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A B S T R A C T

The increasing demand for efficient thermal regulation in high-power electronic devices necessitates the 
development of advanced thermal interface materials. In this work, a novel composite was fabricated to address 
this challenge. The foundational material, an epoxy–erythritol (EPET) matrix, was synthesized by chemically 
grafting a phase-change material (PCM) onto an epoxy base, resulting in a single endothermic transition within 
the range of 110–124 ◦C. To broaden the thermal response, docosane was introduced, producing an EPET/ 
docosane hybrid system that exhibited multiple endothermic transitions in the ranges of 40–60 ◦C and 
110–124 ◦C. To enhance heat transfer performance, spherical aluminum nitride (AlN) was incorporated as a 
thermally conductive filler. The AlN particles were surface-modified with cellulose nanofiber (CNF) to improve 
interfacial adhesion with the polymer matrix and promote efficient thermal transport. The optimized composite, 
EPET/Docosane/AlN-CNF, achieved a thermal conductivity of 6.31 W/m⋅K and a total latent heat of 130.7 J/g. 
When applied to a CPU, the composite demonstrated superior heat-buffering capability, attributed to its dual 
endothermic transitions and high latent heat. These findings validate the potential of the developed composite as 
a high-performance thermal interface material for next-generation electronic devices.

1. Introduction

Electronic technologies have become indispensable in both everyday 
applications and advanced industries, encompassing systems from 
portable devices such as smartphones [1] and laptops [2] to highly 
specialized platforms in aerospace [3] and electric vehicle engineering 
[4]. The relentless drive toward miniaturization, improved efficiency, 
and enhanced computational power has significantly increased heat 
generation, making thermal management a critical determinant of sys
tem performance and durability [5,6]. Inadequate heat dissipation not 
only accelerates material degradation and shortens service life but also 
hinders the advancement of next-generation high-power electronics. 
Consequently, effective thermal control has become central to sustain
ing technological progress [7,8].

As electronic devices continue to shrink while delivering greater 

computational output, conventional cooling strategies, such as metallic 
heat sinks and forced-air convection, are approaching their performance 
limits [9,10]. These traditional methods, which rely primarily on 
conductive and convective heat transfer, were sufficient for earlier 
hardware generations but are increasingly inadequate in addressing the 
elevated power densities and spatial constraints of modern miniaturized 
systems. This disparity between heat generation and dissipation un
derscores the urgent need for innovative thermal management solutions 
[11–13].

Thermal interface materials (TIMs) have become essential for tem
perature control in electronic devices, with polymer-based composites 
emerging as one of the most extensively studied classes [14,15]. Com
mon polymer matrices, such as epoxy resins [16], polyvinyl alcohol 
[17], and cellulose nanofibers derived from biological sources [18], 
offer advantages including low weight, facile processability, and cost 
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efficiency. However, their intrinsic thermal conductivity, typically 
below 0.5 W/m⋅K, limits their effectiveness in heat dissipation when 
used alone [19]. To overcome this limitation, these polymers are often 
reinforced with thermally conductive fillers such as boron nitride (BN) 
[20], aluminum nitride (AlN) [21], and graphene [22]. While such 
fillers enhance thermal transport, ceramic-based TIMs still face signifi
cant challenges: at practical filler loadings, the overall thermal con
ductivity remains moderate, and excessive addition can compromise 
both processability and structural integrity, critical concerns for appli
cations requiring simultaneous electrical insulation and efficient heat 
spreading.

In this context, phase-change materials (PCMs) have attracted 
considerable interest as functional additives in advanced TIMs. Organic 
PCMs, including paraffin [23], stearic acid [24], and palmitic acid (PA) 
[25], dynamically regulate temperature by absorbing and releasing 
latent heat during reversible solid–liquid transitions. When incorporated 
into composite matrices, PCMs enable the development of phase-change 
TIMs (PCTIMs) that integrate structural flexibility with thermal buff
ering capabilities. These systems represent a promising strategy to sur
pass the intrinsic thermal conductivity limitations of polymer/ceramic 
composites, offering high-performance, reversible thermal management 
tailored for compact, high-power electronic devices.

In contrast to conventional heat-dissipation materials that primarily 
operate through conductive heat transfer, organic PCMs leverage the 
latent heat associated with thermally induced phase transitions. These 
materials undergo reversible solid–liquid transformations within a 
defined temperature range, during which significant amounts of thermal 
energy are absorbed or released. This phase-transition behavior endows 
organic PCMs with exceptional thermal energy storage capacity, making 
them effective for moderating temperature fluctuations in thermal 
management applications.

Ongoing research increasingly focuses on the development and 
integration of PCTIMs across a broad spectrum of electronic systems. 
These efforts encompass the synthesis and molecular tailoring of organic 
PCMs, their physicochemical characterization, and strategies for 
embedding them into composite structures compatible with practical 
electronic architectures. However, several technical challenges hinder 
the widespread implementation of PCTIMs in advanced electronics. Key 
concerns include ensuring material compatibility, preserving structural 
integrity under extended operational stress, and achieving long-term 
reliability under cyclic thermal and mechanical loading. Addressing 
these challenges is critical to the successful deployment of organic PCMs 
in high-performance and environmentally demanding electronic appli
cations [26,27].

A fundamental drawback of PCMs is their tendency to leak during the 
solid–liquid transition, which restricts their practical applications. A 
common strategy to mitigate this issue involves physically embedding 
encapsulated PCM particles within polymer matrices. Although the 
encapsulating shell effectively prevents leakage, the physical dispersion 
of individual capsules introduces numerous interfaces between the PCM 
and the matrix. These interfacial boundaries reduce the overall latent 
heat capacity of the composite and adversely affect its thermal and 
mechanical performance.

In this study, erythritol (ET) was chemically grafted onto EP to form 
an EPET matrix, into which docosane was subsequently incorporated. To 
establish a heat transfer pathway along the through-plane direction and 
enhance thermal conductivity, CNF-grafted AlN was introduced, and the 
resulting EPET/docosane/AlN-CNF composite was fabricated via a hot- 
pressing method. The hydrophilic hydroxyl groups of CNF on the AlN 
surface facilitated hydrogen bonding between the fillers and the matrix, 
thereby improving interfacial interactions. The synthesized EPET/ 
docosane/AlN-CNF composite exhibits exceptional thermal properties, 
making it a promising PCTIM. It displays dual endothermic transitions 
and a high latent heat, confirming its effectiveness in thermal energy 
absorption and storage. In leakage tests, the material demonstrated 
excellent thermal stability, maintaining structural integrity up to 180 ◦C 

without signs of degradation, a critical factor for long-term reliability in 
electronic devices. When applied to a CPU, the composite’s thermal 
management performance was further validated. These results confirm 
that the material offers superior functionality as a PCTIM, presenting an 
effective solution to the thermal challenges in modern electronics.

2. Results and discussion

2.1. Fabrication and characterization of the PCM

The synthesis of the EPET/docosane/AlN-CNF composite is outlined 
in Fig. 1. The process was specifically designed to address key challenges 
associated with fabricating PCMs, particularly their low mechanical 
strength and tendency to leak. A two-step approach was employed: first, 
ET was chemically grafted onto the epoxy resin (EP) backbone. This step 
was essential due to the inherently low compatibility between EP and 
ET, which often leads to phase separation. Through an esterification 
reaction, a stable, chemically bonded EPET polymer network was suc
cessfully formed. Subsequently, docosane was incorporated into the 
matrix to complete the composite fabrication. This structural design 
enhances mechanical integrity and effectively prevents PCM leakage, a 
common limitation in conventional systems.

The successful synthesis of the EPET composite was confirmed using 
Fourier-transform infrared (FT-IR) spectroscopy (see Fig. 2). D-230 of 
amine-based curing agent was chosen for grafting the ET via ring- 
opening reactions of epoxy groups, which formed ester bonds and 
grafted highly reactive hydroxyl groups onto the polymer backbone. The 
curing agents can initiate epoxy ring-opening reactions by nucleophilic 
addition leading to the formation of a strong three-dimensional cross
linked network. Curing agents of epoxies can be di/polyamines 
(aliphatic or cycloaromatic), anhydrides, alcohols, phenols, and car
boxylic acids. As the curing reaction progressed, the concentrations of 
anhydride groups decreased, causing some hydroxyl groups of ET to 
participate in the ring opening of the epoxy groups [28–30]. The spec
trum exhibited characteristic shifts in the key peaks of EP and ET, along 
with the emergence of a new absorption band at 1608 cm− 1, indicative 
of ester bond formation. Additionally, the disappearance of the peak at 
913 cm− 1 confirmed the ring-opening of the epoxy groups, verifying that 
ET chains were successfully and permanently grafted onto the EP 
network.

Differential scanning calorimetry (DSC) was subsequently employed 
to evaluate the thermal properties of the composite. While pure ET ex
hibits a sharp melting point at 126 ◦C, the EPET composite displayed a 
broader melting range from 110 ◦C to 124 ◦C, with a peak at 119.5 ◦C. 
This decrease in melting point is attributed to the grafting process, 
which reduced the number of free hydroxyl groups responsible for 
extensive hydrogen bonding, thereby lowering the thermal transition 
temperature. These thermal changes further substantiate the successful 
incorporation of ET into the EP network.

The mechanical and thermal properties of the composite were 
evaluated, as summarized in Table 1. The EPET matrix exhibited a 
substantial improvement in mechanical performance, with tensile 
strength increasing by over 350 % and strain exceeding 40 %, signifi
cantly surpassing that of pure ET. Despite these mechanical enhance
ments, the composite with a 2:1 ET:EP ratio retained 70 % of its latent 
heat capacity without notable degradation. These results confirm that 
the EPET matrix functions as a promising PCM, offering a balanced 
combination of mechanical robustness and thermal performance.

The cross-sectional morphology of the cured EPET composite was 
examined using Field-Emission Scanning Electron Microscopy (FE- 
SEM), as shown in Fig. 3a–d. The EPET sample exhibited a uniform and 
homogeneous cross-section, indicating successful component integra
tion without phase separation. This contrasts sharply with a physically 
mixed sample of EP and ET, which displayed distinct phase boundaries 
and incomplete blending, confirming poor compatibility. Furthermore, 
upon incorporation of docosane into the EPET matrix, the material 
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maintained a highly homogeneous structure, with docosane well- 
dispersed throughout. These morphological observations provide 
compelling visual evidence of effective chemical bonding and uniform 
dispersion within the composite.

2.2. Characterization of AlN-CNF

FT-IR analysis was conducted to investigate chemical bond modifi
cations resulting from the surface treatment process. Following the re
action between AlN and CNFs, the FT-IR spectrum of the AlN–CNF 
composite displayed new absorption bands, most notably the O–H 
stretching vibration at 3280 cm− 1. Additionally, the carbonyl (C=O) 
stretching vibration of ester groups, originally observed at 1715 cm− 1, 

Fig. 1. Schematic illustration of the EPET/docosane/AlN composite structure.

Fig. 2. (a) FT-IR spectra and (b) DSC curves of the matrices during ET grafting.

Table 1 
Properties of EPET at various ratios.

Ratio (EP: 
ET)

Tensile strength 
(MPa)

Elongation at break ( 
%)

Latent heat (J/ 
g)

0:1 (pure 
ET)

0.65 1.16 390

2:1 4.76 3.5 82.53
1:1 3.22 2.77 179.16
1:1.5 2.56 1.94 230.42
1:2 2.03 1.55 275.97
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shifted to 1731 cm− 1. These spectral changes confirm successful ester
ification, indicating effective grafting of CNFs onto the AlN surface.

TGA (Fig. 4(b)) was employed to quantify the grafting ratio of 
oxygen-containing functional groups and CNFs on the AlN surface. A 
minor weight loss of approximately 0.5 % below 220 ◦C was attributed 
to moisture evaporation from the CNFs, while thermal degradation of 
CNFs began above 220 ◦C. Notably, the AlN–CNF sample exhibited a 9 % 
weight reduction at 800 ◦C compared to pure AlN, further supporting 
the successful grafting of CNFs and oxygen-containing functional 
groups.

FE-SEM images (Fig. 4(c–e)) were analyzed to examine morpholog
ical changes in the fillers. The pristine spherical structure of AlN was 
retained after grafting (Fig. 4(c and d)), and a higher magnification 
image (Fig. 4(e)) clearly shows CNFs adhered to the AlN surface, 
providing visual confirmation of successful grafting without compro
mising the original morphology.

2.3. Morphology of composites

The internal structure of the high-performance PCM composites, 

Fig. 3. Morphologies of (a) EP, (b) physically mixed EP/ET, (c) EPET, and (d) EPET/Docosane.

Fig. 4. (a) FT-IR spectra, (b) TGA curves, and (c–e) morphologies as a function of CNF treatment on the AlN surface.
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fabricated by incorporating AlN–CNF into the EPET/Docosane matrix, 
was analyzed using FE-SEM (Fig. 5). A critical distinction was observed 
between composites containing raw AlN and those with CNF-treated 

AlN. As shown in Fig. 5(a) and (c), the composites with raw AlN 
exhibited significant particle aggregation and a distinct interface be
tween the AlN and the matrix, indicating poor interfacial adhesion. In 

Fig. 5. Morphologies of (a, c) EPET/Docosane/AlN (Filler loading: 60 wt %) and (b, d) EPET/Docosane/AlN-CNF (Filler loading: 60 wt %).

Fig. 6. (a) DSC curve of EPET composite. (b) Thermal conductivity, (c) latent heat of the composites, and (d) comparison with previously reported values [31–40].
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contrast, Fig. 5(b) and (d) demonstrate that CNF treatment on the AlN 
surface markedly improved adhesion between the filler and the matrix. 
This enhancement is attributed to hydrogen bonding between the CNF- 
coated AlN and the polymer matrix, promoting more uniform dispersion 
and forming a stronger structural network.

2.4. Properties

The thermal behavior of the EPET/Docosane/AlN–CNF composite 
was thoroughly analyzed using DSC. At around 40–50 ◦C in Fig. 6(a), 
docosane begins to change phase and begins to absorb heat first, and 
from 110 ◦C, the crystallized ET grafted onto the epoxy backbone begins 
to absorb heat secondarily and liquefy. This dual PCM system enables 
the material to absorb heat and regulate temperature across two distinct 
temperature ranges, providing enhanced thermal buffering for elec
tronic devices operating under variable thermal loads. To evaluate 
thermal performance, key properties such as specific heat capacity, 
density, and through-plane thermal diffusivity were measured. In other 
words, Efficient heat transfer paths were formed by improvement in 
interfacial adhesion between AlN-CNF fillers and EPET matrix due to 
inducing hydrogen bonding between the hydroxyl groups of AlN surface 
and the hydroxyl groups of EPET. Based on this, The EPET/Docosane/ 
AlN–CNF composite achieved a thermal conductivity of 6.31 W/m⋅K, 
representing a 1260 % enhancement over pure ET (Fig. 6(b) and Fig. S2 
(a))). This substantial improvement results from a deliberate design 
strategy. CNF treatment on the AlN particles facilitated the formation of 
highly efficient, interconnected heat-transfer pathways aligned in the 
through-plane direction. Combined with the high density achieved 
through hot pressing, this alignment produced a synergistic effect that 
significantly enhanced the composite’s ability to dissipate heat.

The latent heat of a PCM is a critical parameter for evaluating its 
capacity to store and release thermal energy. As shown in Fig. 6(c) and 
Fig. S2(b), the latent heat of the EPET/Docosane/AlN–CNF composite 
was measured at various filler concentrations. The results were highly 
favorable, with the composite achieving a peak latent heat of 130.7 J/g 
at a 60 wt % AlN–CNF loading. This high latent heat capacity indicates 
the material can absorb substantial thermal energy with minimal tem
perature rise, making it well-suited for mitigating thermal fluctuations.

A comprehensive comparison with recently reported PCM-based 
thermal management materials is presented in Fig. 6(d) [31–40]. This 
analysis highlights the superior performance of the composite in terms 
of both thermal conductivity and latent heat. The synergistic combina
tion of high latent heat, excellent thermal conductivity, and dual-stage 
endothermic transitions positions the EPET/Docosane/AlN–CNF com
posite as a promising candidate for next-generation electronic thermal 
management systems. In addition to demonstrating the effectiveness of 
the fabrication approach, this work establishes a new benchmark for 
high-performance thermal interface materials.

A leakage test was conducted to evaluate the structural stability of 
the EPET/Docosane/AlN–CNF composite under elevated temperatures 
(Fig. 7(a)). To quantitatively assess leakage, the retention rate (ε) and 
leakage rate (γ) were calculated using the following equations: 

ε = mr/m0 × 100 %,                                                                      (1)

γ = (m0 − mr)/m0 × 100 %,                                                          (2)

Where ε represents the PCM retention rate, γ is the leakage rate, m0 is the 
initial mass of the sample, and mᵣ is the mass measured at a specific time. 
These metrics are critical for evaluating the composite’s containment 
performance and thermal stability.

Experimental results revealed a marked contrast between the com
posite and pure ET. When heated above its melting point of 125 ◦C, pure 
ET exhibited a sharp decline in retention rate. At 160 ◦C, the ET sample 
fully melted and leaked, resulting in a 0 % retention rate and complete 
structural failure.

In stark contrast, the EPET/Docosane composite exhibited signifi
cantly greater thermal stability, showing only a slight reduction in 
retention beginning around 150 ◦C. The EPET/Docosane/AlN–CNF 
composite demonstrated even more robust performance, with virtually 
no leakage observed up to 180 ◦C; at this elevated temperature, the 
retention rate remained as high as 98.5 %. This exceptional stability 
provides direct evidence that chemical grafting of ET onto the epoxy 
matrix effectively reinforces the composite structure, preventing PCM 
leakage even at temperatures well above the melting point. The suc
cessful integration of the AlN–CNF filler further enhances this thermal 
resilience.

Fig. 7. (a) Leakage test, (b) retention rate, and (c) leakage rate of ET, EPET/Docosane, and EPET/Docosane/AlN-CNF, as determined through leakage testing. (d) 
Results of thermal management tests on a CPU module. (e) Mechanical properties of the composites.
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To evaluate the composite’s thermal regulation performance, 
infrared thermographic imaging was employed. Fig. 7(d) and (e) illus
trate the heat management behavior of the EPET/Docosane/AlN–CNF 
composite when applied to a CPU under localized thermal loading. 
Surface temperature was monitored over a 600 s period to assess the 
composite’s effectiveness in dissipating heat.

The thermal regulation performance was compared directly among a 
bare CPU, a CPU coated with only the EPET matrix, and one using the 
full EPET/Docosane/AlN–CNF composite. As expected, the bare CPU 
exhibited a rapid and uncontrolled temperature rise. In contrast, both 
the EPET matrix and the full composite substantially delayed this 
increase.

The superior performance of the composite is attributed to its dual- 
stage thermal buffering effect, which arises from the latent heat ab
sorption of two distinct PCMs: the grafted PCM chains and the incor
porated docosane. This mechanism enables the composite to 
temporarily sequester thermal energy from the CPU, thereby effectively 
delaying heat accumulation.

Among the tested materials, the EPET/Docosane/AlN-CNF compos
ite demonstrated the highest effectiveness. The synergistic combination 
of grafted PCM chains and docosane yields a performance advantage 
over conventional PCM-loaded systems, validating its potential as a 
leading thermal interface material for future high-power electronic 
devices.

Mechanical characterization using UTM (Fig. 7(e)) showed that the 
incorporation of fillers significantly enhanced the composite’s tensile 
strength and elongation, increasing from 2.03 MPa to 3.39 MPa and 
from 1.55 % to 3.13 %, respectively. These improvements are attributed 
to the brittle nature of AlN, which facilitates stress transfer. Further
more, CNF-functionalized AlN exhibited superior mechanical perfor
mance, consistent with trends observed in thermal conductivity, 
suggesting that mechanical strengthening also results from a robust 
AlN–CNF network effectively embedded within the polymer matrix.

3. Conclusions

In this study, we successfully developed a novel phase-change ther
mal interface material (PCTIM) for efficient thermal management in 
electronic devices. The composite, EPET/Docosane/AlN-CNF, is distin
guished by its dual endothermic behavior, which effectively decelerates 
device temperature rise. This was achieved by incorporating two types 
of PCMs, one chemically grafted and the other physically dispersed, into 
an epoxy matrix, resulting in endothermic transitions within the ranges 
of 40–60 ◦C and 110–124 ◦C. In addition to its thermal buffering capa
bility, the composite exhibited significantly enhanced thermal conduc
tivity. Surface modification of AlN with CNF improved interfacial 
adhesion with the epoxy matrix via hydrogen bonding, enabling uniform 
dispersion of AlN-CNF particles and the formation of efficient heat 
conduction pathways in the through-plane direction. The resulting 
EPET/Docosane/AlN-CNF composite demonstrates a strong synergy 
between latent heat absorption and enhanced heat dissipation, con
firming its substantial potential as a high-performance PCTIM for 
advanced thermal management applications.
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