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ABSTRACT

To enhance the thermal management capabilities of epoxy composite, inspired by Baumkuchen, a simple, scalable, and environmentally
friendly process was proposed. The graphene strips, without any chemical modification, were integrated into assembled graphene paper, and
the vertically aligned graphene strips/epoxy composite with the tree-ring structure was prepared by the rolling cutting method. The composite
exhibited an extremely high through-plane thermal conductivity of 49.2W=mK, which was 289 times higher than that of pure EP.
Additionally, the composite also possesses a range of desirable properties, including good electromagnetic interference shielding, efficient
Joule heating, and remarkable mechanical performance. These properties further expand the application of graphene-based thermal interface
materials in the field of thermal management of electronic devices.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0310419

The rapid development of 5G technology has exacerbated the
thermal management challenges of electronic devices, leading to an
increasing demand for high-performance thermal interface materials
(TIMs).1–4 Polymers are widely used in thermal management applica-
tions due to their advantages such as low weight, low cost, corrosion
resistance, and ease of processing. They are usually composed of high
thermal conductivity fillers such as metals,5,6 ceramics,7,8 and carbon
materials.9,10 Graphene, with its extremely high in-plane thermal
conductivity, has become one of the most promising candidate
materials.11–15 Liang et al.16 noted that, among the various graphene-
based composites employed for thermal management, the most com-
mon approach is to incorporate graphene as a filler into polymers. It
has been reported that directly dispersing graphene in the polymer can

achieve a thermal conductivity of 0.39W=mK in the composite.17

Additionally, functionalized graphene can further enhance the thermal
conductivity of the composite. For instance, Lin et al.18 prepared
p-phenylenediamine modified graphene/epoxy composites with a
thermal conductivity of 1.7W=mK. However, the functionalization of
graphene has a limited effect on enhancing the thermal conductivity of
composites because functionalization also reduces the intrinsic thermal
conductivity of graphene due to the increased phonon scattering
caused by functional groups.19 Phonon transport is the primary mode
of heat transfer. Therefore, the key to improving thermal conductivity
lies in reducing the phonon scattering rate and the interfacial thermal
resistance. Liang et al.16 indicated that constructing phonon transport
pathways remains a topic for future research. Currently, there are
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many methods for constructing through-plane three-dimensional heat
conduction networks, such as directional freezing,20,21 magnetic
fields,22 chemical vapor deposition,23,24 electrospinning,25,26 electro-
static flocking,27 3D printing,28 force fields,29,30 etc. For example, align-
ing graphene nanoplatelets in polyvinyl alcohol using a rotating
magnetic field significantly enhanced the through-plane thermal con-
ductivity of the composite.22 Additionally, in an electric field-assisted
plasma-enhanced chemical vapor deposition system, chloroform was
used to assist the rapid growth of vertically aligned graphene arrays.
This excellent framework endowed TIMwith excellent vertical thermal
conductivity.31 However, these technologies generally face limitations
such as complex operation, use of toxic solvents, and high cost, which
hinder their industrialization and cannot meet the requirements of
modern thermal management applications.

The thermal conductivity of graphene generally increases with
increasing sample size because of the low intrinsic phonon scattering.19

Moreover, larger-sized graphene fillers help to reduce the number of
interfaces and thermal resistance.32,33 Therefore, compared to nano-
and micro-sized graphene, macroscopic graphene films can effectively
construct thermal transport pathways, significantly enhancing the
thermal conductivity of the composite. Vertically aligned graphene
film/polydimethylsiloxane composites exhibited exceptionally high
thermal conductivity.34 Furthermore, the perpendicular thermal con-
ductivity of the composite made of hybrid bilayer strips consisting of
porous polymer foam adhered to graphene paper is 276W=mK.35

However, the high cost of whole graphene films weakens their cost
competitiveness in practical thermal management applications. Large
amounts of graphene waste are generated during the commercial-scale
production of graphene-enhanced TIM. Recycling and reusing gra-
phene waste not only retains its original properties but also reduces
costs and minimizes environmental pollution caused by the accumula-
tion of such industrial waste. Meanwhile, Shen et al.36 proposed that
when the size of graphene exceeds a certain critical value (e.g., a few
micrometers), the intrinsic thermal conductivity of pristine graphene
becomes more significant, and the functionalization of graphene is
ineffective in enhancing the thermal conductivity of the composite.

Inspired by the structure of Baumkuchen, this study utilized gra-
phene strips (GS) without any chemical modification to fabricate the
vertically aligned GS/epoxy (VGS/EP) composite with a tree-ring
structure, which exhibited excellent through-plane thermal conductiv-
ity. Oriented graphene, as a direct heat conduction pathway, enables
heat to be transferred effectively along the pathway, thereby improving
the thermal conductivity of the composite. At the same time, the com-
posite exhibited a range of interesting multifunctional properties,
including good electromagnetic interference (EMI) shielding, efficient
Joule heating, and impressive mechanical properties.

Figure 1 illustrates the process of preparing VGS/EP composite
inspired by Baumkuchen in Fig. S3 (for more details, refer to the
supplementary material). Three different experiments were conducted
to compare the enhancement effects of graphene size and arrangement
on the thermal conductivity of graphene-based composite. First, the
thermal resistance of three composites with the same graphene content
at 80 �C and different pressures was studied in Fig. 2(a). As the pressure
increased, the thermal resistance gradually decreased and leveled off.
Since the assembly pressure of electronic devices is generally 40 psi, the
thermal resistance at 40 psi was selected to obtain the thermal conduc-
tivity of the composite. Figure 2(b) compares the thermal conductivity

of pure EP and three graphene-based composites with a filler content of
10wt:%. The EP exhibited a thermal conductivity of 0.17W=mK. The
thermal conductivity of GP/EP, RGS/EP, and VGS/EP composite was
0.56W=mK, 2.11W=mK, and 6.65W=mK, which were 3.3, 12.4, and
39.1 times that of pure EP, respectively. To visually observe the internal
structures of graphene-based composite, Figs. 2(c)–2(e) display the
cross-sectional scanning electron microscope (SEM) images of GP/EP,
RGS/EP, and VGS/EP composites. Due to the small size of graphene
powder, graphene is randomly distributed within the polymer, creating
numerous interfaces and forming a discontinuous thermal conductive
network in the GP/EP composite in Fig. 2(c). However, the increase in
the graphene filler size is beneficial to the formation of partial thermal
conductive channels in the RGS/EP composite, as shown in Fig. 2(d).
Importantly, the VGS/EP composite exhibits a vertically arranged gra-
phene structure in Fig. 2(e). This suggests that incorporating oriented
graphene frameworks into the EP matrix can significantly enhance the
thermal conductivity of the composite.

The heat flux distribution of three kinds of graphene-based com-
posite in Fig. 2(f) as well as the temperature distribution of VGS/EP
composite with tree-ring structure in Fig. 2(g) was simulated by the
finite element simulation (for more modeling details, refer to the
supplementary material). The vertically oriented graphene provides a
fast channel for heat conduction, further confirming that the construc-
tion of directional heat conduction channels promotes a significant
improvement in the thermal conductivity of the composite.

Additionally, a low coefficient of thermal expansion (CTE) helps
to reduce thermal stress generated during the long-term thermal
cycling, generally requiring no more than 150ppm=K.37 As shown in
Fig. 2(h), the CTE of pure EP was as high as 65 ppm=K. The corre-
sponding CTE of GP/EP, RGS/EP, and VGS/EP composites was
reduced to 55, 44, and 39 ppm=K, respectively. Insufficient mechanical
properties of TIM lead to many adverse consequences, such as failure
under mechanical stress and difficulties in processing and applica-
tion.38,39 Especially, the vertically oriented graphene structure in VGS/
EP composite significantly reduces the CTE, reflecting the importance
of directional heat conduction structure.

FIG. 1. A schematic illustration of the manufacturing procedure for the VGS/EP
composite.
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The thermal conductivity of VGS/EP composite increases with
the increase in filler content. Notably, at a graphene content of
40wt:%, the through-plane thermal conductivity of the VGS/EP com-
posite reached an impressive 49.2W=mK, which was 289 times higher
than that of pure EP, as shown in Fig. 3(a). To explain the reason for
this amazing thermal conductivity, Figs. 3(c)–3(e) show the cross-
sectional SEM images of the VGS/EP composite with the tree-ring
structure in Fig. 3(b). The vertically arranged graphene provided
numerous thermal conductive pathways that can rapidly transfer heat
from the hot end to the cold end, thereby enhancing the heat transfer
efficiency. Figure 3(f) summarizes the through-plane thermal conduc-
tivity of previously reported composites to demonstrate the advantages
of this structure for the VGS/EP composite (more details in Table S1,
see the supplementary material). The thermal conductivity of the
VGS/EP composite significantly surpasses that of most previously
reported composites, demonstrating its superior capability in enhanc-
ing the thermal conductivity of the composite. In addition, the thermal
resistance (1mm thickness, 40 psi pressure) in Fig. 3(g), surface rough-
ness in Fig. 3(h), and CTE in Fig. 3(i) of the VGS/EP composite with
different filler contents were studied. It found that the VGS/EP com-
posite exhibited a thermal resistance of 0.29Kcm2=W, a surface rough-
ness of 1.08lm, and a CTE of 17 ppm=K at a graphene content of
40wt:%. Interestingly, this composite with high through-plane ther-
mal conductivity, low thermal resistance, low surface roughness, and

low CTE demonstrates fascinating advantages in commercial
applications.

The cooling efficiency of the VGS/EP composite and commercial
thermally conductive silicone pads was tested under actual working con-
ditions using a 20W light emitting diode (LED) chip. To evaluate the
heat dissipation performance, the TIM was placed between the LED chip
and the aluminum heat sink in Fig. S7.40 The temperature variation on
the top surface of the LED chip over time was recorded by an infrared
thermal imager in Fig. 4(a). The operating temperature of the LED chip
without TIM increased sharply and finally stabilized at 64 �C. In contrast,
the temperature of the LED chip combined with the commercial thermal
conductive silicone pad rose slowly and reached equilibrium after 50 s,
and the operating temperature was significantly reduced to 56 �C. The
temperature of the LED chip integrated with the VGS/EP composite sta-
bilized at 48 �C, which was 16 and 8 �C lower than the temperature of
the LED chip without TIM and with a commercial thermal silicone pad,
respectively, in Fig. 4(b). Overall, the carefully designed TIM with tree-
ring structure provided an effective solution for high-performance ther-
mal management applications in advanced packaging technologies.

In addition to excellent thermal properties, the VGS/EP compos-
ite also exhibited good electrothermal conversion performance.
Figure 4(c) shows the relationship between the surface temperature of
VGS/EP composite and time under an applied voltage ranging from 1
to 5V. As the applied voltage increases, the surface temperature of the

FIG. 2. (a) Thermal resistance of the various composites at different pressures. (b) Comparison of thermal conductivity between pure EP and graphene-based composite.
Cross-sectional SEM morphology of (c) GP/EP, (d) RGS/EP, and (e) VGP/EP composites. (f) Heat flux distribution of the composite simulated by finite element simulation. (g)
Temperature distributions in the VGS/EP composite were simulated by finite element simulation. (h) The coefficient of thermal expansion of pure EP and graphene-based
composite.
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VGS/EP composite also increases accordingly. When the applied volt-
age was 5V, the stable surface temperature of the composite reached
55 �C. The stable temperature of the composite was positively corre-
lated with the applied voltage in Fig. 4(d), which was in accordance
with Joule’s law:41

Q ¼ U2T
R

; (1)

where Q is the heat generated, U is the applied voltage, R is the resis-
tance, and T is the working time.

The insufficient mechanical properties of TIM can lead to many
adverse effects, such as failure under mechanical stress and difficulties
in processin and application. Therefore, good mechanical properties
are crucial for TIM.42 Figure 5(a) shows that the compressive strength
of VGS/EP composite decreased with the increase in graphene content.
At a graphene content of 40wt:%, the compressive strength of VGS/
EP composite under a compressive strain of 50% was 6.13MPa. A
high content of EP can effectively fill micro-defects and voids, thereby
enhancing the overall strength of the composite.

Since interlaminar shear is the weakest link in the “annular-
cylindrical” structure, the three-point bending method can simulta-
neously induce tension, compression, and interlaminar shear in a

single specimen, making it the most effective method for triggering
rolling slip and delamination energy dissipation. Therefore, in addition
to compression testing, we also adopted this method and quantified
toughness as the area under the flexural stress-strain curve. As shown
in Figs. 5(b) and 5(c), the flexural strength and toughness of pure EP
reached 150.66MPa and 3.83MJ/m3, respectively, both superior to
VGS/EP composite. The flexural toughness of the VGS/EP composite
first increases and then decreases with the increase in the GS content.
Pure EP achieves high toughness through molecular chain plasticity.
However, the introduction of graphene rolls increases interfacial
defects and restricts matrix deformation due to the high-modulus
framework, resulting in a decrease in overall toughness. At low con-
tent, the roll spacing is moderate, the slip-deflection mechanism is acti-
vated, the curve shows a plateau, and the toughness slightly recovers.
Conversely, adjacent axial surfaces contact and form a rigid frame-
work. Interfacial debonding occurs, the surface is “bridged and locked”
by adjacent surface before sliding, causing a sharp reduction in fric-
tional stroke, the plateau disappears, and toughness decreases again.

With the continuous advancement of electronic equipment and
communication technology, the research and application of electro-
magnetic shielding materials are becoming increasingly important.43,44

Figure 5(d) shows the EMI shielding performance of the VGS/EP

FIG. 3. (a) The thermal conductivity of the composite and thermal conductive enhancements (TCEs) of the VGS/EP composite. (b) Photograph and diagrammatic representa-
tion of the VGS/EP composite. (c)–(e) Corresponding SEM micrographs that exhibit the microstructure of the VGS/EP composite. (f) Comparison of the thermal conductivities
for the VGS/PE composite and other composites reported in previous studies. (g) Thermal resistance of the VGS/EP composite with various GS contents at different pressures.
(h) Surface roughness of the VGS/EP composite with different GS contents. (i) The CTE of the VGS/EP composite with various GS contents.
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composite with 40wt:% GS content in the X-band (8.2–12.4GHz),
and it is placed in a Tesla coil system to verify the actual shielding
capability of the VGS/EP composite against electromagnetic waves
(EMWs) in Fig. S8. Figure 5(e) illustrates the EMI shielding

mechanism of the VGS/EP composite. When EMWs propagate
through different media, they encounter varying electromagnetic
impedance.45 If the impedance of two media does not match, part of
the waves is reflected, while the remaining EMWs pass through the

FIG. 4. (a) An infrared thermal image of LED modules captured with a thermal imaging camera. (b) Temperature curves of LED modules during the heating phase and the sub-
sequent natural cooling phase, without TIM, with a commercial silicone pad, and with VGS/EP composite, respectively. (c) The surface temperature of the VGS/EP composite
is plotted against time for various input voltages. (d) Experimental temperature data along with linear analysis for the relationship between temperature and U2.

FIG. 5. (a) Compression stress-strain curves for the VGS/EP composite with different GS contents. (b) Flexural stress-strain curves of pure EP and VGS/EP composites with
different GS contents. (c) The flexural toughness of the pure EP and VGS/EP composites with different GS contents. (d) The electromagnetic interference (EMI) shielding effec-
tiveness of the VGS/EP composite at the 40 wt. % GS content. (e) A depiction of the EMI shielding mechanism for the VGS/EP composite.
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interconnected graphene framework. The parallel alignment of gra-
phene promotes interfacial polarization, in which the movement and
oscillation of charge carriers generate energy losses. This effectively
attenuates the EMWs into heat and reduces their propagation, thereby
enhancing the shielding efficiency.43,46,47

In summary, this study developed a VGS/EP composite with a
tree-ring structure. The highly vertical alignment and dense layered
structure provide an efficient pathway for heat transfer. The composite
exhibited an impressive through-plane thermal conductivity of
49.2W=mK and a low thermal resistance of 0.29Kcm2=W (1mm
thickness, 40 psi pressure). Practical tests have shown that the VGS/EP
composite exhibits excellent heat dissipation performance, significantly
reducing the temperature of the LED chip by 16 �C compared to using
a bare LED chip. Furthermore, the composite displayed good EMI
shielding, efficient Joule heating, excellent mechanical properties, and
a low CTE. The significance of this study lies in reusing graphene waste
to prepare graphene-based TIM, providing a solution for thermal
management applications in electronic devices.

See the supplementary material for the details on the experimen-
tal section, the process of finite element simulation, the comparison of
the thermal conductivity of various composite materials in the litera-
ture, the practical applications of heat transfer, and the practical appli-
cations of electromagnetic shielding.
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