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ABSTRACT

Despite the ever-increasing demand of nanofillers for thermal enhancement of polymer composites with higher thermal
conductivity and irregular geometry, nanomaterials like carbon nanotubes (CNTs) have been constrained by the nonuniform
dispersion and difficulty in constructing effective three-dimensional (3D) conduction network with low loading and desired
isotropic or anisotropic (specific preferred heat conduction) performances. Herein, we illustrated the in-situ construction of CNT
based 3D heat conduction networks with different directional performances. First, to in-situ construct an isotropic percolated
conduction network, with spherical cores as support materials, we developed a confined-growth technique for CNT-core sea
urchin (CNTSU) materials. With 21.0 wt.% CNTSU loading, the thermal conductivity of composites reached 1.43 + 0.13 W/(m-K).
Secondly, with aligned hexagonal boron nitride (hBN) as an anisotropic support, we constructed CNT-hBN aligned networks by in-
situ CNT growth, which improved the utilization efficiency of high density hBN and reduced the thermal interface resistance
between matrix and fillers. With ~ 8.5 wt.% loading, the composites possess thermal conductivity up to 0.86 £ 0.14 W/(m-K),
374% of that for neat matrix. Due to the uniformity of CNTs in hBN network, the synergistic thermal enhancement from one-
dimensional (1D) + two-dimensional (2D) hybrid materials becomes more distinct. Based on the detailed experimental evidence,
the importance of purposeful production of a uniformly interconnected heat conduction 3D network with desired directional
performance can be observed, particularly compared with the traditional direct-mixing method. This study opens new possibilities
for the preparation of high-power-density electronics packaging and interfacial materials when both directional thermal
performance and complex composite geometry are simultaneously required.
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1 Introduction

With the rapid progress of computer-assisted driving, battery
management, and 5G technology, heat dissipation from high-
power-density electronics and associated packaging or interfacial
materials have become increasingly critical in guaranteeing
electronics performance and reliability [1-4]. The heat dissipation
components need to be easily manufactured, highly thermally
conductive, lightweight, and geometry adaptive [2]. For these
purposes, commonly used polymer materials have been enhanced
by mixing with micro or nano fillers with high thermal

conductivity (k), such as carbon nanoparticles [5-11], boron
nitride [12-17], and other ceramic particles [4], particularly by
direct-mixing, to improve the thermal conductivity of resulting
composites (kcp). Among these fillers, carbon nanotubes (CNTs)
have attracted special attention due to the intrinsic high thermal
conductivity (x ~ 3000 W/(m-K)) and high aspect ratio, thus
facilitating formation of efficient heat conduction pathway within
polymer matrix [18]. However, commonly only a modest «cp
increase had been obtained, mostly because of filler being isolated
and randomly distributed at low loading during the process of
being mixed with polymer and curing. These methods result in a
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poorly conductive polymer (x = 0.1-0.2 W/(m-K)) due to a lack of
a percolated network, as well as the contact resistance between the
fillers and the high interfacial thermal resistance between fillers
and surrounding polymer matrix [19]. Nevertheless, higher CNT
loading significantly increases the processing challenge due to the
dramatically increased viscosity and fillers agglomeration.
Therefore, to effectively increase xcp, a preset three-dimensional
(3D) interconnected CNT network uniformly distributed within
the composite is essential, which also needs to survive the
compounding process and occupy increased fraction in a
matrix [18].

In our previous research, with in-situ polymerization, CNT
sheets fabricated by stacking ~ 10° CNT films produced by
continuous chemical vapor deposition (CVD) were used as the
filler [20]. The preset heat conduction network from CNT sheet
endows composites with high xcp, but the enhancements
are isolated to the in-plane direction due to the highly
anisotropic conductivity of multi-layered CNT sheet (in-plane
Kk ~ 120 W/(m-K) and the normal direction ¥ ~ 0.1 W/(m-K)).
Moreover, CNT vertical arrays (CNT forests) have been
extensively explored as thermal interface materials, which can
achieve high «qp solely in normal direction of sheet composites
because of the alignment of CNTs passing through the whole
thickness, but their geometries are still limited by the array
dimension scale [8,21]. Thus, constructing 3D interconnected
CNT percolated networks simultaneously with geometric
flexibility and designed directional thermal performance (isotropic
or preferred directional) is critically important for the complex
thermal application of enhanced composites.

Herein, we developed a method for in-situ CNT growth and
polymer infiltration on optimized support to design the efficient
isotropic or anisotropic heat conduction pathway. We adopted
spherical cores and hexagonal boron nitride (hBN) two-
dimensional (2D) materials as support materials to preset CNT-
based isotropic and anisotropic three-dimensional (3D)
interconnected networks, respectively. With spherical cores as
support, the hybrid CNT-cores sea urchin (CNTSU) structure has
been synthesized within a confined space to form a highly
interconnected bulk material, with which high and uniform filler
loading can be realized in synthesis of enhanced isotopically
thermal conductive composites. Additionally, with hBN as
support, an aligned CNT-hBN network was in-situ grown with
uniform hybrid distribution and used in constructing the
anisotropic thermal conduction composites. To address challenges
with the relative high density and low aspect ratio for hBN
powder, we developed a directional ice-templating self-assembly
method. The utilization efficiency of hBN and uniformity of
hybrid fillers have been improved with lower filler loading
(< 10 wt.%). The one-dimensional (1D) + 2D synergistic effects [5,
22,23] from CNT-hBN hybrid nanomaterials are discussed.

2 Experimental details

2.1 Confined-growth of hybrid CNT-cores (CNT sea
urchin) highly interconnected isotropic networks

The cores to grow CNTSU were continuously synthesized by our
previous reported spray-drying method [24]. Briefly, aqueous
solution of aluminum nitrate and iron nitrate was atomized with
nitrogen carrier gas to form micron droplets aerosol which then in-
line dried and calcinated to produce a high concentration of
micron hollow cores with iron islands randomly distributed
among alumina.

Following our previous report, the CNTSU can be continuously
grown in-line (referred as continuous-growth) [24] and freely
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grown ex-situ on the substrate (referred as free-growth). However,
to achieve high CNT density and closely interconnected CNTSU
fillers, we developed a confined-growth method to densify the
expanding CNTSUs during growth and fill the mold (Fig. 1(a)).

A critical requirement of the confined-growth was the porous
and demountable growth cage (Figs. 1(b) and 1(d), and Fig. S1 in
the Electronic Supplementary Material (ESM)) which was 3D
printed with the Form2 SLA 3D Printer equipped with the
ceramic resin (SiO, particle included). After being trimmed and
fired, all the growth cage components transformed into silica
ceramic texture which can tolerate the high CNT growth
temperature and reaction gases.

Mixed with isopropyl alcohol (IPA) to form slurry, cores were
coated onto anodic aluminum oxide (AAO, Whatman Anodisc
47, 60 pum thick with 200 nm nominal pore size through-holes)
substrate. After covered by another piece of AAO, this AAO-cores-
AAO sandwich was assembled with the growth cage, and inserted
into the CVD growth furnace set to 800 °C (Figs. 1(c) and 1(d)).
With helium as the carrier gas, the cores were firstly reduced by
hydrogen for 10 min. After the flow of ethylene (mixed carbon
source), the CNT growth lasted for ~ 1 h, and then reaction gases
were flushed by pure helium before furnace was cooled down. The
resulting CNTSU bulk material was strong enough to be free-
standing and released from cage and AAO substrates (Figs. 1(e)
andl (f)) ThethicknessoffinalCNTSUbulkmaterialscanbetunedfromlto
3 mm by changing the thickness of ceramic covering weight &
occupier and the slurry thickness.

2.2 Preparation of aligned hBN support and in-situ
construction of hybrid CNT-hBN networks

The hBN nanoflakes (hBNNFs) were produced by exfoliating
hBN powders (Goodfellows B516011) within a shear fluid
processor (microfluidizer, M-110P, Microfluidics International
Corporation, Westwood, MA, USA) [25]. Carboxymethylcellulose
sodium salt (CMC, average molecular weight = 700,000, Aldrich
No. 419338) was added to stabilize the hBN in solution. The hBN
solution came as an aqueous ink with hBNNFs concentration of
0.44 mg/mL. The hBNNFs' lateral size was ~ 520 nm, and
thickness followed a log-normal distribution peaking at 9 nm.

As shown in Fig.2, a steel mold containing the inks with
desired filler concentration was placed onto a large heat sink
which was cooled in advance to liquid nitrogen temperature. With
a fast anisotropic freeze casting process, hBNNFs were expelled
out from layered ice crystal [26], forming a well aligned network
vertically along the temperature gradient. After freeze-drying
(Telstar® LyoQuest Freeze Dryer) for 48 h, the aligned support
network (aerogel) of pure hBN can be obtained.

The hybrid CNT-hBN network was produced by firstly mixing
the hBNNFs ink with Fe,O; nanopowder (~ 5 nm, Alfa Aesar
044296.09) and then followed the same process to prepare the red
Fe,O; NP-hBN network which was used for a standard CNT
growth (similar to CNTSU). The in-situ grown CNT outstretched
from the hBNNFs, formed the final hybrid CNT-hBN network.

2.3 Preparation of thermal enhanced composites by in-
situ polymerization

Both above hybrid networks were impregnated through the in-situ
polymerization of epoxy which was firstly diluted with acetone
and followed by evaporation of the acetone under vacuum, and by
curing with a vacuum bag method as sketched in Fig.3. The
epoxy resin was bisphenol-A IN2 infusion resin and a hexane
hardener (Easy Composites Ltd). The epoxy resin and hardener
were mixed in the proportion 10:3 by mass. By repeating the
infiltration process before curing, the voids inside network can be
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(a) Windows
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AAO walls
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Reaction gas

Figure 1 Confined-growth of CNTSU with a 3D printed growth cage. (a) Schematic diagram of the CG-CNTSU and the morphology evolution of individual
CNTSU. (b) After being trimmed and fired, the polymer matrix within component precursors burned away, leaving the model transformed into a silica ceramic
texture which can tolerate 1100 °C. Within these components, (D and (2) are the cover weight & occupier with different thickness to tune the thicknesses of grown bulk
materials; (3 and @ are the mountable side walls facilitating cores loading and CNTSU unloading; ® is the main body of the cage. ((c) and (d)) After the cores were
blade-coated onto the bottom AAO, they were successively constrained by the covering AAO, assembled with other cage components, and inserted into quartz tube for
CVD growth. ((e) and (f)) After standard CNT growth process, the CG-CNTSU bulk materials were synthesized with desired thickness.

hBN solution

Phase separation

Fe,0,NP<_> Directional freeze casting

Freeze drying

Fe,0, NP-hBN
aligned network

hBN aligned network

N 4

In-situ polymerization

CNT-hBN
aligned network

Figure2 Preparation schematic diagram of hBN aligned network (upper row) and the in-situ grown aligned CNT-hBN network (lower row) used as thermal

enhancement hybrid fillers.

effectively filled, benefiting from the capillary force and vacuum
environment. The impregnated hybrid networks were located
within a polytetrafluoroethylene (PTFE) mold to tune the nominal
thickness of 1-2 mm. An outer breather layer cloth and a vacuum
bagging system (Easy Composites Ltd) were incorporated to apply
a consolidation pressure of P = 0.1 MPa (one atmosphere), at a
temperature of 40 °C for 1 h. Excess resin was absorbed by the
breather layer cloth during consolidation. Samples were then
cured at 120 °C for 3 h, with a constant pressure of 0.1 MPa to
guarantee full polymerization. For the resulting composites, both
CNTs and the attached substrates (cores or hBN) were counted as
the filler weight when calculating the weight percentage.

As control groups, CNTSU powders, hBN powders, and hBN
& CNT (NC7000, Nanocyl) hybrid powders were also used as
enhancement fillers by direct-mixing. An epoxy resin with
uniformly dispersed fillers was obtained by using a planetary
mixer (MSK-PCV-300-LD) at 1500 r/min at room temperature
for 10 min. The mixture was then degassed in the vacuum oven
(ACROSS INTERNATIONAL Elite series) for 1 h and then cured.
Polypropylene (PP, Borealis, Belgium)/CNTSU composites were

also manufactured using a twin-screw micro extruder (DSM
Explore 5 cc Micro Compounder, DSM) for mixing 20 min at
210 °C with the speed of 60 rpm. The composite samples were
fabricated via the extrusion-injection method (Micro 5 cc
Injection Molder, DSM, Xplore Instruments). The temperatures of
the injection nozzle and mould holder were set at 210 and 55 °C,
respectively. k of PP was measured to be 0.22 + 0.1 W/(m-K),
nearly the same as the measured value of epoxy matrix used.

24 Characterizations

kcp was measured according to the ASTM D5470-17 standard
using a custom-made steady-state measurement setup (Fig. S2(a)
in the ESM) based on the Bi-substrate technique [20]. Square
specimens with sides of 10 mm were placed between hot and cold
copper blocks which were used as heat flux meters. According to
Eq. (1), « of specimen through thickness at ~37 °C and R, between
specimen and heat flux meters can be directly deduced by linear
fitting data obtained from samples with different thicknesses (Az)

AT/q=Az/x+2/R, (1)
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Figure 3  In-situ polymerization methodology of epoxy/filler composite manufactured with vacuum bag and hot press methods.

where AT was the total temperature drop and g was the heat flux
through the sample. Considering the practical engineering
application demand, referential errors were calculated by the
stochastic error propagation method, generating confidence limits
for each calculated x value. Briefly, during every round of
calculation iteration, x was deduced with a new set of random
parameters which were generated based on geometric and thermal
parameters’ expected values, experimental random/systematic
errors, and distribution style.

The scanning electron microscopy (SEM) images were
conducted on a field-emission SEM (TESCAN MIRA3). The
fracture surfaces of composites were prepared by being cryo-
fractured in liquid nitrogen and sputter-coated with a thin layer of
gold in a vacuum chamber before SEM observation.
Thermogravimetric analysis was conducted with the PerkinElmer
Pyris 1 TGA in flowing air environment at 10 K/min heating rate.

3 Results and discussion

3.1 Composites thermally enhanced by hybrid CNT-
cores structure (CNTSU)

3.1.1 CNTSU morphology and its thermal enhancing performance
by direct-mixing

By using a continuous aerosol process, the alloy micron cores of
alumina and iron oxides can be produced at industrial-scale (Fig.
4(a)). The size range of these hollow cores is 0.2-5 pm (mostly
1-2 pm). Because these cores are hollow with shell thickness of
several nanometers [24], they can be easily crushed into debris
under pressure. With 20 min of free-growth without any space
confinement, CNTs were radially grown from embedded iron
crystallites on cores to form the hybrid CNTSU structure. The
diameter of CNTSUs grown for 20 min is 4-10 pm (Fig. 4(b))
compared with 1-2 um cores used. With free-growth method,
CNTSUs powders were prepared with loose interconnection by
the outstretching and entangled CNTs. Details on the resulting
CNT structure can be found in our previous study [24].

Compared with other reported CNTSU structures [27], the
CNT percentage for our CNTSU is much higher due to dense
distributed catalysts sites instead of only decorating tiny amount of
catalysts on the cores surface. For the instant in-line CNTSU
growth (continuous-growth), the CNT weight percentage is
~ 40 wt.% [24]. By increasing the growth time, larger CNTSUs
with more surrounding CNTs were grown (Fig. S3 in the ESM).
With 0.3, 1, and 4 h of free-growth, the CNT weight percentage

Tsinghua University Press

increase to ~ 73.8 wt.%, ~ 91.2 wt.%, and ~ 94.3 wt.%, respectively,
based on the thermo gravimetric analysis (TGA) results. However,
as the growth time increased to 4 h, grown CNTs tended to curl
into wisps instead of continuing expanding and outstretching.

As control groups, we firstly direct-mixed CNTSU within
matrix to thermally enhance composites, because CNTSU
powders with a lower density of CNTs and higher cores
percentage were reported to owe remarkably low thermal
percolation threshold (~ 0.15 wt.%) by direct-mixing method [27].
By using a twin-screw extruder and injection molding,
PP/CNTSU composites were synthesized with higher loading. As
shown in Fig.5, the ever increase of thermal enhancement by
increasing filler loading can be easily identified. When 10 wt.% of
CNTSU was added, thermal conductivity of enhanced composite
Kcp reached 0.44 + 0.01 W/(m-K). Moreover, the higher xp from
longer CNT growth time thus higher CNT percentage can also be
observed when the same 2 wt.% of CNTSU were added. However,
the mild xp increases from 4 h grown CNTSU compared with
that grown for 1 h prompts us to choose 1 h for the following
experiments as the sufficient growth time for CNTSU to expand.
Composites with CNTSU filler loading higher than 10 wt.% were
hindered by the low viscosity to form a uniform dispersion of
CNTSU with the direct-mixing.

However, as shown on the fracture surface of above composites
(Fig.4(c) and Fig.S3 in the ESM), by direct-mixing, CNTSUs
have not constructed interconnected network, instead CNTSU
isolated distributed even for 10 wt.% loading. Moreover, direct-
mixing also tended to shrink the outstretching of CNT formed
during growth, when compared with the diameter change before
and after compounding. Mixing alone prevents an efficient heat
conduction network from being achieved. Consequently, low
thermal conductive matrix between CNTSU and the high Kapitza
resistance at the CNT/matrix interface [28] hindered the heat
transfer. To further increase xcp, presetting a closely
interconnected network of CNTSU and increasing the density and
uniformity among bulk material become essential.

3.1.2  Percolated network via confined-grown CNTSU

As shown in Fig. 1, the ceramic growth cage prepared by 3D
printing combined with the porous AAO walls confined the
disorderly expansion of CNTSU during the growth process,
forming uniformly compacted CNTSU bulk materials with
desired thickness. Based on our previous experiment, reaction
gases cannot penetrate through compacted CNTSU thicker than
5 mm. Therefore, we applied the AAO as the confining wall,
which can tolerate growth environment and is thin enough for the
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50 ym

Figure4 CNTSU used as thermal fillers with free-growth + direct-mixing, and confined-growth + in-situ polymerization. (a) The alloy micron cores of aluminium

. 5 pym 2 pm

and iron oxides synthesized with a continuous aerosol process. (b) With 1 h of free growth under unlimited expansion, the CNTSU morphology formed with CNT
outstretching, expanding the diameter compared with cores. (c) By direct-mixing with a twin-screw extruder, in the final composites, the dispersed CNTSU shrunk on
diameter, and even 10 wt.% of loading cannot guarantee the close interconnection between CNTSUs. ((d) and (e)) With custom-made growth cage, the expansion
space was confined for the growing CNTSU, forming the CG-CNTSU bulk material (photo inset). During this process, the hollow cores were crushed into oblate
spheroids. CNTs among different CG-CNTSUs entangled, forming the hierarchical interconnected 3D network. (f) With CG-CNTSU and in-situ polymerization,
21 wt.% high filler loading can be easily realized with preset CNT interconnection maintained within the final composite (photo inset).
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Figure 5 The mild thermal enhancement from CNTSU by direct-mixing with
different filler loading and CNTSU growth time.

feeding of reaction gas to supply the growth of CNT through the
nanopores on the AAO. As growth started, the expansion of CNT
lifted the weight to the maximum allowed space. Then the ever
expansion forced CNTs to entangle inward. As the confined-
grown CNTSU (CG-CNTSU) squeeze with each other, the
original sphere cores cannot be observed within final material
anymore, instead the thin shells of hollow cores were easily
crushed into oblate spheroid and debris, finally building the
closely interconnected high-density CNTSU bulk material (Figs.
4(d) and 4(e)), referred as the CG-CNTSU. CNTs among different
CNTSUs are entangled, forming the isotropic and interconnected
network. The density of the CG-CNTSU with 1 h growth is
~ 0.20 g/cm’. As a result of the close interconnections between
CNTSUs, the CG-CNTSU bulk material is free-standing (photo
inset Fig.7(d)), which facilitates handling as a preset thermal
conduction network.

By using CG-CNTSU as filler and further combined with in-
situ  polymerization, the epoxy/CG-CNTSU composite was
synthesized. With the preset highly interconnected heat
conduction networks, the CNTSU loading easily surpassed
15 wt.%. More importantly, as shown in Fig. 6, when the filler
loading is 15.8 wt.%, ke of epoxy/CG-CNTSU composite
reached 0.82 + 0.17 W/(m:K). «cp further increased to 1.43 +

1.6-4 © Pure matrix
— ® Free-growth & direct-mixing -7
< 144 A Confined-growth & in-situ-polymerization A
= Curvefit (direct-mixing) | | g
= o Reported direct-mixing CNTs
= 1.2 4
X% -5
> kS
£ 1.0 E
B g H4
=} A

0.8 =
° >
S ————— — -3
® | Reffio] Ref.[7]
£ o °
© 0.4 - -2
I-E "7 Ref[9)

0.2 4&PiRerier - - - - 1

T T T T T

0 5 10 15 20 25
Filler content (wt.%)

Figure6 The optimized thermal enhancement from the confined-grown
CNTSU and the in-situ Polymerization. The ., enhancement from the closely
interconnected CG-CNTSU is much significant which overtake the prediction
of the power-law curve fitting of results from the direct-mixing. The reported
CNT thermally enhanced composites were also listed (purple hollow circles)
according to their enhancement factor compared with corresponding matrix
(compared with right-axis, data details in Table SI in the ESM).

0.13 W/(m-K) for 21.0 wt.% of loading, 6.2 times higher than that
of the neat epoxy matrix (0.23 + 0.01 W/(m-K)). The thermal
enhancement from the CG-CNTSU and in-situ polymerization all
surpass the prediction from the power-law curve fitting based on
results from the direct-mixing. From the fracture surface of
epoxy/CG-CNTSU composites (Fig. 4(e)), in-situ polymerization
process indeed maintained the dense CNT interconnection
formed during growth. Consequently, more pathways are
available for phonons when traversing through the composite,
giving rise to the thermal enhancement. Above evidence
emphasizes the importance of presetting and persisting a closely
interconnected heat conduction network.

In addition to thermal conductivity, it is well known that the
loading of CNT filler in the composite needs to be high enough to
form an effective electricity percolated network. There is no doubt
that the highly compacted CG-CNTSU bulk material has formed
a percolated network during growth. With 158 wt.% and
21.0 wt.% of CG-CNTSU, electricity conductivity of composite

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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(0cp) reached 522 + 0.6 and 140.1 * 4.3 S/m, respectively, more
than 6 orders increasing compared with pure epoxy, also much
higher than 3.95 + 0.05 S/m for the direct-mixing composites with
10 wt.% CNTSU powders.

3.2 Composites thermally enhanced by in-situ grown
aligned hybrid CNT-hBN networks

3.2.1 Thermal enhancement by aligned hBN network with low
loading

As we discussed in the introduction section, to construct a 3D
closely interconnected heat conduction network with CNT
materials, we used the cores as support in building an isotropic
network (CNTSU bulk materials) and breaking the loading upper
limit. To in-situ construct an anisotropic network with preferred
heat conduction direction, we used the anisotropic nanomaterials
like 2D materials as support to in-situ grow CNT.

Although graphene is the best thermal conductive 2D materials
(in-plane x, ~ 3000 W/(m'K)), we have not achieved any
competitive results with graphene as support materials (brown
solid pentagon in Fig.7). We attempted to use graphene oxide
(GO) solution-based method and in-situ reduction and CNT
growth in building heat conduction network (Fig. S4 in the ESM).
We attribute the poor thermal enhancement to the highly
defective graphene obtained after reduction GO aerogel and CNT
growth. The phonon scattering from defects and crystal boundary
might be too serious, hiding the thermal enhancement.
Additionally, with current growth parameters, growing CNT from
iron catalyst attached on graphene substrate appeared to be
inefficient. Only short and curly CNT can be observed. Iron
catalysts seemed to deteriorate the rGO surface by etching at high
temperature and reduction environment [29, 30].

Therefore, we incorporated hBN as the anisotropic 2D support
materials, because of its high temperature resistance, chemical
inertness, and outstanding in-plane thermal conductivity (x, ~
360 W/(m-K)) [31]. However, due to the relative high density of
hBN, the micron scale size and the anisotropic x for individual
hBNNF, proper orientation, and connection among hBNNFs
become essential to fully utilize their higher in-plane «, instead of
out-of-plane x | ~ 30 W/(m-K). Furthermore, we found it essential
to construct more efficient thermal conduction network with

Nano Res. 2023, 16(11): 1282112829

much lower filler loading (< 10 wt.%) rather than commonly used
30 wt%-60 wt% [13,32,33] which brought in excessive
density/weight increase.

As shown in Fig. 2, we utilized directional ice-templating self-
assembly and freeze-drying method to organize highly
delaminated thin layer hBN. Due to the aligned ice crystal growth
arising from the imposed vertical temperature gradient, an aligned
hBN network was prepared (Fig. 7(a)). To take advantage of the
highly delaminated hBN produced with shear fluid processor,
hBN nanoflakes overlapped with each other along the crystal in-
plane direction, and finally self-assembled into the hBN nanobelt
(hBNNB, Fig. 7(b)). In contrast to other common freeze-drying
methods, this directional self-assembly method changes the
aerogel as a thermal insulation material composed of randomly
distributed hBN. By further concentrating the hBN solution to
~ 3.5 mg/mL, hBNNBs become thicker, wider, and denser in
aligned network, finally forming the porous aligned nano-book
(Figs. 7(d) and 7(e)).

Owing to the aligned hierarchical organization of hBN, a more
efficient thermal conduction network was built with a low filler
loading (2 wt.%-7 wt.%). With in-situ polymerization, the
prepared epoxy/aligned hBNNB composites retained the
geometry and uniformity of the hybrid network. As can be
observed in Fig.8 (blue hollow diamond), with 2.5 wt.% and
6.6 wt.% addition of aligned hBN network, x, along the desired
direction (through thickness) reached 0.29 + 0.01 and 043 +
0.02 W/(m-K), respectively. As a comparison, by direct-mixing
hBN powder within matrix, xcp are only 0.29 + 0.01 and 0.38 +
0.03 W/(m-K) when the loadings are 6.5 wt.% and 12.0 wt.%. In
Fig.8, the difference in trends between the 2 sets of results
emphasizes the importance of the delamination process and the
well alignment of hBN within hBNNBs. When compared with
reported results also based on aligned hBN fillers (purple
diamond) but produced with ball-milling [12] or CVD method
[16], our results are still superior at similar loading. We attribute
this superiority to the higher aspect ratio (AR > 55) of the used
hBNNF produced by shear fluid processor [25] than the
sonication ones (AR ~ 20, typically 200 nm lateral size, 10 nm
thick). This is because with larger lateral size and AR > 40, the
nanoflakes tend to align [34] and construct ordered overlapping
within nanobelts, the superior in-plane thermal conduction of
hBN can thus be better utilized in the conduction pathway. With

S 200 pm

“Air 20 ym |

%

Figure7 In-situ grown aligned CNT-hBN network used as thermal enhancement hybrid fillers. ((a) and (b)) With low concentrated hBN solution (0.44 mg/mL) and
directional ice-templating self-assembly method, the hBNNFs self-assembled into aligned hBN nanobelts within the network. ((d) and (e)) By further concentrating the
hBN solution to ~ 3.5 mg/mL, the resultant nanobelts become thicker, wider, and denser, finally forming the aligned porous nano-book network (photo inset). With
the aligned hBN network as support materials, CNTs were in-situ CVD grown from iron catalysts and extended outward from hBN support, interconnecting inter-
and intra- hBNNBs through the thickness as illustrated in the fracture surface of both (c) low and (f) high density network (more details in Fig. S5 in the ESM). After
the CNT growth, the hybrid network still retained free-standing state as shown in inset photo.
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much reduced interface density along conduction direction,
phonons scattering in all directions as occurred in random
systems can be avoid. Meanwhile, with an improved alignment,
the contact area between hBNs is further extended, thus
decreasing the contact resistance between hBNs [19]. Therefore,
along the axis of hBNNBs, nanoflakes possessing high «, could
form an “express highway” to channel the heat. With the
enhanced thermal conductivity, the aligned pure hBN composites
are indispensable for the application with purposes of both electric
insulation and thermal conduction.

3.2.2 Synergistic effect on the in-situ grown hybrid CNT-hBN
aligned network

With the above aligned hBN network as support material, we
constructed the anisotropic network of hybrid CNT-hBN by in-
situ CNT growth. As shown in Fig. 2, by simply mixing iron oxide
as catalysts within hBN solution, the Fe,O; NP can be easily
distributed within hBN network after freeze drying. With further
in-situ CVD growth, CNTs synthesized from iron catalysts
outstretched, and interconnected inter and intra hBNNBs within
networks of both low and high density (Figs. 7(c) and 7(f)). After
the CNT growth, the CNT-hBN network still retained sufficient
mechanical strength and free-standing state (photo inset Fig. 7(f)).
The typical density for the aligned BN networks with CMC
stabilizer mixed is ~ 6 mg/cm’ after freeze-drying the low
concentrated hBN solution, and ~ 33 mg/cm’ for the further
concentrated one. After the in-situ CNT growth, the density of the
CNT-hBN hybrid networks based on the high density hBN
network increased to ~ 37 mg/cm’. It is worth noting that we have
also tried to build CNTSU-hBN hybrid network, however, because
of the occupying effect from micron cores, the core-hBN network
was too brittle to be free-standing.

By using these hybrid CNT-hBN networks as fillers, the
resultant epoxy/CNT-hBN composites demonstrated a higher xcp
than those with similar hBN loading. As shown in Fig. 8 (blue
solid diamond), with ~ 5.7 wt.% loading (~ 2.9 wt.% hBN and
~ 2.7 wt.% CNT), kcp reached 0.61 + 0.07 W/(m-K), higher than
0.33 + 0.01 W/(m-K) for the similar hBN loading (~ 3.0 wt.% hBN
and ~ 0.3 wt.% Fe,O; NP). The highest xp = 0.86 + 0.14 W/(m-K)
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Figure8 The thermal enhancement from the hBN associated filler and the
aligned hybrid CNT-hBN network. Networks of aligned pure hBN and the in-
situ grown hybrid CNT-hBN acted as superior thermal enhancement fillers
than the random distributed hBN networks and control groups with direct-
mixing. The synergistic effect from the 1D + 2D nanomaterials can also be
identified on the CNT-hBN systems particularly for the in-situ grown ones. The
reported composites results enhanced by aligned hBN were also listed as purple
hollow diamond, which should be compared with the right axis (data details in
Table S1 in the ESM). All the other data points were experimental results in this
work. Some trials on CNT-graphene network were also presented (more details
can be found in Fig. $4 in the ESM).
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came from the ~ 8.5 wt.% hybrid filler among which ~ 6.6 wt.%
hBN and ~ 1.4 wt.% CNT, 374% of that for neat matrix. When
compared with reports results, similar xcp (0.85 W/(m-K)) can
only reached with vertically aligned hBN-epoxy composites with
20 wt.% hBN loading [15].

In recent years, the synergistic effects of simultaneously using
2D (graphene, hBN, etc.) and 1D (CNT, nanofiber, etc.)
nanomaterials have been discovered [5, 22, 23, 35, 36]. As shown
in Fig. 8 (blue symbols), the «p for the hybrid network was higher
than the prediction from the curve fitting based on the aligned
pure hBN ones. The corresponding thermal enhancement cannot
be achieved with only the similar loading of CNTs (2.7 wt.% or
1.4 wt.%). As shown in Fig. 6 (purple circles), according to the
reported results [7-11, 37], the thermal enhancement factor from
< 3 wt.% loading of CNT was always < 50%, and the increased
value < 0.057 W/(m-K) when compared with the epoxy matrix. All
these results indicate the formation of a synergistic thermal
enhancement effect between 1D CNT and 2D hBN. The thermally
bridging hBN 2D nanoflakes with 1D CNTs, extending the
conductive 1D-2D hybrid network, increasing the total interfacial
area by increasing the filler dimensions, combined with the high
cross-plane transmission of phonon modes between CNT and
hBN ([38], leading to reduction of the thermal interface resistance
(R;) along the network [5]. Additionally, without CNT growth, the
epoxy/Fe,O; NP-hBN composites did not show similar synergistic
thermal enhancement effect (blue dotted diamond). Instead, xcp
appears to follow the prediction based on the pure hBN,
emphasizing the contribution from CNTs to interconnect
neighbouring hBN, where the synergistic effect originated.

The synergistic thermal enhancement from CNT-hBN random
network can also be observed (green solid square), however,
limited by the inefficient conduction through randomly
distributed hBN, the thermal enhancement was not remarkable.
Moreover, similar synergistic enhancement trend can also be
observed from direct-mixing by stirring hBN powders with
NC7000 CNT powders within epoxy resin: Both hybrid fillers
(half black diamond) show the superior enhancement from the
curve fitted prediction based on the direct-mixed solely hBN
within a matrix, but the increase in slope is milder compared with
that from in-situ grown CNT and with similar CNT loading. This
should originate from the nonuniform dispersion of the hybrid
fillers and the curling up of CNTs by direct-mixing [39]. The high
contact resistance between fillers was also generated by tiny
contact area and weak interaction between hBN and CNT by
direct-mixing [32]. Therefore, both in-situ constructing highly
interconnected and uniform 1D + 2D hybrid network and aligned
organization of fillers seem to be essential in realizing an efficient
synergistic thermal enhancement effect.

Besides the above successive discussion on CNT-cores and
CNT-hBN hybrid networks as the isotropic and anisotropic fillers
respectively, some similarities can be found between them.
Because both CNT-cores and CNT-hBN hybrid networks were
constructed by casting in a mold, we can expect to achieve thermal
enhanced composites with irregular shapes by in-situ
polymerizing the in-situ grown irregular shaped network with
preset thermal conduction performance. For hybrid CNT-cores
network, since the CG-CNTSU bulk material is derived from the
growth and expansion of CNT, the shape of the bulk material can
cast the shape of cage space (shape transfer [40]). While for hybrid
CNT-hBN network, the freeze-casting and freeze-drying process
guaranteed the network to cast the shape of mold. Combined with
in-situ polymerization to persist the network after compounding,
the advantage of irregular manufacturing of injection molding by
direct-mixing can still be retained while the troublesome
dispersing of filler within matrix can be avoided.
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4 Conclusions

To enhance the thermal performance of polymer composites with
nano-structured materials, such as CNTs, we found the
importance of establishing a fully percolated CNT heat
conduction 3D network and maintaining this network throughout
the polymerization process. To further establish a desired isotropic
and preferred directional heat conduction, we incorporated
micron spherical cores and hBN nanoflakes respectively as
support materials to construct the hybrid CNT-support 3D
networks with in-situ CNT growth. More specifically, with cores
as the support, we developed an in-situ confined-growth
technique for CNT-core (CNTSU) materials to construct an
isotropic network as efficient phonon transport pathway, which
easily surpassed 15 wt.% loading limitation and solved the
nonuniform filler dispersion and agglomeration problem for
traditional direct-mixing method. When the loading further
increased to 21.0 wt.%, the thermal conductivity of composites
reached 1.43 + 0.13 W/(m-K). Alternatively, with high aspect ratio
hBN as the support, we constructed a CNT-hBN hybrid aligned
network by in-situ CNT growth. With relative low loading
(~ 85 wt.%) of hybrid filler to avoid excessive density increase
from hBN, the composites possess thermal conductivity up to 0.86
+ 0.14 W/(m-K), which is 374% of that for neat polymer matrix.
The synergistic thermal enhancement from 1D + 2D hybrid
materials becomes more distinct due to the uniform distribution
of expanded CNTs within hybrid network. These in-situ
constructed 3D networks show better performance compared
with control samples fabricated by direct-mixing. This study paves
the way for thermally conductive polymer composites used as
thermal interface materials for next-generation electronic
packaging and 3D integration circuits, particularly when both
directional thermal conduction and complex composite geometry
are simultaneously required.
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