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der-free 3D thermal networks with
hexagonal boron nitride of varying sizes to enhance
polydimethylsiloxane composites: a comparative
study†

Liping Han,‡ab Hu Sun, ‡a Wei Li,a Li Liu, bc Guoyou Gan,b Zhuo Qian*b

and Junpeng Li*a

As electronic devices become more compact and power-dense, the demand for efficient thermal

management materials continues to rise. To address the common issues in conventional thermally

conductive composites—namely, poor filler dispersion, high interfacial thermal resistance caused by

binders, and complex fabrication processes—this study proposes a novel strategy for constructing

binder-free three-dimensional hexagonal boron nitride thermal networks (3D BN) within

a polydimethylsiloxane (PDMS) matrix. By leveraging the decomposition behavior of ammonium

bicarbonate (NH4HCO3), this approach enables the fabrication of composites with enhanced thermal

conductivity and simplified processing. The 3D BN/PDMS composites were prepared via

a straightforward process involving blending, cold pressing, drying, and vacuum impregnation.

Characterization and testing reveal that the 3D BN thermal network and BN particle size are critical

factors influencing the composites' TCs. The resulting 3D BN/PDMS composites exhibit an outstanding

TC of 3.889 W m−1 K−1 when the BN particle size is 20 mm and the filler content is 40.70 vol%. This

study offers a novel approach to designing and developing high-performance thermally conductive

composites, with significant potential for practical applications.
1. Introduction

As the power density of electronic devices continues to increase,
the heat generated during operation also rises signicantly,
creating a pressing need for efficient thermal management
solutions to ensure device stability and reliability.1–3 Thermal
interface materials (TIMs), positioned between heat sources
and heat sinks, effectively ll microscopic gaps, reducing
interfacial thermal resistance and facilitating rapid heat trans-
fer to the heat sink.4–6 By utilizing TIMs with excellent TC, the
operating temperature of electronic devices can be signicantly
lowered, thereby extending their lifespan, enhancing perfor-
mance, and preventing failures caused by overheating.7–9 Due to
their vital role in thermal management, TIMs are widely used in
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high-power-density devices such as computer processors, LED
lighting systems, and power semiconductors.10,11

PDMS is considered an ideal base material for thermal
management because of its excellent processability, chemical
stability, and electrical insulation properties.12–14 However, the
intrinsic thermal conductivity of PDMS is relatively low
(approximately 0.2 W m−1 K−1), which limits its ability to meet
the thermal management requirements of modern high-power
electronic devices. As a result, incorporating thermally
conductive llers into PDMS has become an effective strategy to
enhance its thermal conductivity.15–18 These PDMS-based
composites maintain the exibility of the polymer while
offering superior thermal management performance. In the
study of thermally conductive llers, various materials,
including carbon nanotubes,19,20 graphene,21,22 silver,23,24 boron
nitride,25,26 and alumina,27,28 have been explored to enhance the
thermal conductivity of composites. However, the electrical
conductivity of metallic and carbon-based llers limits their
application in insulation-critical elds, making ceramic llers
the preferred choice. Among these, hexagonal boron nitride
(BN) stands out as an ideal candidate for high-performance,
electrically insulating thermally conductive composites. BN
exhibits an in-plane thermal conductivity of ∼200 W m−1 K−1

and out-of-plane thermal conductivity of ∼30 Wm−1 K−1, along
© 2025 The Author(s). Published by the Royal Society of Chemistry
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with excellent electrical insulation, thermal stability, and low
dielectric constant.29,30 Although recent developments have
demonstrated remarkable thermal conductivities using
advanced ller architectures—such as vertically aligned boron
nitride nanoribbons (BNNRs)31 and BN microspheres assem-
bled from nanosheets32—these approaches oen involve
complex alignment techniques or template-assisted synthesis,
which may hinder scalability.

However, incorporating large amounts of BN into polymers
oen leads to suboptimal thermal and mechanical properties.
This is primarily due to the strong van der Waals forces between
BN layers, which cause agglomeration and hinder uniform
dispersion within the polymer matrix. Such agglomeration
creates discontinuities in the thermal conduction pathways,
reducing the composite's overall thermal conductivity. Addi-
tionally, the inert surface of BN exhibits poor interfacial
compatibility with the polymer matrix, resulting in signicant
interfacial thermal resistance, which impedes heat transfer
from the polymer to the thermally conductive ller, further
compromising the composite's thermal conductivity.

To overcome these challenges, researchers have proposed
strategies for constructing three-dimensional thermal networks
based on BN to enhance the thermal conductivity of compos-
ites. For example, Qin et al.33 used melamine sponge (MS) as
a framework, coated with boron nitride nanosheets (BNNSs),
and employed polyvinyl alcohol (PVA) as a binder to successfully
fabricate a 3D-networked BNNS@MS/PVA composite hydrogel.
This composite achieved a thermal conductivity of 1.12 W m−1

K−1 at a BNNSs content of approximately 6 wt%, which is twice
that of pure hydrogel. Similarly, Pan et al.34 utilized freeze-
drying technology to construct a vertically aligned network
structure of cellulose/m-SiC nanowires/m-BN/resin aerogel (CA/
m-SiC/m-BN/EP), with cellulose acting as the binder. This
composite exhibited a vertical in-plane thermal conductivity as
high as 2.21 W m−1 K−1 while maintaining signicantly
improved insulation performance. Our previous research
explored two innovative approaches to enhancing the thermal
conductivity of polymer-based composites. In one study,29 we
developed a novel composite featuring a dual thermal network
structure of BN and Al2O3, utilizing polyimide (PI) as the binder
and epoxy resin (EP) as the matrix. The results demonstrated
that when the composite contained 17.67 wt% BN and
26.23 wt% Al2O3, it achieved a thermal conductivity of 1.077 W
m−1 K−1, marking a 496% improvement over pure EP. In
another study,30 we employed a hard-template method using
PMMA microspheres as sacricial materials and a small
amount of PVA as a binder to fabricate a lightweight 3D BN@Ag/
EP composite with high thermal conductivity and excellent
dielectric properties. With a ller content of 26 wt%, the
composite reached a thermal conductivity of 1.381 W m−1 K−1,
demonstrating the effectiveness of this approach in enhancing
thermal performance. These studies demonstrate that using
binders (typically polymers) to support the 3D BN thermal
network in composites can enhance thermal conductivity.
However, the presence of binders between the thermally
conductive llers increases interfacial thermal resistance,
which impedes efficient heat transfer between the llers. This
© 2025 The Author(s). Published by the Royal Society of Chemistry
resistance signicantly diminishes the effectiveness of the 3D
thermal network.35,36 Therefore, constructing a binder-free 3D
BN in composites remains a major challenge.

Inspired by numerous studies that employ sacricial
template methods, such as salt-templating37,38 and ice-
templating techniques,35,39 to construct 3D BN, this study uses
NH4HCO3 as a sacricial template. Leveraging its thermal
decomposition into gaseous products, we constructed a dense,
binder-free 3D BN thermal network within a PDMS matrix to
enhance the composite's TC. Through processes such as
blending, cold pressing, and heating, a self-supporting, binder-
free 3D BN was formed. Subsequently, PDMS was inltrated
into the 3D BN via vacuum impregnation. Following this prep-
aration method, we successfully fabricated 3D BN/PDMS
composites with excellent TC. Through comparative experi-
ments and nite element simulations, we systematically inves-
tigated the effects of the 3D BN, BN particle size, and
distribution on the TCs of the composites.

2. Experimental section
2.1 Materials

BN (2, 11, 20, 40 mm) was purchased from Shanghai Zhongye
New Material Co., Ltd. NH4HCO3 (decomposition temperature
is above 36 °C) was supplied by Shanghai Macklin Biochemical
Co., Ltd. PDMS (Sylgard 184, 1.03 g cm−3) was obtained from
Dow Corning New Materials Co., Ltd.

2.2 Preparation of 3D BN and 3D BN/PDMS composites

As depicted in Fig. 1, BN and NH4HCO3 of varying sizes were
mixed in equal mass ratios (1 : 1). The mixture was compressed
at 10 MPa for 10 minutes using a tablet press to form 1.2 g bulk
BN/NH4HCO3 samples with demotion of 40 × 10 × 1.5–2 mm.
These samples were then placed in 30 mL polytetrauoro-
ethylene (PTFE) containers and dried at 75 °C for 12 hours to
ensure complete decomposition of NH4HCO3, resulting in the
formation of the 3D BN. Subsequently, 2 g PDMS (precursor :
curing agent= 9 : 1 by mass) was carefully poured into the PTFE
containers containing the 3D BN. The mixture was vacuum-
impregnated for 5 hours to replace air voids in the 3D BN
with PDMS. Finally, the samples were cured at 100 °C for 5
hours to yield the 3D BN/PDMS composites. Composites con-
taining BN of varying particle sizes (2 mm, 11 mm, 20 mm, and 40
mm) were labeled BP-1, BP-2, BP-3, and BP-4, respectively. For
comparison, randomly distributed BN/PDMS composites with
the same BN content as the BP series were prepared using
mechanical mixing method40,41 and designated as rBP-1, rBP-2,
rBP-3, and rBP-4.

2.3 Characterization

The microstructure of the composites was observed using
a scanning electron microscope (SEM, Nova NanoSEM 450, FEI,
USA) operated at an accelerating voltage of 10 kV. Elemental
distribution was characterized using an energy-dispersive X-ray
spectrometer (EDS) attached to the SEM. The phase structure of
BN particles with different sizes was analyzed via X-ray
RSC Adv., 2025, 15, 17388–17396 | 17389
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Fig. 1 Schematic diagram of the fabrication process of 3D BN/PDMS composite.
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diffraction (XRD, Empyrean, PANalytical B.V., Netherlands)
using Cu Ka radiation (l = 0.154 nm), with a scanning range of
10–80° and a scanning speed of 5° min−1. The thermal stability
of the composites was evaluated using a thermogravimetric
analyzer (TGA, Q1000, TA) under a nitrogen atmosphere to
prevent oxidative degradation and ensure accurate evaluation of
thermal stability, from 30 to 800 °C at a heating rate of 10 °
C min−1. The coefficient of thermal expansion (CTE) of the
composites was measured using a thermomechanical analyzer
(TMA, model TMA 402 F1 E1, Netzsch) in the temperature range
of 25–150 °C, with a preload force of 0.02 N and a heating rate of
5 °C min−1. The TCs (k) of the composites were calculated using
the formula:

k = a × r × Cp

where a is the thermal diffusivity (mm2 s−1), measured at 25 °C
using a laser ash analyzer (LFA 467, NETZSCH, Germany); r is
the density of the composites (g cm−3), determined via the
Archimedes method; and Cp is the specic heat capacity (J g−1

K−1), measured using a differential scanning calorimeter (DSC,
Discovery DSC, TA Corporation, USA). The temperature evolu-
tion on the surface of the heated samples over time was recor-
ded using an infrared thermal imaging camera (260 B, UTI). The
compressive strength of the composites was determined using
a universal testing machine (CMT6104, SENS) under a loading
rate of 0.2 mm min−1 in the resin casting body compression
testing mode, with samples in the form of cylinders with
a diameter of 10 mm and a thickness of 1.5–2 mm.
Fig. 2 SEM images of (a) 2 mm BN, (b) 11 mm BN, (c) 20 mm BN and (d)
40 mm BN. (e) XRD patterns of BN with different sizes.
3. Results and discussion
3.1 Filler morphology and phase analysis

Fig. 2(a)–(d) show the SEM images of BN particles with varying
sizes. All samples exhibit a lamellar structure with smooth
surfaces and are free from impurities. The well-preserved
17390 | RSC Adv., 2025, 15, 17388–17396
crystalline structure is crucial for maintaining the intrinsic TC
of the raw material.1 Fig. 2(e) presents the XRD patterns of BN
with different particles sizes. All samples display characteristic
BN peaks at 26.76°, 41.60°, 43.87°, 50.15°, 55.16°, and 75.93°,
with no additional peaks. According to the standard PDF card
for BN (JCPDS#34-0421), these peaks correspond to the (002),
(100), (101), (102), (004), and (110) crystal planes, respectively.
This conrms that the BN particles used in the experiments
retain an intact crystalline structure, with no signicant defects.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2 Morphology analysis of composites

A continuous 3D thermal network is essential for determining
the thermal conductivity of composites.42 However, the self-
supporting 3D BN obtained aer the removal of NH4HCO3 is
too fragile to be directly characterized by SEM. Fig. 3(k) shows
the EDS mapping images of BP-4, where the dark, smooth
regions correspond to PDMS (indicated by Si distribution), and
the regions representing the 3D BN are shown by B distribution.
Fig. 3(a)–(d) display low-magnication SEM images of the cross-
sections of the BP series composite. The intact 3D BN structures
observed in all samples suggest that the prefabricated self-
supporting 3D BN can withstand the pressure exerted by
PDMS during the vacuum inltration process. PDMS effectively
lls the pores of the 3D BN and maintains an interconnected
state aer curing, which is crucial for establishing continuous
thermal conduction pathways in the composite. Furthermore,
no unlled pore regions le by NH4HCO3 decomposition were
observed in any of the samples, indicating excellent compati-
bility between the constructed 3D BN and PDMS in this study.

It is well established that sheet-like BN exhibits anisotropic
thermal conductivity, with in-plane TC signicantly higher than
through-plane TC.43 Thus, the distribution of sheet-like BN
signicantly inuences the TC of the composite. The rigid
NH4HCO3 particles compress the BN into their interstitial
spaces, causing sheet-like BN near the NH4HCO3 particles to
align perpendicular to the applied pressure. However, due to
the irregular crystal structure of NH4HCO3, the size of the
interstitial spaces varies randomly during cold pressing. Both
the gap size and the size of BN particles inuence the nal
distribution of BN.
Fig. 3 SEM images and corresponding enlarged images of (a) and (e) BP-
(k) EDS mapping images of BP-4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 3(e)–(h) show magnied SEM images of the cross-
sections of the BP series composite, highlighting the distribu-
tion of BN particles with varying sizes. Notably, no polymer-
based adhesive is present between the BN particles in any of
the samples, preventing signicant ller-to-ller interfacial
thermal resistance typically introduced by materials with
inherently low thermal conductivity.36 As shown in Fig. 3(e), in
BP-1 (with 2 mm BN), most BN particles exhibit a relatively
disordered distribution, with only a small fraction forming
stacked layers near the PDMS interface. This suggests that
during cold pressing, NH4HCO3 particles induce only a limited
number of 2 mmBN particles to form stacked layers, resulting in
a low-quality 3D layered thermal network. However, as the BN
particle size increases, Fig. 3(f)–(h) show a progressive increase
in the proportion of stacked BN particles, with stacked BN layers
forming the foundation of a high-quality thermal network.
Nonetheless, since BN is a rigid material, larger BN particles
lead to greater porosity within the 3D BN, which signicantly
reduces the density of the thermal network.

3.3 Thermal conductivities of composites

TC is a critical metric for evaluating the performance of ther-
mally conductive composites. In this study, the mass ratio of BN
to NH4HCO3 in all samples was xed at 1 : 1 during preparation,
ensuring consistent ller content across all samples. Based on
the TGA curve of BP-3, the ller content in the composites was
calculated to be approximately 40.70 vol% (detailed calculations
are provided in Fig. S1†). Fig. 4(a) shows the TCs of the
composite samples. For reference, the TC of pure PDMS was
measured at 0.187 Wm−1 K−1. Overall, the TCs of the rBP series
composites exceed 1 W m−1 K−1, signicantly higher than that
1, (b) and (f) BP-2, (c) and (g) BP-3, (d) and (h) BP-4, and (i) and (j) rBP-3.

RSC Adv., 2025, 15, 17388–17396 | 17391
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Fig. 4 (a) The TCs of composites at room temperature. (b) Comparison of the TCs of polymer matrix composites reinforced by BN reported in
recent years. (c) The TCs of BP-3 composite during 10 thermal cycles.
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of pure PDMS. This indicates that the incorporation of BN
effectively enhances the TCs of the composites. However, BN
particle size does not appear to have a substantial impact on the
TCs of the rBP series composites. For the BP series composites,
the TCs range from 2 to 4 W m−1 K−1, which is notably higher
than the 1–1.3 W m−1 K−1 observed for the rBP series
composites. This highlights the advantage of using NH4HCO3 to
pre-construct the 3D BN. Additionally, as the BN particle size
increases, the TCs of the BP series composites initially rise and
then decrease. This trend is attributed to the distribution of BN
particles and the density of the thermal network. The BN
distribution can be inferred from the SEM characterization,
while the density of the thermal network correlates positively
with the composite density,44 as shown in Table S1.† As the BN
particle size increases, the density of the thermal network
decreases. For BP-1, the thermal network density is the highest
in the BP series. However, the proportion of BN particles
forming high-quality stacked layers is relatively small due to the
limited alignment of the 2 mm BN particles during cold
pressing. Moreover, with the same ller content, BP-1 contains
a greater number of BN particles, which increases ller–ller
interfacial thermal resistance. These factors result in a TC of
only 2.123 Wm−1 K−1 for BP-1. As the BN particle size increases
to 20 mm (BP-3), the thermal network density decreases slightly,
but a higher proportion of BN particles align to form stacked
layers, constructing a higher-quality thermal network. Addi-
tionally, the reduced number of BN particles in BP-3 compared
to BP-1 minimizes ller–ller interfaces and reduces interfacial
thermal resistance, leading to a TC of 3.889 Wm−1 K−1. In BP-4
(with 40 mm BN), although a high proportion of stacked BN
layers is observed, the network density decreases signicantly
due to increased porosity in the 3D BN. This results in fewer
17392 | RSC Adv., 2025, 15, 17388–17396
contact points between rigid BN particles, hindering heat
transport and leading to a slightly lower TC of 3.707 W m−1 K−1

compared to BP-3. These results indicate that, in the strategy of
using NH4HCO3 as a hard-template method to fabricate 3D BN/
PDMS composites, the BN particle size creates a competitive
relationship between the quality and density of the 3D thermal
network. This competition ultimately determines the compos-
ite's TC.

Fig. 4(b) compares the TCs of polymer matrix composites
reinforced by BN, showcasing various structures reported in
recent years.29,45–54 The results highlight the superiority of our
NH4HCO3 hard-template strategy for preparing 3D BN/PDMS
composites. TIMs frequently undergo temperature uctua-
tions during electronic device operation. The stability of the TCs
is crucial, as TIMs must maintain consistent performance
across temperature variations to ensure reliable heat
dissipation.55

To assess the stability and reliability of our composites
under practical conditions, Fig. 4(c) presents the TC of BP-3
during thermal cycling between 25 °C and 75 °C. The results
show that BP-3 maintains stable TCs of approximately 3.8 W
m−1 K−1 at 25 °C and 4.3 W m−1 K−1 at 75 °C over 10 thermal
cycles, with no signicant uctuations. This demonstrates the
excellent thermal stability of BP-3 under thermal cycling,
making it suitable for applications in environments with
temperature uctuations.

To further explore the inuence of different distribution
states of the thermally conductive ller BN on heat transfer
performance, we conducted transient nite element simula-
tions of local regions within PDMS, BP-3, and rBP-3 composites
using COMSOL Multiphysics 6.1. The simulations were based
on the generalized heat transfer equation within the solid heat
© 2025 The Author(s). Published by the Royal Society of Chemistry
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transfer module, and were informed by previous studies.56 A
qualitative analysis was performed to assess the thermal
conduction behavior. In the rBP-3 model, BN is uniformly
distributed within the PDMS matrix. Each mesh element in this
model was treated as a homogeneous mixture of BN and PDMS,
requiring only the overall thermal conductivity parameters of
the composite. In the BP-3 model, PDMS regions were modeled
as spheres based on the size of NH4HCO3. Details of the model
dimensions and thermal conductivity parameters are provided
in the supplementary materials (Table S2†). The initial ambient
temperature for all models was set to 293.15 K, with the bottom
surface dened as a constant-temperature heat source at 373.15
K, the sides thermally insulated, and the top surface subject to
natural convection. To capture transient heat transfer, the
simulation time step was set to 0.1 ms, with a total simulation
duration of 2 ms. Fig. 5 illustrates the volumetric temperature
distributions of the models. In the PDMS and rBP-3 models,
heat propagates slowly and uniformly upward from the bottom
surface, with the rBP-3 model exhibiting a faster heat transfer
rate compared to the PDMS model. In contrast, the BP-3 model
shows signicantly enhanced overall thermal conductivity.
Further analysis of the heat ux directions within the compos-
ites (Fig. S2†) reveals that in the PDMS and rBP-3 models, heat
ux propagates vertically without distinct thermal pathways due
to the homogeneous nature of the materials. However, in the
BP-3 model, heat ux preferentially follows the 3D BN,
emphasizing the advantage of pre-constructing this network
within PDMS. This difference in heat transfer rates is also re-
ected in the temperature distribution of the top surfaces over
time (Fig. S3†). At 2 ms, the average temperature of the top
surface in the BP-3 model reaches 326.63 K, signicantly higher
than the 293.15 K in the PDMS model and 293.17 K in the rBP-3
model.
Fig. 5 Finite element simulation of heat transfer in different models.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.4 Thermal management and thermal expansion
performance of composites

The primary function of thermally conductive composites is to
efficiently transfer heat from a heat source to a heat sink. To
visually demonstrate the thermal management capabilities of
different structural composites, samples of PDMS, rBP-3, and
BP-3 were placed on a heating stage (Fig. S4†), and the surface
temperature changes were recorded using a handheld infrared
thermal imaging device. Temperature changes were monitored
from the moment the heating stage was activated until 180
seconds, to evaluate the thermal management performance.
The surface temperature of the material directly reects its
thermal management effectiveness, with a higher surface
temperature at a given time indicating better heat transfer
efficiency and thermal management performance.

Fig. 6(a) presents both physical images and infrared thermal
images of the composites. At time 0 s, all three composites had
the same initial temperature. However, aer 10 seconds of
heating, noticeable differences in surface temperatures
emerged. The surface temperature of BP-3 reached 30.4 °C,
signicantly higher than that of rBP-3 and PDMS. From 10 s to
180 s, the surface temperatures of the composites consistently
followed the order: BP-3 > rBP-3 > PDMS. This pattern indicates
that, under identical heterogeneous interface conditions, BP-3
exhibits superior thermal management performance
compared to both rBP-3 and PDMS.

During installation and operation, TIMs are typically sub-
jected to compressive forces. This compression helps eliminate
air gaps between the heat source and the heat sink, thereby
minimizing interfacial thermal resistance. Consequently,
adequate compressive strength is essential to ensure that the
composite material maintains structural integrity under load
and that the internal thermal network remains intact.57–59 To
investigate the effect of a thermally optimal 3D BN on the
RSC Adv., 2025, 15, 17388–17396 | 17393
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Fig. 6 (a) Optical images and infrared thermal images of the composites. (b) Compressive stress–strain curves of PDMS, rBP-3, and BP-3. (c) The
CTE curves of the composites.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 5
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compressive stress of PDMS-based composites, we selected
three representative samples: PDMS, rBP-3, and BP-3. As shown
in Fig. 6(b), the compressive stress–strain behavior of the
samples was evaluated up to 15% strain. The compressive stress
of PDMS and rBP-3 was measured to be 0.67 MPa and 1.08 MPa,
respectively. The increase observed in rBP-3 is likely due to the
enhanced rigidity imparted by BN and the reduced PDMS
content. Notably, the BP-3 sample exhibited a substantially
higher compressive stress of 3.81 MPa, indicating that the
presence of a 3D BN structure signicantly restricts the defor-
mation of the PDMSmatrix. In contrast, randomly dispersed BN
in rBP-3 exerted a lesser constraint on matrix deformation.
These ndings further suggest that the incorporation of a 3D
BN helps preserve a stable thermal conduction pathway within
the composite under mechanical stress.

The CTE is critical for the structural stability and durability
of thermally conductive composites.60 In electronic and aero-
space applications, these composites are oen used alongside
other materials. Variations in the CTE between materials can
lead to interfacial stress concentrations, causing interface
damage or even material cracking, which compromises thermal
pathways and reduces heat transfer efficiency. Therefore, a low
CTE is benecial, as it helps materials maintain dimensional
stability under temperature uctuations, ensuring long-term
reliable thermal performance and mechanical integrity.61 In
this study, PDMS, BP series composites, and rBP-3 composites
were selected to investigate the impact of BN particle sizes and
the 3D BN on the CTE of PDMS-based composites. Fig. 6(c)
shows the temperature-dependent CTE curves for all samples.
Pure PDMS exhibits the highest CTE, reaching 367.88 ppm K−1

at 150 °C. Due to the ultra-low CTE of BN (in-plane CTE:
17394 | RSC Adv., 2025, 15, 17388–17396
−2.7 ppm K−1; out-of-plane CTE: 38 ppm K−1),62 the CTE of rBP-
3 at 150 °C is 316.32 ppm K−1, signicantly lower than that of
pure PDMS. The CTE of BP-3 is even lower than that of rBP-3,
which can be attributed to the thermal stability provided by
the 3D BN. This network effectively limits the expansion of
PDMS, helping the composite maintain dimensional stability
during temperature uctuations. Moreover, the 3D BN provides
structural support, dispersing stress during temperature
changes and reducing the volume change of the composite
material.63 Further comparison of the CTEs of the BP series
composites reveals that CTE increases with BN particle size.
This is likely due to the reduced density of the thermal network
as BN particle size increases, leading to a higher proportion of
air in the composite. Since the thermal expansion coefficient of
air is as high as 3400 ppm K−1, the CTE of the BP series
composites rises with increasing BN particle size.
4. Conclusion

In this study, we successfully developed a binder-free 3D BN
within a PDMS matrix using a simple sacricial templating
method based on NH4HCO3 decomposition. By varying the
particle size of micro-scale BN akes, we systematically explored
how ller size and distribution affect the thermal conductivity
of the composites. Our results revealed a trade-off between the
quality and density of the thermal network, with 20 mm BN
akes forming the most effective heat conduction pathways and
achieving a maximum thermal conductivity of 3.889 Wm−1 K−1

at a ller content of 40.7 vol%. Finite element simulations
qualitatively conrmed the role of BN distribution in guiding
heat ow, while thermal cycling tests demonstrated excellent
© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermal stability. The composites also exhibited reduced
thermal expansion and retained reasonable compressive
strength, indicating their potential for use in thermal interface
materials.
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