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thermal conductivity under repeated tensile strain†
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As modern electronic devices become smaller and more highly integrated, stable thermal management is

emerging as a key development approach, including in applications consideringmechanical deformation. In

this study, a flexible heat-dissipating sheet was developed using composites of insulating graphene (I-Gr),

plate-like boron nitride (BN-P), and aggregated spherical BN (BN-A) based on a high-elasticity

styrene–(ethylene–butylene)–styrene (SEBS) elastomer. The unique asymmetric two-dimensional layered

structure of I-Gr and BN improved the heat transfer properties of the composite by maintaining the

continuity of the heat-conducting network despite tensile deformation. In addition, the spherical shape

and disordered structure of the aggregated BN-A promoted the formation of an extended heat-

conducting path and enhanced the bonding between the fillers. At the optimal composition, the

composite maintained an initial thermal conductivity (TC) of 2.0 W m−1 K−1 or higher, and the TC

reduction (DTC) was less than 8% and 10% at 50% and 100% elongation, respectively, demonstrating

excellent TC stability. In addition, owing to the interfacial affinity and network reinforcing effect of I-Gr,

the TC performance and structural stability were maintained even after 500 cycles of 50% tensile strain

and 400% elongation. In contrast, the CNT-based composite showed limitations such as low initial TC,

large DTC, and low elongation. This study presents a design strategy for a heat-dissipating material with

high elasticity, high TC, and excellent durability, offering considerable potential for use in next-

generation flexible electronic devices such as wearable electronics, freeform displays, and soft robotics.
Introduction

In modern times, the development of electronic devices and
semiconductor technology has been advancing toward high-
performance integration. This development, along with the
increasing density of electronic devices, further highlights the
importance of thermal management.1 In particular, efficient
heat dissipation is essential for applications such as high-power
LEDs,2 semiconductor devices,3,4 5G communication equip-
ment,5,6 electric vehicles, and their battery systems.7–9 If effective
thermal management is not achieved, excessive heat accumu-
lation can lead to performance degradation, reduced reliability,
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and, in severe cases, physical damage to electronic devices.10

Traditional heat-conducting substrates provide excellent
thermal conductivity (TC); however, they are limited in meeting
the demands of modern industries, which require increasingly
smaller andmore exible electronic devices. In particular, xed-
shape substrates may not be suitable for exible or deformable
device structures. To address this issue, stretchable heat-
conducting substrates have been developed.11 As the possibili-
ties for freeform displays without shape constraints expand,
material innovation with appropriate deformation characteris-
tics and the ability to respond without structural resistance is
considered the ultimate goal.

Research on stretchable heat-dissipating substrates has
primarily focused on combining thermally conductive llers
with high-elongation elastomers. Stretchable heat-dissipating
substrates composed of silicone-based elastomers and liquid
metals tend to have increased TC with elongation because of
liquid metal deformation during the stretching process forming
a heat transfer network.12,13 However, liquid metals are inher-
ently unstable, and struggle to form heat-transfer networks
owing to interparticle repulsion and surface oxidation. In
addition, their overall TC is low because they are wrapped in
Nanoscale Adv.
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elastomers with insulating properties. Additionally, liquid
metals are heavy and present signicant handling and dura-
bility issues, such as the formation of metal oxide layers,
leakage risk, and process complexity. In contrast, elastomers
based on rigid llers can efficiently maintain thermal conduc-
tivity under deformation even with a relatively small ller
content through appropriate ller design, interfacial control,
and network structures. They also offer advantages in
mechanical durability and ease of commercialization, making
them still benecial stretchable thermal interface materials.
However, most existing rigid ller systems face issues such as
the collapse of the thermal conduction network under stretch-
ing, mechanical damage due to stress concentration, and
performance degradation from interfacial debonding. To
improve thermal performance, high ller content is oen
applied, but at high loading, stretchability and elasticity are
compromised, resulting in a trade-off between enhanced
thermal conductivity and mechanical compliance.14 For
example, a high-content, high-heat-dissipation composite
material can be produced by adding hexagonal BN (h-BN) to so
polyurethane polymers.15 In this case, with 50 wt% h-BN
content, 10.3 Wm−1 K−1 was achieved, and the initial value was
maintained aer 100 cycles of bending and twisting. However,
under 100% elongation, the thermal conductivity decreased to
3.3 W m−1 K−1, representing a 68% reduction.15 When silver
nanoparticles were used, thermal conductivity decreased by
about 50% under only 25% elongation.16

Flexible freeform displays and electronic device applications
require focus on ensuring reliability through strategies that
maintain robustness under various shape deformations while
managing thermal and mechanical stresses. In this study, we
fabricated a stretchable heat-dissipating substrate that over-
comes the limitations of existing heat-dissipating lms by
utilizing graphene and BN,17,18 which are well-known thermally
conductive llers, based on styrene–(ethylene–butylene)–
styrene (SEBS), an elastomer with excellent elasticity. In
particular, by introducing asymmetric-structured insulating
graphene (I-Gr), we formed an anisotropic thermal conduction
network, which, due to its asymmetric structure, can rotate and
rearrange (sliding/rotation) under stretching without frac-
turing, helping to maintain thermal pathways and minimize
thermal conductivity degradation under deformation compared
to conventional rigid llers. Furthermore, electrical insulation
was imparted to ensure device safety. BN, a 2D ller with high
thermal conductivity and electrical insulation, contributes to
interfacial adhesion through p–p interactions and van der
Waals forces with SEBS, helping to distribute loads applied
during deformation. Through the combined use of I-Gr and BN
and optimal design, we aimed to maintain the ller network
during tensile deformation, controlling the stability of the
thermal conduction network and the efficiency of stress trans-
fer. By compounding these llers with SEBS elastomer, we
utilized the excellent stretchability and recoverability of SEBS to
maintain structural stability under repeated mechanical
loading. Through the hybridization of asymmetric graphene
and BN in SEBS, we produced a stretchable thermal interface
Nanoscale Adv.
material that simultaneously achieves thermal conductivity,
stretchability, and electrical insulation.

Experimental
Material preparation

I-Gr (XCM Inc.; particle size d50 3–5 mm, thickness 300–500 nm,
specic surface area <20 m2 g−1, oxygen content 10–15%), BN-P
(CFP006, 3 M; particle size d50 5–8 mm, specic surface area <20
m2 g−1), BN-A (CFA250S, 3 M; particle size d50 40–100 mm,
specic surface area <4.5 m2 g−1), carbon nanotubes (CNT,
MR99, Carbon Nano-material Technology Co., Ltd; particle size
d50 5–15 nm, length ∼10 nm, aspect ratio >500, specic surface
area 100–700 m2 g−1) were used as llers to improve TC. The
linear triblock copolymer SEBS (G1645 VO, KRATON Corp.,
polystyrene content of 11.5–13.5%), was used to form a matrix
for the composite while imparting elasticity. Cyclopentyl methyl
ether (CPME; $99.90%, Sigma-Aldrich) was used as a solvent
without further purication.

Fabrication of stretchable heat-dissipation sheets

To uniformly mix I-Gr into the SEBSmatrix, UV-ozone treatment
was performed on both sides for 30 min each for a total of 1 h
using a UVO Cleaner (AH-1700, AhTECH Leading Technology
Systems Co., Korea) to remove surface organic substances and
modify the surface. The surface-treated graphene (I-Gr) was
added to 1.0 wt% CPME solvent and dispersed for 1 h using
a sonicator (SD-D400H, Sungdong Ultrasonic Co., Korea). To
prevent overheating and oxidation, the ultrasonic device was set
to a frequency of 40 kHz and power setting of 40% for 15 min
each for four cycles. SEBS was added to the dispersed solution at
20 wt% relative to CPME and mixed using a paste mixer (HGT-
4000DI, LM TECH., Korea) at 800 rpm for 5 min each for four
cycles. BN-P and BN-A were then added to this solution in a 1 : 2
ratio such that the BN-P/A composite component was 14 wt%
relative to CPME. Mixing was performed with a paste mixer for
5 min. The mixed I-Gr–BN-P/A–SEBS mixture was cast onto
a glass substrate to a thickness of 1 mm and air dried at room
temperature (∼25 °C) for more than 30 min. Subsequently, it
was dried in a forced-convection oven (LO-FS100, LK LAB
KOREA lnc.) at 90 °C for over 12 h to completely remove residual
solvents. The dried I-Gr–BN-P/A–SEBS sheet was heat-
compressed at 170 °C and 400 kg cm−2 using a hot press
(QM900L, QMESYS, Korea), minimizing heat damage by
limiting hot-press contact to 5 min. The resulting I-Gr–BN-P/A–
SEBS-based stretchable heat-dissipation sheets had constant
thicknesses of 0.35 mm.

Characterization of stretchable heat-dissipation sheets

The fabricated I-Gr–BN-P/A–SEBS-based stretchable heat-
dissipation sheet was cut to a size of 60 × 80 mm. The in-
plane TC was measured using a Hot Disk (TPS 2500S, Hot
Disk®, Sweden) to evaluate the thermal properties without
physical deformation. A TC sensor (5465 F2, Kapton-insulated
Sensors) with an effective measurement area of 3.2 mm diam-
eter was used. The specimen was attached above and below the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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sensor and pressed with a weight to atten it. The measure-
ments were performed thrice for 10 s each in the in-plane
direction at a heating power of 20 mW, and the average value
was calculated. To evaluate the thermal properties of the
stretchable heat-dissipation sheets according to their elonga-
tion, a horizontal cyclic elongator (COAD 526, Ocean Science
Co., Korea) was used to continuously apply repeated elongation
deformation. The specimen was stretched to the maximum
elongation achievable without damage or breakage, and the
elongation (%) relative to the initial length was calculated. A
Hot-Disk sensor was installed in the cyclic elongator to measure
TC in the elongated state (stationary) and the variation in TC
under cyclic elongation. The retention of TC properties before
and aer stretching was quantied using the TC change rate
calculation formula, DTC (%) = (TC0% − TC50%)/TC0% × 100
(TC0%: measured initial TC, TC50%: measured TC at 50% tensile
strain).

The alignment and morphological changes of the llers due
to stretching were observed by examining the cross-section
using scanning electron microscopy (SEM; JSM-7401F, JEOL,
Japan). The heat dissipation performance was assessed by
visualizing the heat generation and distribution patterns of the
area where the sheet was applied using an infrared camera
(T420, FLIR® Systems, Inc., Oregon, USA). Furthermore,
a stretchable heat-dissipation sheet was placed on top of a hot
plate set to 50 °C and the temperature was continuously
measured over a set amount of time at room temperature (25 °
C).

The mechanical property of the heat-dissipation sheet was
measured using a universal testing machine (UTM, Lloyd
Instruments, Ametek LD10). Under ambient conditions,
a uniaxial tensile load of 100 N was applied, and tensile testing
was performed at a constant speed of 100 mm min−1 until
fracture occurred, while collecting stress–strain data. The
tensile specimens were xed at a thickness of 350 mm and cut
into a dog-bone shape (width 10 mm, gauge length 25 mm) so
that fracture would occur in the central region of the specimen,
by ASTM D882 (standard test method for tensile properties of
thin plastic sheets, less than 1.0 mm in thickness) (using
QMESYS, Q-14).

Results and discussion

Fig. 1(a) illustrates a schematic diagram of the exible heat-
dissipating sheet developed in this study. Using SEBS elas-
tomer as a matrix to form composites with I-Gr, BN-P, and BN-A,
a exible heat management material was fabricated. The
composite was designed to support the formation of a thermal
conduction path despite having a complex shape or being
subjected to mechanical stress while exhibiting exibility and
elasticity that allow surface attachment. Graphene and BN have
standard two-dimensional (2D) van der Waals layered struc-
tures and exhibit excellent heat transfer properties owing to the
anisotropy of their in-plane and inter-plane thermal
conductivities.19–21 In particular, the I-Gr used in this study is
a partially exfoliated form of graphene, which introduces
asymmetric structural defects into the hexagonal lattice.22 This
© 2025 The Author(s). Published by the Royal Society of Chemistry
conguration effectively provides electrical insulation and TC
by lowering the electrical conductivity and strengthening
interlayer interactions. Traditional graphene has high TC
(∼5300 W m−1 K−1), low density (2.2 g cm−3), and excellent
exibility, making it promising as a thermally conductive
material; however, its high electrical conductivity limits its
application in highly integrated electronic devices.22,23 I-Gr
addresses these issues and help maintain the stability of the
heat-conducting network even under tensile conditions through
its structural asymmetry. Meanwhile, BN is also based on
a hexagonal crystal structure and has an asymmetric 2D
arrangement of alternating nitrogen and boron atoms. This
structural characteristic enhances the anisotropy of the phonon
dispersion and induces the formation of zigzag-shaped heat
transfer paths, contributing to accelerated heat diffusion.19,24

Because h-BN has a lattice structure similar to that of I-Gr,
a stretchable and thermally conductive heterostructure was
designed by mixing them, allowing effective retention of the
geometrical thermal properties of I-Gr. This study attempted to
further increase the efficiency of heat conduction along the in-
plane direction by utilizing the asymmetry of the I-Gr and h-BN
crystal structures. In addition, the layered structure bonded by
weak van der Waals forces has so lubricating properties;
therefore, it can effectively exhibit stretchability. Based on these
characteristics, BN-P and BN-A were mixed and applied together
with I-Gr to design a thermal conduction path that could be
stably maintained under deformation. In particular, we evalu-
ated whether the structural disorder and agglomeration of BN-A
can positively promote thermal conductivity.

Fig. 1(b) shows a schematic of the actual manufacturing
process of a exible heat-dissipating sheet. Layered plate llers
were aligned in the plane direction through heat pressing,
thereby effectively forming an in-plane heat conduction path
and implementing a heat-dissipation sheet with a high-
elasticity network. Fig. 1(c) exhibits the tensile properties of
the fabricated I-Gr–BN-P/A–SEBS composite sheets. The spec-
imen has excellent elongation of up to 400% using manually
applied force. Fig. 1(d) shows the results of evaluating the heat
dissipation performance by placing the sheet on a 50 °C hot
plate while maintaining a 400% tensile strain. When comparing
the I-Gr–BN composite sheet with an unmodied SEBS sheet
under identical conditions, the composite sheet exhibited faster
heat dissipation and a slower increase of surface temperature.
The maximum surface temperature aer 180 s was 45.4 °C,
approximately 5 °C lower than that of the unmodied SEBS
sheet (50.8 °C), indicating that the thermally conductive
network of the composite was effectively maintained even in
a high-elongation state and that excellent heat dissipation
performance was sustained. As a result, the I-Gr–BN-P/A
composite, composed of asymmetrically structured insulating
graphene and BN llers of various shapes, simultaneously
exhibited 2D thermal conductivity characteristics and excellent
elasticity, demonstrating a heat-dissipation sheet with stable
thermal conductivity performance under mechanical
deformation.

The TC and DTC under static and tensile conditions were
analyzed by introducing composites of one-dimensional (1D)
Nanoscale Adv.
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Fig. 1 Concept, fabrication process, and heat dissipation performance evaluation of I-Gr–BN-based stretchable heat-dissipation sheets. (a)
Schematic diagram of the thermally conductive network composed of insulating graphene (I-Gr) and heterogeneous BN fillers (BN-P, BN-A) in
the SEBS polymer matrix. (b) Schematic diagram of the fabrication process of the I-Gr–BN composite stretchable heat-dissipation sheet. (c)
Mechanical elongation performance of the composite sheet. (d) Comparison of heat-dissipation performance under 400% tensile strain.
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and 2D thermally conductive llers (1D CNT, 2D I-Gr, and 2D
BN-P) into the SEBS-based polymer matrix. In particular, the
formation pattern of the composite ller networks and the
difference in heat transfer performance were compared with
respect to the ller-to-ller interaction owing to the structural
characteristics of the llers (1D vs. 2D) and the interfacial
compatibility with SEBS. The TC and DTC under tension of each
composite were compared based on the 50% tension condition.
The TC0% and TC50% were measured immediately aer fabri-
cation (TC 1st) and measured a second time aer an aging step
(TC 2nd), in which thematerial was le at room temperature for
40 min in an elongated state.

Fig. 2(a) shows a schematic diagram of the in-plane thermal
conductivity measurement by the Hot Disk instrument. Fig. 2(b)
shows TC0%, TC50%, and DTC for composites in which the I-Gr
content was increased from 0 to 20 wt%while maintaining BN-P
content at 70 wt%. As the I-Gr content increased, the thermal
conductivity also increased. At 20 wt%, the initial thermal
conductivity showed a remarkable improvement of approxi-
mately 2.75 W m−1 K−1 because the 2D planar structure of
graphene can efficiently form a heat-transfer path. Exfoliated
asymmetric I-Gr effectively alleviated the interfacial resistance
between BN and SEBS. In particular, the composite with 10 wt%
graphene exhibited a minimum DTC of 13% aer aging,
Nanoscale Adv.
indicating improved thermal conductivity stability under
tensile strain, attributed to the synergistic effect between I-Gr
and BN, as well as the improved interfacial compatibility due
to I-Gr. Additionally, the 2D interlayer thermal network that is
extended and rearranged through the aging process appears to
be optimal for correcting the strain within the matrix and for
sufficient dispersion to activate and stabilize phonon transport.

Fig. 2(c) shows the TC characteristics when the BN-P content
was varied from 50 to 90 wt%, while the graphene content was
maintained at 10 wt%. As the BN content increased, the TC0%

increased, with a particularly high value of approximately 3.0 W
m−1 K−1 at 90 wt% BN-P. However, the increase in BN content
caused an undesirable gradual increase in the DTC, with a value
approaching 30% at 90 wt% BN-P, due to tension. Excessive
addition of BN-P exceeding 70 wt% signicantly increased DTC,
indicating that increased BN-P addition is unfavorable for the
application. When the concentration of BN-P, possessing a 2D
plate-like structure, was increased while maintaining 10 wt% I-
Gr, which also has a 2D structure, the initial interaction
between similar asymmetric crystal layers was improved.
However, when tensile strain was applied, a gap appeared
between the layered llers, which were in parallel contact,
shortening the travel distance of phonons, which ultimately
reduced the thermal conductivity signicantly. The increasing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Thermal conductivity (TC) and tensile thermal conductivity reduction (DTC) analysis results for SEBS-based composites with one- and
two-dimensional fillers. (a) Schematic diagram of the in-plane thermal conductivity measurement. (b) TC and DTC with varying insulating-
graphene (I-Gr) content (0–20 wt%) and a fixed 70 wt% BN platelet (BN-P) content. (c) TC and DTC with increasing BN-P content (50–90 wt%)
and fixed 10 wt% I-Gr. (d) Strain–stress curves of pristine SEBS, I-Gr (10%)–SEBS, BN-P (70%)–SEBS, and I-Gr (10%)–BN-P (70%)–SEBS sheets. (e)
TC and DTC with increasing BN-P content and fixed 5 wt% carbon nanotubes (CNT). (f) TC and DTC with varying I-Gr : CNT ratios (10 : 0–6 : 4;
10 wt% in total) and fixed 70 wt% BN-P. 1st: Immediate TCmeasurements after fabrication. 2nd: TCmeasurements after leaving the sample in an
elongated state in room temperature for 40 min.
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trend of DTC with increasing BN gradually decreased to 23% in
the second measurement, indicating that mutual van der Waals
bonds were formed between the I-Gr–BN crystal layers rear-
ranged by the initial stretching and subsequent aging
processes.

As shown in Fig. 2(d), when the matrix consisted of SEBS
alone, the tensile strength was 6.28 MPa and the strain at break
was 980%. When I-Gr was added alone (I-Gr–SEBS), the tensile
strength decreased to 5.4 MPa and the strain at break to 800%,
indicating reduced tensile properties. In contrast, when BN-P
(70 wt%) was added (BN-P–SEBS), the tensile strength and
strain at break increased to 7.0 MPa and 1100%, showing
excellent deformation characteristics. This suggests that BN in
the SEBS matrix favorably contributes to improving the defor-
mation limit characteristics at the fracture point, while I-Gr
tends to attenuate such deformation properties.

As a result, the tensile properties of the I-Gr–BN-P–SEBS
heat-dissipation sheet (tensile strength 6.2 MPa, strain at break
1120%) showed that the enhancing effect of BN strongly
compensated for the degradation effect of I-Gr, demonstrating
the complementarity of the reinforcement mechanisms
between the llers. This indicates that the combined structure
of the two llers effectively manifested the load-bearing role of I-
Gr (enhancing interfacial stress) and the load transfer-
dispersion role of BN-P (improving elongation properties)
through their excellent mutual interactions. BN-P disrupted the
strong p–p stacking between I-Gr layers and suppressed
aggregation, thereby increasing interfacial contact between I-Gr
© 2025 The Author(s). Published by the Royal Society of Chemistry
and SEBS and forming van der Waals bonding between I-Gr and
BN-P.

BN-P was not involved in I-Gr layers, nor was it bound via van
der Waals interactions to I-Gr; however, it directly interacted
with SEBS, leading to increased interfacial bonding and
improved load sharing, which resulted in better elongation. In
this process, the styrene blocks in SEBS formed p–p interac-
tions with I-Gr, and van der Waals and partial p–p-like inter-
actions with BN-P, creating multiple interfacial bonds through
different interaction pathways within the composite. Conse-
quently, stress transfer paths diversied, stress concentration
was dispersed, and interfacial mobility increased, allowing the
ller network to be maintained and adapt exibly under
deformation conditions.

In other words, by combining I-Gr and BN-P with similar
asymmetric 2D crystal structures, the van der Waals forces
acting between them were optimized for molecular and inter-
facial bonding within the SEBS polymer matrix, enabling the
stable realization of a van der Waals heterostructure with
excellent tensile properties.

Fig. 2(e) shows the result of introducing 1D CNT instead of
2D graphene. The introduction of CNT was expected to
compensate the decrease in TC by forming a linear phonon path
in the thermally empty space owing to the separation between
the layered llers due to tensile strain. In the composite where
5 wt% CNT was introduced, the BN-P content was varied from
50 to 80 wt%. When >5 wt% CNT was introduced, elasticity
diminished, and the sheet fractured at 50% elongation. While
Nanoscale Adv.
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graphene enabled the production of elastic sheets when
concentrations were within 10 wt%, CNTs negatively affected
the elastic properties across all tested compositions. For the
composite with 5 wt% CNTs, the TC0% was relatively low overall,
and even when the BN content reached 80 wt%, the TC50% 2nd
was limited to 1.69 W m−1 K−1, attributed to the 1D ber-like
structure of CNTs; therefore, the contact surface between the
llers is limited. The network connectivity between the particles
did not increase sufficiently during elongation and so heat
transfer paths were not efficiently formed. As the BN-P content
increased, the DTC under tension signicantly increased more
compared to that of the graphene-based composition, likely due
to the introduction of CNTs limiting the properties of BN and
causing local vulnerabilities in alleviating the interfacial
thermal resistance between BN and SEBS and the bonding
structure between BN layers. This observation is also evident in
the increasing trend of TC reduction observed in the secondary
measurements aer aging. In addition, for this composition,
the mechanical elongation limit was limited to less than 200%,
and the TC during tension tended to decrease rapidly to more
than 25%, attributed to the structural limitations of the CNT-
based composites and the existence of interfacial resistance.

Fig. 2(f) compares the TC and DTC while varying the I-Gr :
CNT ratio (xed to 10 wt% total carbon ller and 70 wt% BN-P).
When an I-Gr : CNT of 8 : 2 or 9 : 1 was used, DTC signicantly
increased to approximately 25% compared to that of I-Gr alone
(10 : 0), which exhibited a 13% decrease, thus conrming that
the I-Gr-based composite design was superior to that utilizing
CNT in terms of maintaining the thermal conductivity under
tensile conditions because the 2D I-Gr network overcame the 1D
structural limitations of CNT and stabilized the heat-transfer
path. However, compared to the composite based on I-Gr
alone, the initial TC of the 1D–2D carbon composite structure
was generally higher. DTC tended to increase and showed
limitations in mechanical extensional deformation, therefore
optimization of the composition design between llers was
required.

Fig. 3(a) shows the thermal conductivity behavior of gra-
phene composite sheets based on the ratio of BN-A and BN-P.
From the experimental results in Fig. 2, the composition of
10 wt% I-Gr and 70 wt% total BN was derived as the condition
for the maximum elongation change% and the minimum DTC
under tension. When the BN platelet : agglomerates (BN P : A)
ratio was 1 : 2, the TC0%measured was 2Wm−1 K−1. Aer aging,
the DTC was maintained at less than 10% (approximately 8.2%)
even in the tensile state (based on 50% elongation), thus
satisfying the general reliability criterion of DTC < 10%—typi-
cally used for electronic devices. This result is believed to be
because the spherically aggregated BN-A particles maintain
uidity and exibility characteristics within the matrix, thereby
improving their dispersibility and uidity by forming a three-
dimensional (3D) multicontact connection structure between
the 2D layered structures of I-Gr and BN. The expanded contact
area enabled stable thermal contact, and the network collapse
between llers due to elongation was suppressed. In addition,
recent studies have reported that the surface roughness,
microscopic cavities, and pore structures of ller particles play
Nanoscale Adv.
important roles in the formation of heat transfer paths within
polymers.19,20 During the composite sheet manufacturing
process, the microscopic cavities formed by the polymer uid at
the particle surface and interface can act as nucleation sites for
heat propagation, and the structural disorder and surface
characteristics of agglomerated BN-A contribute to maintaining
the thermal conductivity through a complex action.

Fig. 3(b) shows the changes in TC and DTC according to the
variation in thickness (300–500 mm) using the previously opti-
mized composite ller composition of I-Gr–BN-P/A (P : A of 1 :
2). As the thickness decreased, the TC0% increased, whereas the
DTC during tension gradually decreased. In particular, DTC
showed a minimum value of less than 10% (approximately
8.2%) when the composite thickness was 350 mm because the
asymmetric interlayer van der Waals bonds of the thermally
conductive ller became more rmly connected and stably
maintained as the thickness decreased. The structural collapse
of the ller was suppressed even under tensile deformation,
thereby alleviating the loss of TC due to elongation. On the
other hand, the reason why the TC increases along with the
decrease in thermal conductivity during elongation at a thick-
ness of 300 mm is that some of the interlayer bonding tissue of
the crystal may be damaged during the manufacturing process
at a low thickness, causing local deformation and a decrease in
thermal conductivity in response to elongation stress.

In Fig. 3(c), the changes in TC and DTC were measured aer
continuous cyclic application of 50% elongation for 500 cycles.
Even aer hundreds of these elongation cycles, the measured
TC was maintained without a signicant decrease compared to
the initial value, and DTC was also stably maintained below
10%, indicating that the ller network within the composite
provided structural stability even under repeated mechanical
stress. In addition, the TC recovery upon returning to the initial
length was excellent, indicating that the elastic network of the
composite contributed to both resilience and thermal stability.
(Refer to the ESI† to understand the behavior of the 50%
stretching continuous repetition 500 times).

Fig. 3(d) shows the durability of the thermally elastic network
at higher levels of elongation (400%). Repeated tests were per-
formed up to 20 times to determine whether the initial thermal
conductivity could be maintained aer elongation to 400% and
reversion to the original length; the changes in TC and DTC
before and aer elongation were measured. The results indicate
that the TC (2.08 W m−1 K−1) in the state where the thermal
network was stabilized through aging and the TC (2.03 W m−1

K−1) in the state where the stress-induced change was experi-
enced through high elongation were nearly recovered to the
initial values, and that the DTC of the sheets before and aer
elongation were maintained below 5% throughout the 20 cycles,
implying that the asymmetric 2D and 3D networks between the
composite llers were effectively maintained even under high
elongation conditions and that the interfacial bonding strength
reinforced by I-Gr provided structural toughness that could
withstand high elongation stress.

Fig. 4(a) shows the strain–stress curve of the I-Gr–BN P/A–
SEBS composite heat-dissipation sheet. It exhibits the typical S-
shaped trend of an elastomer and demonstrates excellent
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermal conductivity (TC) and thermal conductivity reduction (DTC) of the composite sheets according to BN filler geometry, film
thickness, and cyclic stretching conditions. (a) TC and DTC as a function of the BN platelet : agglomerates ratio at 10 wt% graphene (I-Gr). (b) TC
and DTC as a function of composite thickness (300–500 mm). (c) TC and DTC after continuous stretching (0–500 cycles) at 50% elongation. (d)
TC and DTC as a function of cyclic stretching-recovery (0–20 cycles) at a high elongation of 400%.
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mechanical deformation properties, with an average tensile
strength of 6.6 MPa and a strain at break of 1120%. These
outstanding deformation characteristics are attributed to the
elastomeric bonding of the SEBSmatrix, the interfacial bonding
between the matrix and the llers, and the synergistic effects of
the I-Gr and BN-P/A llers.

Fig. 4(b) shows the results of a stepwise tensile test from 0 to
400% for the composite sheet, indicating that the uniform
elongation and shape deformation of the specimens were well
maintained. The specimen retained its structural integrity even
under high elongation conditions, withstanding tensile forces
without fracture or local damage, indicating that the network of
llers in the composite sheet was formed robustly against the
mechanical load.

Fig. 4(c) shows the results of measuring the mechanical
fatigue properties of the I-Gr–BN-P/A–SEBS composite heat-
dissipation sheet under repeated loading, using a UTM. While
applying high deformation up to 400% strain, tensile-recovery
cycles were repeated 100 times, during which elastic relaxa-
tion behavior was observed. In this fatigue test, an aging step
was applied to the specimen (initial stretching to 50% strain,
then le at room temperature for 40 minutes to recover),
inducing the llers to reorient and rearrange aer initial
stretching and stabilizing the ller network and interfacial
bonding within the matrix so the structure could recover to its
original conduction channels.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Aer aging, the strain–stress curves obtained at each cycle,
up to a total of 100 repetitions, were compared. The deforma-
tion strength for the rst 400% stretch (black line) was 1.5 MPa,
and as repeated tensile-recovery deformation progressed, the
strength decreased very gradually, with the fatigue strength at
the nal 100th cycle (purple line) reaching ∼1.2 MPa. The
reduction in deformation strength aer 100 repetitions of 400%
strain in the SEBS matrix composite system with asymmetric
graphene I-Gr and h-BN llers is reasonably attributed to
microdamage caused by repeated loading. SEBS, as a thermo-
plastic elastomer, withstands high-strain deformation well, but
can be sensitive to fatigue from repeated deformation. During
repetition, the chain alignment–relaxation–realignment
process occurs continuously, and in this process, slip between
molecular chains and internal friction can accumulate, leading
to a gradual decline in strength.

While I-Gr and BN llers generally impart mechanical
strength and thermal conductivity to SEBS, under repeated
loading, they can become stress concentration points and
potential initiation sites for microcracks.25 In particular, BN
may have weaker interfacial bonding than graphene, which has
strong p–p interactions, making damage initiation more likely
around BN. Therefore, in polymer material systems where fully
elastic recovery is difficult under high-strain repetition, such
gradual decreases in deformation strength are oen interpreted
Nanoscale Adv.
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Fig. 4 Evaluation of mechanical properties, structural stability, and heat dissipation performance of I-Gr–BN-P/A–SEBS composite sheets under
varying elongation conditions. (a) Strain–stress curve of I-Gr–BN-P/A–SEBS composite heat-dissipation sheet. (b) Stretching of the specimen at
different elongation levels of 0–400%. (c) Strain–stress curves of repeated at 400% stretching. (d) Cross-sectional FE-SEM images before
elongation, after aging, after 400% elongation, and after 500 cycles of elongation (400%). (e) Thermal conductivity measured at various elon-
gations (0–400%). (f) Infrared thermographic images of I-Gr–BN-P/A-based composite sheets and SEBS sheets.
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as evidence of microdamage (microcracks, molecular chain
damage, etc.).26–28

Nevertheless, aer each stretching cycle, the strain returned
nearly to the original starting position, showing convergence
over 100 cycles. Compared to the rst stretch, stiffness
decreased (soening) upon returning and re-stretching from
the second cycle onward. Still, during subsequent repeated
stretching, deformation occurred from this reduced stiffness
state, indicating that recovery aer unloading was maintained.
The I-Gr–BN ller network within the aged SEBS matrix was
observed to largely recover its original state aer repeated
deformation, without undergoing further stiffness changes due
to polymer chain extension and rearrangement.

Fig. 4(d) shows the cross-sectional FE-SEM observation
results of the specimen before and aer elongation and under
repeated elongation conditions (aging aer 50% elongation,
Nanoscale Adv.
400% elongation, and 500 cycles). Initially, the plate-like I-Gr
and the combination of plate-like and spherical BN composite
llers were uniformly dispersed within the SEBS matrix; more-
over, the contact structure between the llers was relatively well
maintained even aer elongation. High magnication (1 mm)
observation results showed that no signicant ller discon-
nection or interface delamination was observed even under
repeated elongation conditions (400% elongation × 500 times).
The elongation direction orientation and interlayer bonding
structure of the ller were improved through repeated elonga-
tion processes, indicating that the internal network of the
composite was structurally stable even under repeated
mechanical stress.

Fig. 4(e) shows the results of directly measuring TC while
maintaining the elongation state aer deforming the specimen
according to various elongations in the range of 0–400%. As the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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elongation increased, the TC gradually decreased. At tensile
strains of 50% and 100%, the thermal conductivity reduction
rate (DTC) was less than 8% and 10%, respectively, conrming
excellent thermal conductivity stability. Under high tensile
strain conditions up to 400%, DTC gradually decreased to
a maximum of about 13%. Therefore, the practical tensile
condition satisfying the DTC <10% criterion, generally used as
a reliability standard for electronic devices, is considered to be
up to 100% strain.

Fig. 4(f) evaluates the temperature distribution of an actual
heat-emitting specimen with an infrared thermal imaging
camera and compares the temperature distribution changes
before and aer stretching for the I-Gr–BN-P/A-based composite
sheet and an unmodied SEBS sheet. The I-Gr–BN-P/A
composite sheet placed on a surface heated to 50 °C main-
tained a low temperature of 47.2–47.1 °C at the center with
minimal change aer stretching and recovery, whereas the
SEBS pad showed a high temperature of 50.9–50.7 °C at the
center. In particular, the I-Gr–BN-P/A composite sheet during
elongation exhibited accelerated heat dissipation with
a decrease in the center temperature to 45.1 °C. Conversely, the
SEBS pad exhibited poor heat dissipation, with a high temper-
ature of 50.6 °C measured even during elongation, indicating
that the asymmetric 2D elastic network based on the I-Gr–BN-P/
A composite ller maintained an excellent heat diffusion
capability even under elongation conditions, suggesting its
suitability for applications requiring stable heat dissipation
performance under mechanical deformation.

Conclusions

In this study, a stretchable heat-dissipating sheet was developed
by combining I-Gr, BN-P, and BN-A based on a SEBS polymer
matrix to achieve both mechanical stretchability and excellent
thermal conductivity. In particular, the composite composition
of I-Gr and BN with an asymmetric two-dimensional van der
Waals layered structure maintained a stable network without
any break in the heat conduction path even under tensile strain
conditions, and the performance was demonstrated to satisfy
the thermal conductivity stability criterion (DTC <10%) required
for electronic device applications.

I-Gr enhanced the interfacial affinity with SEBS, strength-
ened the bonding force between the llers and the formation of
internal heat transfer paths in the composite, and exhibited
strong synergy in the asymmetric layered bonding with BN. The
BN-P and BN-A composites formed a three-dimensional (3D)
multicontact connection structure between the two-
dimensional (2D) layered structures of I-Gr and BN. They
effectively suppressed the collapse of the ller network due to
deformation by strengthening the structural disorder and
particle uidity. In particular, when the ratio of BN P : A was
congured as 1 : 2, an initial thermal conductivity of 2 W m−1

K−1 or higher was attained, and the thermal conductivity
reduction was maintained at 8% and 10% in the 50 and 100%
tensile states, respectively, due to the rearrangement of the
thermal network and increase in bonding strength between the
composite llers aer aging. Despite continuous repetition of
© 2025 The Author(s). Published by the Royal Society of Chemistry
50% tensile stress application up to 500 cycles, the TC
decreased no more than 10%. Even aer high elongation of up
to 400% and tensile recovery, the composite maintained
a thermal conductivity performance of 2 W m−1 K−1 with
a minimum thermal conductivity reduction of approximately
5% during 20 cycles. This result implies that the asymmetric 2D
layered bonding and 3D elastic network within the composite
were structurally stable, even under repeated mechanical loads,
and have high resilience. Meanwhile, the CNT-based composite
examined as a comparative group attempted to compensate for
the decrease in thermal conductivity due to elongation through
a one-dimensional (1D) connection path, but the measured
initial thermal conductivity was low at 1.6 W m−1 K−1, and the
thermal conductivity reduction greatly increased by more than
25%when stretched. In addition, its mechanical elongation was
also limited to less than 200%, limiting its practical application
as an elastic heat-conducting material. This is attributed to the
limitations of the linear structural characteristics of CNTs,
which restrict heat dissipation only in the longitudinal direc-
tion, and the resulting inefficiency in forming an extended heat
conduction path within the polymer.

The developed stretchable heat-dissipating sheet based on
the I-Gr–BN composite structure fully demonstrated its poten-
tial as a highly functional thermally conductive material with
the thermal conductivity stability, mechanical exibility, and
structural reliability required for electronic devices. This
material is expected to be widely used in various next-
generation electronic device applications such as wearable
electronic devices, freeform displays, so robotics, stretchable
sensors, and electronic skin.
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