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Due to high aspect ratio, excellent thermal conductivity, and electrical insulation, boron nitride exhibits a great
potential in the field of electronic packaging. However, its longitudinal thermal conductivity is far poor than
horizontal thermal conductivity, which limits its application in a wider field. Herein, a three-dimensional (3D)
network structure is constructed by coating boron nitride nanosheets/carbon nanotubes on foam skeleton
derived from the commercial polyurethane (PU) (3D BNNS/CNTs). The in-situ grown CNTs on the surface of
BNNS produce an interconnected network structure. The resultant 3D skeleton coupled with cross-linked BNNS/
CNTs endows it with excellent thermal and mechanical properties. After curing with epoxy resin, the optimized
3D BNNS/CNTs; 5 o,/Epoxy composite obtains a high thermal conductivity of 1.49 W m™! K™ at a low loading of
20 wt%, which achieves a thermal conductivity enhancement of 1046 % compared to neat epoxy resin. Mean-
while, the synthesized 3D BNNS/CNTs; 5 ¢/Epoxy composite maintains a high electrical resistivity above 10'° Q
m, high elastic modulus of 1.0 GPa and tensile stress of 35 MPa. Thus, this strategy may offer a new insight for
constructing advanced packaging materials with excellent thermal and mechanical performances for electronic

device.

1. Introduction

The rapid development of the fifth generation mobile communica-
tion technology puts forward higher requirements for the heat dissipa-
tion of electronic devices. Therefore, it is necessary for developing an
excellent heat dissipation material for ensuring the long life of equip-
ment [1-3]. Ideal thermal management materials (TMMs) for electronic
equipment should be characterized by high thermal conductivity,
excellent electrical insulation, good thermal and mechanical stability,
and low cost [4-8]. Traditional TMMs, such as epoxy and polyethylene,
have good thermoplasticity, but their thermal conductivity is relatively
lower. Recently, some novel nanomaterials, such as graphene [9], boron
nitride nanosheets (BNNS) [10-12], and carbon nanotubes (CNTs) [13],
have attracted great attention due to their superior thermal conductivity
and mechanical strength, but their plasticity are relatively poor.

Different from conductive carbon materials, BNNS are identified as
an intriguing candidate filler for the electrical insulating TMMSs, which
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can avoid short circuit of the electronic devices [14-16]. However,
compared with carbon-based TMMs, the thermal conductivity of BNNS
is relatively low, which limits its application. Common strategies to
improve thermal performance of BNNS include functionalization [17,
18] and construction of three dimensional (3D) self-assembled structure
[19]. The former can usually enhance the interface interaction between
the filler and matrix, leading to strong bonding and adhesion [20], but it
often obtains a smaller thermal enhancement. Meanwhile, accompanied
by the use of large amounts of organic solvents, which is harmful for
environment. By contrast, constructing 3D network structure becomes
the attractive choice, which can achieve higher thermal enhancement
derived from the interconnected structure [21]. For example, Zhou et al.
prepared a 3D BNNS/cross-linked polystyrene composite by using pu-
rified water as a foaming agent. Benefiting from its 3D structure, it ob-
tained a high thermal conductivity of 1.28 W m1K?! [22]. In addition,
Liu et al. fabricated a 3D polystyrene/polypropylene/BN ternary com-
posite by solution-mixing and hot-pressing method. The densely
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interconnected 3D segregated filler networks endowed it the thermal
conductivity of 5.57 W m~! K~! with 50 wt% BN [23]. Nevertheless,
these above works can only obtain the impressive thermal conductive
enhancement with relatively high filler content, which always cause the
high cost. It is still a challenge for preparing a high thermal conductivity
composite with low filler content. Beyond that, in order to be suitable for
different types of electronic devices, the insulation and mechanical
properties of composite materials should be taken into account as well,
which will put forward higher requirements for the development of
TMMs.

Herein, we fabricate a 3D network structure by anchoring BNNS/
carbon nanotubes on foam skeleton (3D BNNS/CNTs) with the assis-
tance of self-sacrificial polyurethane template. Compared with other
methods such as ice template or CVD method, the foam template method
is simple, easy to expand and can be mass-produced, which is more
attractive due to its ability to produce clear-shaped structures. The in-
situ grown long and tangled CNTs act as a bridge between BNNS and
entangle them, and fully contacted BNNS and CNTs ensure excellent
mechanical property. Meanwhile, the cross-linking between CNTs and
BNNS forms a three-dimensional thermally conductive filler, which not
only greatly improves the connectivity between BNNS, but also makes a
strong interface bonding force between CNTs and BNNS. The resultant
3D BNNS/CNTs are encapsulated by epoxy resin to obtain the 3D BNNS/
CNTs/Epoxy composites. When served as the TMMs, it reaches a high
thermal conductivity of 1.49 W m™! K™! at a filler of 20 wt%. More
importantly, it still maintains an excellent electrical insulation and gains
high elastic modulus (1.0 GPa) and tensile stress (35 MPa). These results
demonstrate that this developed 3D network composite realizes the high
thermal and mechanical performance enhancement at a low filler
loading. This may provide a new insight into the preparation of polymer
composites with excellent thermal and mechanical properties for elec-
tronic packaging.

2. Experimental section
2.1. Materials

Commercial polyurethane foam (PU) used for kitchen supplies was
used in this work. Immersing it in the BNNS/CNTs suspension, due to the
porous structure and strong adsorption capacity of the polymer sponge,
the BNNS/CNTs is introduced into the sponge and evenly coated on
sponge skeleton. Hexagonal boron nitride powder was bought from
Liaoning DCEL Co., Ltd, China. Nickel acetate (Ni(CH3COO)s) was
bought from Beijing Huawei Chemical Co., Ltd. Aliphatic Epoxy resin
(6105) and hardener of methyl-hexahydrophthalic anhydride (MHHPA)
were obtained from DOW Chemicals (USA) and Shanghai Li Yi Science &
Technology Development Co. Ltd. (China). Ethylene, hydrogen, and
argon were supplied by Beijing AP BAIF Gases Industry Co., Ltd. All
chemicals were used as received without further purification.

2.2. Preparation of BNNS/CNTs composites materials

In this work, BNNS were first obtained by supercritical CO5 exfoli-
ation method according to our previously developed work [24]. For the
synthesis of BNNS/CNTs, a certain amount of BNNS and nickel acetate
were dispersed in isopropyl alcohol. The mixture was ultrasonicated for
6 h, followed by stirring magnetically overnight. Next, the mixture was
evaporated by rotary evaporator at 60 °C to obtain the Ni salts/BNNS
precursors. Then, the as-prepared precursors were placed in fluidized
bed reactor, and reacted at 500 °C under mixed Ar/H, at a flow rate of
300/30 sccm for 10 min to obtain Ni@BNNS mixture. Next, continue to
heat up to 660 °C, until the temperature stabilizes, the ethylene was
introduced as the carbon source at a flow rate of 30 sccm. The growth
time of CNTs was controlled from 5 to 15 min, and the resultant
BNNS/CNTs was collected until the temperature was cooled to room
temperature.
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2.3. Preparation of 3D BNNS/CNTs/Epoxy composites

BNNS/CNTs were evenly dispersed in ethanol through an ultrasonic
and stirring treatment. Then, PU was submerged in above suspension
with ultrasonic treatment for 4 h. After centrifugation and drying pro-
cesses, the surfaces of PU foam skeleton were covered with the BNNS/
CNTs, forming BNNS/CNTs/PU composites. Eventually, the PU in
BNNS/CNTs/PU composite was pyrolyzed at 380 °C under Ar atmo-
sphere for 1 h, thereby obtaining 3D BNNS/CNTs composites.

The 3D BNNS/CNTs/Epoxy composites were prepared via the solu-
tion blending methods. The epoxy resin was placed in a vacuum oven for
30 min to remove the bubbles, and then poured into the 3D BNNS/CNTs
composite, followed by transferred into an oven to cure at 165 °C for 12
h. Finally, the 3D BNNS/CNTs/Epoxy composite was obtained. More
detailed method for achieving different filler loading in the epoxy matrix
is provided in the Supporting Information. For comparisons, 3D BNNS/
Epoxy composite was fabricated under the same condition but without
CNTs. Likewise, BNNS/CNTs/Epoxy and BNNS/Epoxy composites were
also developed under same condition but without the PU treatment
process.

2.4. Characterizations

The morphology and microstructure of samples were examined by
using scanning electron microscopy (SEM, Hitachi SU8010), trans-
mission electron microscope (TEM, FEI, Tecnai G2 F20) and atomic
force microscopy (AFM, Bruker Multimode 8). The CNTs mass fraction
of BNNS/CNTs samples was carried out using a thermogravimetric
analysis (TGA, Netzsch, STA7200, Germany) from 30 to 800 °C at a
ramp rate of 10 °C min~! under air atmosphere. The structure were
conducted on Xplora plus Raman microscope system (Horiba scientific)
using a laser with an excitation wavelength of 532 nm, and the crys-
talline structure was examined by X-ray diffractometer (XRD) on a
Bruker D8 ADVANCE using Cu Ka radiation (A = 1.5418 [o\). The thermal
conductivity of composites was tested on a TIM Thermal Resistance &
Conductivity Measurement Apparatus (LW-9389, Long Win Science &
Technology Co). The surface temperature distribution photos of the
composites and LED chips were captured by an infrared thermal camera
(FLIR E50). The electrical properties of composites were measured by a
high voltage insulation tester (TA8322A), and the mechanical properties
of obtained composites were obtained by Zwick Roell Z010 testing
machine according to the DIN ISO 34-1 standard. The thermal expansion
coefficient of composites was tested by a high temperature thermal
dilatometer from Waters Corporation of the United States, and the vis-
cosity of nanofluid was measured using the Physica MCR 301 R
rheometer. More detailed procedure about the thermal conductivity and
electrical resistivity test methods have been provided in Supporting
Information.

3. Results and discussion

3.1. Morphology structure of BNNS, BNNS/CNTs, 3D BNNS, and 3D
BNNS/CNTs

The schematic illustration of the 3D BNNS/CNTs composite has been
presented in Fig. 1. Briefly, BNNS/CNTs are first produced through in-
situ growth of CNTs on the surfaces of BNNS with the catalysis effect
of Ni. Here, the introduced CNTs can act as a bridge between the BNNS,
forming an interconnected network structure. Then, 3D BNNS/CNTs
structure is successfully constructed with using PU foam as a self-
sacrificing template and BNNS/CNTs as building blocks. The
morphology and microstructure of composites are investigated by SEM.
It is clearly seen that pristine BNNS exhibit a thin nanosheet structure
(Fig. 2a), which is similar to graphene, confirming the availability of
supercritical CO, exfoliation strategy. Moreover, the height and length
of BNNS can be charactered by AFM (Figure S1). It can be seen that the
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Fig. 1. (a) Schematic illustration of the fluidized bed chemical vapor deposition process for the fabrication of BNNS/CNTs. (b) Schematic illustration of the formation

process of 3D BNNS/CNTs/Epoxy composie.

Fig. 2. SEM image of (a) BNNS prepared by supercritical CO, exfoliation technology, (b) BNNS/CNTs;s o, prepared by Fluidized bed chemical vapor deposition, (c)
the pristine PU foam, (d) BNNS coated on the surface of PU, (e-f) 3D BNNS, and (g-h) 3D BNNS/CNTs;5 o, samples, (i) Enlarged image of BNNS/CNTSs;5 o.

height of BNNS is about 1.75 nm and the length is about 600 nm.

The SEM images of BNNS/Ni salt and BNNS/Ni are shown in
Figure S2a-d. After the high temperature reduction in Hy atmosphere,
metallic Ni is distributed on the surfaces of BNNS and acted as catalysts
for the growth of CNTs. In addition, the element mapping results
(Figure S2e-h) also confirm the distribution of B, N and Ni, which further

proves the successful synthesis of BNNS/Ni. For BNNS/CNTs sample, the
density of CNTs on BNNS substrates can be well controlled via regulating
the deposition time of carbon atoms. It is found that the amount of CNTs
gradually increases with the increasing of growth time. The content of
CNTs can be obtained from the thermogravimetric curves (Figure S3).
The results show that the CNTs contents of several BNNS/CNTs samples
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reach 6 %, 15 % and 23 % when the growth time is 5, 10 and 15 min,
respectively. Thereby, these obtained samples are denoted as BNNS/
CNTsy, where x is the mass fraction of CNTs in the composites. Indeed,
the SEM images of BNNS/CNTsgy, exhibits relatively short and sparse
CNTs (Figure S4a). With further increase of growth time, the density of
CNTs becomes denser, which interconnects between the BNNS and
forming a cross-linked network structure (Fig. 2b and Figure S4b-d). It
can be seen from the TEM images that the carbon material is in the form
of multi-walled carbon nanotubes (Figure S4e-f).

The pristine PU foam with a big average cellular size of ~300 pm
(Fig. 2c) is used as a template for generating a 3D interconnected
structure, which can guarantee that the epoxy composites obtain
excellent mechanical performance at relatively low fillers loading.
Furthermore, BNNS and BNNS/CNTs are used as building blocks to
tightly anchor on the skeleton of PU foam, producing complete thermal
conduction pathways. Fig. 2d displays that the BNNS evenly covers on
the surfaces of foam skeleton for BNNS/PU sample. After calcination
treatment, the 3D BNNS samples can still maintain the cellular structure
of the PU frameworks, and BNNS are still covered on the whole skeleton
surfaces (Fig. 2e and f). Interlinked BNNS build an ideal thermal
conductive channel, which thus can improve the thermal conductivity of
the composites. More importantly, the 3D BNNS/CNTs composite also
retains the 3D skeleton structure after calcination process (Fig. 2g and
h), and its macroscopic size have no significant change (Figure S5a).
Next, a TGA test is performed on the 3D BNNS/CNTs;5 o,/Epoxy with
different filler loadings. As displayed in Figure S5b, the calculated values
of content are about 5 %, 10 %, 15 %, and 20 wt% respectively, which is
consistent with the addition amount. Meanwhile, the BNNS/CNTs con-
tact and well stack one by one along the skeleton to form a continuous
network (Fig. 2i), which promote the thermal and mechanical properties
of resultant composites.

To investigate the crystalline structure of samples, XRD is conducted.
As shown in Fig. 3a, the diffraction peaks of four samples correspond to
(002), (100), (101), (102), and (004) planes [25], with lattice constants
of a = 0.25 nm and ¢ = 0.666 nm (JCPDS Card No. 34-0421) [26],
proving the presence of BN phase. It is worth noting that the XRD
characteristic peaks of CNTs overlap with the position of BNNS (002)
crystal plane to a certain extent, so the characteristic peaks are covered.
Meanwhile, it can be seen that the (002) peak is significantly stronger
than other diffraction peaks, which should be attributed to the exposure
of (002) crystal plane. Figure S6a displays that the main peak of (002)
plane occurs a shift, indicating the successful combination of CNTs and
BNNS. In addition, two new peaks appear at 44.4° and 51.8° from the
XRD spectra of BNNS/Ni and BNNS/CNTs (Figure S6b), suggesting the
existence of Ni (JCPDS Card No. 04-0850) [27]. This result proves that
the Ni precursor has been reduced to metal Ni, which then serves as a
catalyst for the growth of CNTs. Raman spectra are performed to further
characterize the compositions of BNNS/CNTs, and BNNS, as exhibited in
Fig. 3b. Actually, the Raman peak of the BNNS occurs at 1368 cm ™,
owing to the vibrational mode (Ezg) of BNNS materials [24]. Interest-
ingly, after combining with CNTs, the BNNS/CNTs shows two strong
peaks at about 1346 and 1576 cm~! [28]. The peak near 1576 cm !
corresponds to G peak of carbon, and the peak near 1346 cm ™! should be
attributed to the D peak of carbon and E»; bond vibration peak of BN
[29]. Owing to the similarity and coincidence of the Raman character-
istic peaks of BN and CNTs, the split-peak fitting is performed (Fig. 3b).
The result shows that the Raman peak is indeed consisted of a wide D
peak of CNTs and high E»; peak of BNNS, indicating a good combination
of BNNS and CNTs [30].

3.2. Thermal properties of 3D BNNS/CNTs/Epoxy

In order to measure the thermal performances, the samples are
blended together with epoxy to prepare epoxy composites. As shown in
Figure S7a-d, the SEM images of 3D BNNS/Epoxy, and 3D BNNS/
CNTs;5 o/Epoxy composites with filler loading of 10, 15 and 20 wt%
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Fig. 3. (a) XRD patterns of BNNS, BNNS/Ni salt, BNNS/Ni, and BNNS/CNTs.
(b) Raman spectra of BNNS and BNNS/CNTs, and corresponding fitted peaks.

clearly indicate that the interconnected 3D network is well maintained
throughout the epoxy matrix. The thermally conductive filler is well
encapsulated by epoxy matrix with excellent interface bonding between
the filler and matrix, and no obvious pore is observed. These are the key
factors for the decrease of interface thermal resistance between the filler
and epoxy resin [31,32]. Benefiting from the unique 3D thermal
network structure, 3D BNNS/Epoxy composite reaches a higher thermal
conductivity of 1.25 W m~! K~! than that of BNNS/Epoxy (0.93 W m™?
K1) at a filler content of 20 wt%. Likewise, the 3D BNNS/CNTs/Epoxy
composite delivers a much higher thermal conductivity (1.49 W m™!
K1) than that of BNNS/CNTs/Epoxy (1.13 W m~! K1), confirming the
superiority of constructed 3D structure (Fig. 4a). Impressively, the CNTs
exert a vital role in enhancing the heat-conducting capability. As
exhibited in Fig. 4b, after the introduction of CNTs specie, the epoxy
composites obtain a better thermal performance due to the thermal
bridge formed by CNTs. Moreover, as the introduction of CNTs in-
creases, the thermal conductivities of 3D BNNS/CNTs/Epoxy composites
gradually increase. The thermal conductivities of 3D BNNS/CNTsgo,/E-
poxy, 3D BNNS/CNTs;s0,/Epoxy, and 3D BNNS/CNTsy3 o,/Epoxy can
reach 1.01, 1.49, and 1.74 W m~! K ! at a filler content of 20 wt%,
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Fig. 4. (a) The enhancement of 3D network structure on thermal conductivity. (b) Thermal conductivity of 3D BNNS/CNTs,/Epoxy composites with different CNTs
content. (c) Electrical conductivity of epoxy composites with the different BNNS/CNTsx loading (x = 6, 15, 23 %). (d) Thermal conductivity of 3D BNNS/CNTs15

%/Epoxy composite with different filler loading.

respectively. Moreover, the BNNS/CNTs/Epoxy composites with
randomly distributed BNNS/CNTs were also prepared by directly adding
BNNS/CNTs into the epoxy resin at same curing procedure, and the
thermal conductivity of the composites with a filler loading of 20 wt%
were tested (Figure S7e).

It is known that BNNS possess a fascinating feature in electrical
insulating heat conduction materials. However, the incorporation of
CNTs would affect this character. The resistances of resultant epoxy
composites gradually decrease with increasing the introduction of CNTs
(Fig. 4c). Interestingly, when the content of CNTs is 6 % and 15 %, the
epoxy composites still maintain high electrical resistivities above 10'° Q
m at the filler loading of 5, 10, 15, and 20 wt%, suggesting an electrical
insulation. With a further increase of CNTs, the resistivity of the 3D
BNNS/CNTsz3 o,/Epoxy composite decreases to be a conductor, which
should be attributed to the conductive pathways connected by the dense
CNTs in abundant amount. That is to say, 3D BNNS/CNTs;5 o,/Epoxy
composite obtains not only a good thermal conductivity, but also can
maintain a good electrical insulation to guarantee the merits of boron
nitride materials. Such composite material exhibits a great promising to
avoid short circuit of electronic devices. Therefore, we choose 3D BNNS/
CNTs;5 o/Epoxy as the optimized sample to further conduct the follow-
up studies.

Fig. 4d shows the influence of amount of filler in 3D BNNS/CNTs;5
%/Epoxy composites. It can be seen that when the filler loading content
of 3D BNNS/CNTs;5s o, is smaller, the composite can only obtain a low
thermal conductivity. This is attributed that the composite cannot reach
the thermal percolation threshold at a lower loading fraction [33], under
which the thermal conductivity of the epoxy composite shows a rela-
tively slow increasing trend. However, with further increase the addi-
tion of filler to 20 wt%, the 3D BNNS/CNTs;5 o/Epoxy composite reach
the thermal percolation threshold, and it can achieves a high thermal
conductivity of 1.49 W m™! K1, which is much better than those of

other epoxy counterparts. This encouraged thermal ability should be
attributed to the construction of efficient phonon transport path pro-
duced by the 3D BNNS/CNTs;5 o, component. Moreover, Figure S7f
shows the effect of filler loading on thermal conductivity in other epoxy
composites prepared in this work.

To further verify and contrast the enhanced thermal dissipation
performance, the temperature distribution of 3D BNNS/CNTs;s
%/Epoxy, BNNS/CNTs;5 o/Epoxy, and pure epoxy resin with cooling
time is measured by an infrared thermal camera. Firstly, the samples are
placed in an oven for 10 min at 130 °C to obtain a uniform surface
temperature. After transferring to room temperature, the surface tem-
perature of epoxy composites is detected in real time. As shown in
Fig. 5a, the surface temperature of 3D BNNS/CNTs;5 o,/Epoxy decreases
more faster with cooling time than those of pure epoxy resin and BNNS/
CNTs;5 o/Epoxy, which can be attributed to the high thermal conduc-
tivity of 3D BNNS/CNTs;s o,/Epoxy. In terms of the test data, the tem-
perature drop trend of 3D BNNS/CNTs;s5 o/Epoxy is obviously faster
than those of pure epoxy resin and BNNS/CNTs;5 o,/Epoxy. The specific
values are shown in Fig. 5b. When the cooling time is 1 min, the tem-
perature of 3D BNNS/CNTs;5 o/Epoxy is close to 57.3 °C, which is
obviously lower than that of the BNNS/CNTs;5 o/Epoxy (77.9 °C).
Furthermore, the BNNS/CNTs; 5 o,/Epoxy can take 73 s to cool to 70 °C,
while the 3D BNNS/CNTs;5 o,/Epoxy only takes 39 s. The 34 s difference
shows the superiority of the 3D BNNS/CNTs;5 o,/Epoxy as TMMs due to
its excellent heat dissipation ability. More encouragingly, as depicted in
Fig. 5¢c, the 3D BNNS/CNTs;5 o,/Epoxy composite prepared in this work
performs a much better thermal performance in comparison with pre-
viously reported works on the polymeric composites filled with boron
nitride and its derivatives [34-48]. Further information is provided in
Table S1.

Such excellent thermal and electrical properties make 3D BNNS/
CNTs;50,/Epoxy as an attractive candidate for TMMs. To verify this
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Fig. 5. (a) Infrared thermal images of neat epoxy , 3D BNNS/Epoxy composite and 3D BNNS/CNTs; 5 o,/Epoxy composite. (b) Temperature-time curve measured at
the center of samples surface of neat epoxy, 3D BNNS/Epoxy composite and 3D BNNS/CNTs; 5 o,/Epoxy composite. (c) Comparison of the thermal conductivities for

the different epoxy composites.

point, a commercial silicone sheet and 3D BNNS/CNTs;5,/Epoxy are
successively employed as TMMs in between a 30 W light-emitting device
(LED) chip and a Cu heat sink (Fig. 6a and b). The Cu heat sink is used to
remove the heat rapidly. However, the interface roughness can causes

incomplete surface contact and thermal contact resistance. Typically,
the thermal grease is employed to improve bonding between the LED
chip/TMMs/Cu heat sink interfaces. In this strategy, the thermal contact
resistance can be minimized and heat can dissipate from the LED chip

Fig. 6. Demonstration of our 3D BNNS/
CNTs;5 o/Epoxy composite as a TMMs. (a)
Schematic diagram of LED chip integrated
with 3D BNNS/CNTs;5 o/Epoxy composite
and a Cu heat sink. (b) Optical photographs
of LED chips integrated with commercial
silicone sheet and 3D BNNS/CNTs;s
%/Epoxy composite. (c¢) Infrared thermal
images of two LED chips. (d) Comparison the
temperature increase of the LED chips when
using 3D BNNS/CNTs;5 o/Epoxy composite
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fleetingly. After inserting the as-prepared 3D BNNS/CNTs;s5¢,/Epoxy
between the LED chip and Cu heat sink, the surface temperature is
monitored by an infrared camera. As comparison, commercial silicone
sheet are tested under the same operating conditions. Fig. 6¢ exhibits a
part of infrared images after turning on the LED chips. With the using of
commercial silicone sheet, the surface temperature rises to about 50.9 °C
after stabilization. Meanwhile, the 3D BNNS/CNTs;50,/Epoxy can sta-
bilize at a relatively lower temperature about 41.4 °C. The increasing
trend of surface temperature of LED chip is measured by infrared images
(Fig. 6d). It can be distinctly seen that compared to the 3D BNNS/
CNTs;50,/Epoxy, the commercial silicone sheet displays a much fast
increase of temperature. The temperature difference up to 9.5 °C dem-
onstrates that the 3D BNNS/CNTsj50,/Epoxy can significantly reduce the
heating rate of LED chip than the purchased commercial silicone sheet.
In addition, the cycling tests are also performed. It is found that the
resultant epoxy composites have good thermal stability during the “on”
and “off” cycles process (Figure S8a). Especially considering the low
manufacturing cost, it is very economical as TMMs.

Due to the composites based on thermosetting epoxy resin are usu-
ally used in the glassy state, the coefficient of thermal expansion (CTE)
has been examined. As shown in Figure S8b, the CTE values of com-
posites exhibit a downward trend as the content of filler increased.
Specifically, it reaches 143 x 10~® °C~! with a loading of 15 wt%, which
is 61.1 % lower than that of neat epoxy resin. Such low value may be
attributed to the low CTE of BNNS/CNTs and good interface bonding
between the BNNS/CNTs and epoxy resin. To sum up, the developed 3D
BNNS/CNTs/Epoxy composites in this work may provide a promising
solution for thermal management of high-power electronic equipment in
the future.

3.3. Mechanical properties of 3D BNNS/CNTs/Epoxy

Besides thermal conductivity, mechanical property is also an
important parameter in the practical applications of TMMs. So we carry
out axial tensile test on the epoxy composites. Fig. 7a and b show stress-
strain curves, tensile stress and elastic modulus of neat epoxy, BNNS/
CNTs;5 o/Epoxy and 3D BNNS/CNTs;s o/Epoxy. The tensile stress of
neat epoxy reaches up to 42.0 MPa, which is 1.2 times higher than that
of 3D BNNS/CNTs;5 o/Epoxy (35 MPa). In addition, compared with
pure epoxy resin, the elastic modulus of 3D BNNS/CNTs5 o,/Epoxy (1.0
GPa) only reduced by 0.4 GPa. It can be seen that the presence of 3D
network structure provides a certain degree of supporting force and
mechanical strength, resulting in effective transmission of stress along
the 3D networks, and has limited impact on the mechanical strength.
However, for BNNS/CNTs; 5 o,/Epoxy with randomly distributed fillers,
BNNS/CNTss o, tend to agglomerate in the epoxy matrix through strong
van der Waals forces between the layers, and its affinity with epoxy is
weak, making it very difficult to uniformly disperse. Therefore, poor
dispersion and compatibility make the mechanical properties of BNNS/
CNTs;5 oo/Epoxy greatly reduced. In short, the existence of 3D network
structure not only improves the thermal performance of composites, but
also enhances the link between BNNS to hinder the breakage of epoxy
composites to greatest extent.

3.4. Rheological properties of 3D BNNS/CNTs/Epoxy fluids

In addition to thermal and mechanical properties, rheological
properties are also an important indicator of the TMMs in practical ap-
plications. Herein, the viscosity of 3D BNNS/CNTs;5 o, epoxy-based
fluids with different filler loading is measured at a shear rate of 20
s~1. As shown in Figure S9a, with the increase of filler loading, the
viscosity of epoxy fluids shows an increasing trend, but the increase is
limited. This may be attributed to the interaction between the BNNS/
CNTs and epoxy resin. It is worth mentioning that although the viscosity
of the 3D BNNS/CNTs;5 o, epoxy fluids increases slightly, it is still very
close to that of the neat epoxy resin. The photos also present a good
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Fig. 7. Mechanical performances of the neat epoxy, BNNS/CNTSs;5 o,/Epoxy
and 3D BNNS/CNTs;s o/Epoxy. (a) Stress-Strain curves. (b) Elastic modulus
and tensile stress.

fluidity (Figure S9b, c). In fact, when the viscosity of the fluid is large, it
will be not conducive for electronic packaging. Therefore, the low vis-
cosity of 3D BNNS/CNTs; 5 ¢, epoxy-based fluid is a prominent advantage
in thermal management industry.

4. Conclusion

In summary, a 3D network structure is constructed by anchoring
BNNS/CNTs on foam skeleton derived from the self-sacrificial templated
commercial PU. As a result, a high thermal conductivity of 1.49 W m™!
K~ ! is obtained at a low 3D BNNS/CNTs15 o, filler of 20 wt%, which
corresponds to a thermal conductivity enhancement of about 1046 %
compared to the neat epoxy. Impressively, the 3D BNNS/CNTs;s
%/Epoxy has been applied for the heat dissipation of LED chips, which
exhibits better ability than that of commercial silicone sheet. More
importantly, the 3D BNNS/CNTs;5 /Epoxy composite can maintain a
high electrical resistivity above 10'° Q m. Furthermore, it exhibits high
elastic modulus of 1.0 GPa and tensile stress of 35 MPa. Therefore, this
work may open up new avenues for the development of advanced
electric insulating material with excellent thermal and mechanical
performance for electronic device.
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