressed) composites
were prepared by hot-pressing h-BN, PET, and PA6 after uni-
formly stirring them. The h-BN/PET/PA6 and m-BNNS/PET/PA6
composites were prepared by a rapid solidification method
including solution mixing, rapid solidification, and hot pressing.
To observe the orientation structure of thermally conductive
fillers inside the composites, the cross-sections of the compo-
sites were observed by SEM. A typical layered structure of h-BN
appears in the h-BN/PA6/PET (directly hot-pressed) composite

(b)
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(a) FT-IR spectra of raw h-BN, exfoliated BNNS-OH, and functionalized m-BNNSs; (b) XRD patterns.
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Fig. 4 (a) XPS of survey scans; high-resolution XPS analysis of (b) B 1s and (c) O 1s for BNNS-OH and (d) C 1s and (e) Si 2p for m-BNNSs. (f) TGA curves of

h-BN and m-BNNSs.

film (shown in Fig. 5(al)-(a3)), which is not conducive to
the propagation of phonons in the out-of-plane direction. In
contrast, the h-BN in the rapidly solidified h-BN/PA6/PET com-
posite film (Fig. 5(b1)-(b3)) was randomly orientated, which is

PSS

conducive to the construction of a thermal network and enhances
the thermal conductivity of the composite. Fig. 5(c1)-(c3) and
(d1)-(d3) show that with the increase in filler loading, the rapidly
solidified m-BNNS/PA6/PET composite film becomes increasingly

Fig. 5 Microstructure of the prepared h-BN and m-BNNS-filled PA6/PET composites. Cross-sectional morphologies of h-BN/PA6/PET (directly hot-
pressed) composite film at filler loading of 55 wt% (al)—(a3), h-BN/PA6/PET composite film at filler loading of 55 wt% (b1)-(b3), and m-BNNS/PA6/PET
composite films at the filler loading of 40 wt% (c1)-(c3) and 55 wt% (d1)-(d3).
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compact and appears to be more vertically distributed in m-
BNNSs due to the small size and thinness of the m-BNNSs.
Moreover, it was observed that the dispersion of m-BNNSs in
the PA6/PET matrix was satisfactory and without agglomeration
and voids, which indicates that the ternary blend organic silanol
can improve the interaction between the filler and the matrix and
reduce the interfacial thermal resistance.

To further characterize the orientation of fillers in the
composite, different composite films were characterized by
XRD (Fig. 6). Pure PA6/PET film is characterized by a typical
amorphous nature. The (100) diffraction peak of h-BN almost
disappeared in the 55 wt% h-BN/PA6/PET (directly hot-pressed)
film, indicating that the fillers were aligned along the in-plane
direction, which is not conducive to out-of-plane thermal
conductivity. Compared with the h-BN/PA6/PET composite
film, there was a lower Iyg,/I1¢ ratio for the m-BNNS/PA6/PET
composite film at the same filler content, indicating that the
degree of the random orientation of fillers increases, and the
interior contains more vertically arranged BNNSs, which is
conducive to the construction of thermal conductive networks
and enhances the out-of-plane thermal conductivity of the
composites. This is congruent with the SEM findings, where
the above SEM and XRD results show that fabricating compo-
site films with random filler orientation and using the rapid
solidification method is easier than direct hot pressing.

3.3 Thermal conductivities and thermal properties of
composites

Fig. 7(a) shows the thermal conductivity of the composites with
different filler content. The thermal conductivity of composite
film fabricated by the rapid solidification method is obviously
higher than that produced by the direct hot-pressing method,
and the thermal conductivity of the m-BNNS/PA6/PET compo-
site is clearly higher than that of the h-BN/PA6/PET composite.
When the filler loading was 55 wt%, the thermal conductivity of

002
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the m-BNNS/PA6/PET composite was 3.28 W (m~' K™'), which
was 30% higher than that of the h-BN/PA6/PET composite
and 64% higher than that of the h-BN/PA6/PET (directly hot-
pressed) composite. The first reason for this is that m-BNNSs
are irregularly distributed in the matrix due to the process of
rapid solidification, which is conducive to the propagation of
out-of-plane phonons and promotes the formation of thermal
conduction networks. The second reason is that the thickness
of BNNSs is reduced and its intrinsic thermal conductivity is
higher. The third reason is that, due to the low steric resistance
of the ternary blend organic silanol, it acts as a bridge between
BNNSs and PA6/PET, which increases the wettability and com-
patibility of the two phases and reduces phonon scattering
at the interface. Fig. 7(b) depicts the change in thermal conduc-
tivity of the m-BNNS/PA6/PET composite film at filler loading of
55 wt% over 10 heating/cooling cycles. The thermal conductivity
of the film is higher at 41 °C than that at 95 °C. However, this
difference is very slight, inferring that the composite film pos-
sesses temperature stability.

To visualize the heat transfer efficiency of the three different
types of composite films at filler loading of 55 wt%, the
variations in the sample surface temperature with time during
heating and cooling were recorded by an infrared thermal
camera, and the results are shown in Fig. 8(a)-(d). During the
heating process, square samples of h-BN/PA6/PET (directly hot-
pressed), h-BN/PA6/PET, and m-BNNS/PA6/PET were placed on
a hot plate (80 °C) (Fig. 8(a)) simultaneously from left to right
(Fig. 8(a)). The surface temperature of all samples continuously
increased with time, rising to the saturation temperature at 30 s.
The heat rate was ranked as h-BN/PA6/PET (directly hot-pressed)
< h-BN/PA6/PET < m-BNNS/PA6/PET (Fig. 8(a) and (b)).

Similarly, to investigate the heat dissipation process, all
samples were placed on a hot plate at 80 °C for 15 min to
achieve homogeneous temperatures, and then the surface
temperature variations of these samples were measured as a

-
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o
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Y
- p— ',- .=
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Fig. 6 XRD patterns of the PA6/PET film, h-BN/PAG6/PET (directly hot-pressed) composite film, h-BN/PA6/PET composite films, and m-BNNS/PA6/PET

composite films.
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loading; and (b) under multiple heating/cooling cycles of m-BNNS/PA6/PET composite film at filler loading of 55 wt%.

function of cooling time. In Fig. 8(c) and (d), there was more
rapid cooling for the m-BNNS/PA6/PET composite as compared
to the other two during the heat dissipation process. These
findings indicate the high thermal conductivity and excellent
heat dissipation ability of the m-BNNS/PA6/PET composites,
which is in accordance with the predictions in Fig. 7(a). Fig. 9(a)
shows the TGA curve of the thermally conductive m-BNNS/PA6/
PET composite films. With the increase in filler content, the
Ts9; T300, and Tyax values for the m-BNNS/PA6/PET composite
films were higher than 376.83 °C, 405.11 °C, and 410.05 °C,
respectively, indicating their excellent thermal stability. Tyg; is
the thermal resistance index of the sample,®®®® which reveals
the parameter of thermal stability of the composites.

The composite’s Tyg; is greater than 192.96 °C and reaches
211.11 °C at a filler loading of 55 wt%. The first reason for this
is that the addition of inorganic fillers increases the thermal
degradation resistance. The second reason is that the organic
silanol enhances the bonding force between m-BNNSs and PA6/

PET, which increases the thermal stability of the composite.
Fig. 9(b) shows the influence of filler loading on the glass
transition temperature (T,) and melting temperature (Ty,) of the
matrix in m-BNNS/PA6/PET composite film. With the increase
in filler content, T, and Ty, of PET increased from 76.13 °C and
244.8 °C to 85.83 °C and 250.00 °C, respectively, while T, and Ty,
of PA6 increased from 67.30 °C and 217.58 °C to 71.54 °C and
220.97 °C, respectively. This can be attributed to the fact that
the m-BNNSs obstruct the molecular chain movement and
rotation of the matrix.

3.4 NEMD simulations

Fig. 10(a) shows the change in Gj for the BNNS/PA6/PET
composites. The Gy increases from 67.28 + 7.15 to 150.58 +
6.34 MW m > K" as the BNNS layers perpendicular to the heat
flux direction increase from 2 to 8 layers, respectively, which is
consistent with previous studies.”®”* The Gy is obviously
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Fig. 8

Infrared images of h-BN/PAG6/PET (directly hot-pressed), h-BN/PA6/PET, and m-BNNS/PA6/PET composite film at filler loading of 55 wt% during

(a) heating, (b) surface temperature variation with heating time, (c) cooling, and (d) surface temperature variation with cooling time.
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Fig. 9 TGA (a) and DSC (b) curves of the m-BNNS/PA6/PET composite films.

improved when the number of BNNS layers changes from four
to six. As the number of BNNS layers exceeds 6, the Gy of the
system tends to remain stable. Significantly, as the 8-layer
BNNS changes from the vertical heat flux direction to the
parallel heat flux direction, the Gy suddenly increases from
150.58 & 6.34 to 235.43 + 5.34 MW m > K !, which is similar to
the findings of previous studies.”” With the increase in the filler
orientation angle from 0° to 90°, the thermal conductivity
gradually increases and reaches a maximum at 90°. This mainly
occurred because when heat flows through the interface paral-
lel to the BNNS plane, there are fewer atoms in the interface
and less energy loss, leading to an increase in thermal con-
ductivity. To explore the internal mechanism leading to the
change in Gy, the projected density of states (PDOS)”*”* of

(b)

BNNSs and PA6/PET atoms were analyzed in this study. The
PDOS was calculated from the Fourier transform of the velocity
autocorrelation function (VACF):

+00

PDOS(0) = J ey (1)dt

—00

(4)

where o is the frequency and PDOS(w) denotes the total PDOS
at the vibrational frequency w, and y(¢) is normalized VACF:

N

10) =5 4Ot ©)
i=1

where v(t) and v(0) are the atomic velocity at time t and 0,
respectively. N is the number of atoms in the system. (---)
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(a) Interfacial thermal conductance of different systems as a function of the number of layers and orientation; (b) PDOS of BNNSs and PET;

(c) PDOS of BNNSs and PA6; (d) out-of-plane and in-plane PDOS of BNNSs and PET; (e) out-of-plane and in-plane PDOS of BNNSs and PA6; (f) the
dependences of overlap of the total, out-of-plane, and in-plane PDOS between BNNSs and PET.
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denotes the statistical average over multiple time origins. The
velocity was correlated every 5 fs with a total integration time of
15 ps. As shown in Fig. 10(b) and (c), the PDOS characteristic
peaks of BNNSs mainly appear at 18.5 and 47.3 THy, and are
consistent with values obtained in the literature,”*”%”® while
those of PET are located at frequencies of approximately 10-15,
32, 38, and 50-55 THy, and those of PA6 are located at
frequencies of approximately 7-11, 27-30, and 35 TH;. Com-
pared with BNNSs perpendicular to the heat flux direction, the
PDOS of BNNSs parallel to the heat flux direction is smoother
and softer, which indicates that the degree of phonon scatter-
ing is reduced. The peak at 47.3 THz significantly decreased,
while a new peak was generated between 52.3 THz and
55.4 THz. This high-frequency peak was derived from the
isolated B and N atoms on the edge of BNNSs that are fully
exposed to the heat flow, which can promote the interaction of
phonons and then enhance the interfacial heat transfer.>”
The PDOS overlap region of BNNSs and PA6/PET is mainly
distributed over 0-45 THz. In addition, the PDOS of BNNSs can
be divided into the in-plane and out-of-plane values, as shown
in Fig. 10(d) and (e). There was a wide distribution range for the
in-plane PDOS of BNNSs, while the out-of-plane PDOS was
mainly distributed in the low frequency region. To quantify
the overlap of the PDOS spectra for BNNSs and PA6 or PET, a
correlation factor S was introduced,”® which is defined as:

S = J:Omin{PBNNs(w)}, { Pmatrix (@) }dw ©)

where Ppnns(®), Pmatrix(@) are the two PDOS of BNNSs and PET
or PA6 at frequencies of w, respectively; min and denotes the
lower of the two values. In general, a large S indicates a high
degree of overlap, and a high degree of overlap indicates high
thermal conductance; otherwise, the opposite. Fig. 10(d) shows
that as the number of BNNS layers perpendicular to the heat
flux direction increases, the total overlap S, in-plane overlap S,
and out-of-plane overlap S all gradually increase. However, the
out-of-plane overlap S increases much more than the in-plane
overlap. This proves that out-of-plane phonons play a dominant
role in the thermal transport of BNNSs.

When the 8-layer BNNS changed from the vertical heat flux
direction to the parallel heat flux direction, the total, out-of-
plane, and in-plane overlap S all significantly increased. The
maximum growth rate of the out-of-plane overlap S was 14%. In
addition, the total, out-of-plane, and in-plane overlap S between
BNNSs and PA6 varied from 0.2071, 0.1574 and 0.1738 to
0.2238, 0.1862 and 0.1942, respectively. The improved out-of-
plane overlap S indicated that the phonon vibrational coupling
between BNNSs and PA6/PET was enhanced, which is more
conducive to the mutual migration and propagation of pho-
nons. Because modeling the BNNSs with random orientation is
challenging, only two distributions, parallel and perpendicular,
were studied. The experimental component also shows that
many BNNSs with random orientation are in the vertical state.
In turn, it can be inferred that BNNSs randomly oriented in the
matrix can effectively increase the thermal conductivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

Two-dimensional m-BNNSs obtained by ultrasonic exfoliation
of micro h-BN and ternary blend organic silanol modification
were randomly distributed in a PA6/PET matrix by a rapid
solidification method including solution mixing, rapid solidifica-
tion, and hot pressing. Compared with the directly hot-pressed
composite film, m-BNNSs in a rapidly solidified m-BNNS/PA6/PET
composite existed in a randomly orientated state and initiated a
heat transfer pathway in a parallel heat flux direction. The filler
loading was at 55 wt%, and the thermal conductivity of m-BNNS/
PET/PA6 composites was 3.28 W (m~ ' K™'), which was 64% and
30% higher than that of the h-BN/PET/PA6 (directly hot-pressed)
and unmodified h-BN/PET/PA6 composites, respectively.

Our results show that the random orientation and exfoliation
and modification of filler were beneficial for increasing the thermal
conductivity of the composite. With the increase in filler, m-BNNS/
PA6/PET composite film exhibited excellent thermal stability and
higher Tyg;, T, and Ty, than the pure PA6/PET matrix. More
interestingly, NEMD simulation showed that the increase in the
number of BNNS layers and the change in BNNS orientation from
vertical heat flux to parallel heat flux can improve the overlap S
of PDOS between BNNSs and PA6/PET, and promote phonon
coupling. The increase in overlap S is mainly derived from the
enhancement of BNNS out-of-plane phonon vibration. At the micro-
scopic scale, NEMD simulation proved that the randomly distrib-
uted BNNSs in this experiment are more favorable for improving the
out-of-plane thermal conductivity of the composite films.
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