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Abstract: This study presents shape-stable phase change material (PCM) composites by chemically grafting lauric acid
(LA) and myristic acid (MA) into an epoxy-terminated dimethylsiloxane matrix and coating onto nylon fabric for thermal
regulation textiles. The chemically integrated LA-MA epoxy composite (LMEP) exhibited broad phase transition from
22-40 °C with substantial latent heat of 82.1 J/g. Mechanical properties were significantly enhanced with 9-fold increase
in tensile strength and 40-fold increase in elongation compared to pristine PCMs. The composite showed excellent shape
stability and negligible PCM leakage due to robust covalent bonding. The LMEP-coated nylon fabric (NF/LMEP) main-
tained 41.2 J/g latent heat and demonstrated excellent thermal cycling stability with only 3.4% decrease after 150 cycles.
IR thermography confirmed superior thermal regulation performance, effectively delaying temperature transmission com-
pared to bare nylon fabric. These findings demonstrate that chemical integration of PCMs into epoxy matrices offers a
promising approach for next-generation wearable thermal regulation applications.

Keywords: polymer-matrix composites, phase-change materials (PCMs), textile, latent heat, thermal management.

Introduction ability, and autonomous repair directly into fabrics. These cutting-

edge materials are central to applications like bendable displays,

Smart textiles mark a transformative leap in wearable tech- wearable electronics, protective clothing, and flexible energy

nologies by embedding functions such as self-monitoring, adapt- systems. Recently, there has been a growing focus on devel-

o wh 4 hould be add 1 oping textiles capable of multifunctional responses to environ-
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Jooheonkim@cau.ac.kr, ORCID0000-0002-6644-7791 mental stimuli while matntaining thermal comfort for the weare.

©2026 The Polymer Society of Korea. All rights reserved. A core requirement in this field is the development of fibers
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that can promptly react to various external cues. These func-
tional fibers are integral to the realization of wearable platforms
that combine user comfort with high responsiveness. Never-
theless, producing such fibers remains technically demanding
due to the stringent environmental conditions involved in their
fabrication.*’

The need for smart textiles is especially urgent in occupa-
tions that involve exposure to extreme heat and humidity, such
as those of nucleic acid sampling personnel, miners, kiln work-
ers, metallurgists, and firefighters. Extended exposure in these
settings often leads to critical heat accumulation around the
body, disrupting the thermal equilibrium and posing risks of
heat-related illnesses. Without proper thermal regulation, these
conditions can endanger workers’ health and impair operational
efficiency. The application of smart textile technology presents
a promising solution by enabling garments that actively regulate
both temperature and humidity, thus enhancing safety and pro-
ductivity in challenging work environments. The advancement
of fiber engineering techniques capable of endowing garments
with real-time thermal responsiveness is key to realizing intel-
ligent clothing for such demanding applications.

Organic phase change materials (PCMs), including paraffin,’®
stearic acid,” and palmitic acid,® are known for their capacity to
absorb and release substantial amounts of thermal energy through
solid-liquid transitions.”'* Unlike conventional heat-conductive
materials, PCMs utilize latent heat during phase transformation,
enabling efficient thermal storage and temperature regulation.'>'®
These materials undergo reversible phase changes within spe-
cific temperature ranges, allowing them to buffer thermal fluc-
tuations by storing heat during excess and releasing it when
temperatures drop. As such, organic PCMs are considered highly
effective materials for thermal management across diverse
applications.

Current research is focused on integrating PCMs into textile
systems to develop thermally responsive garments.'™'® Consid-
erable efforts have been made to improve the synthesis, thermal
characterization, and structural integration of organic PCMs
with textile substrates, aiming to enhance performance and
operational reliability. However, several technical barriers remain.
These include achieving strong interfacial compatibility, improving
mechanical durability, and ensuring thermal stability under repeated
use. Such challenges are particularly critical for applications
involving mechanical deformation, repeated heating and cooling,
and potential environmental contamination.

One of the most pressing limitations of organic PCMs is
their propensity to leak during phase transitions, which severely

restricts their practical use.'**® A widely adopted strategy to miti-
gate this issue is to embed encapsulated PCM particles within
textile matrices. The encapsulating shell helps prevent leakage,
yet each capsule's interface with the surrounding fibers intro-
duces thermal resistance and reduces the effective latent heat
capacity of the system.”' This fragmented energy storage and
structural incompatibility can negatively impact on the overall
thermal performance and reliability of PCM-loaded textiles.

To overcome these limitations, our study proposes a novel
strategy involving the chemical integration of fatty acid-based
PCMs into a polymer matrix, thereby achieving superior shape
stability, enhanced mechanical properties, and durable thermal
regulation capabilities. We specifically focus on chemically grafting
lauric acid (LA) and myristic acid (MA) into an epoxy-terminated
dimethylsiloxane (EP) oligomer to form a ternary composite
(LMEP). This chemical bonding approach is designed to prevent
PCM leakage intrinsically, circumventing the need for physical
encapsulation and allowing for high PCM content without com-
promising structural integrity.'® The synthesized LMEP compos-
ite is then seamlessly coated onto nylon fabric (NF) to create
functional thermal regulation textiles suitable for wearable
applications. This paper systematically investigates the chemical
structure, morphology, thermal phase change behavior, mechani-
cal properties, and shape stability of the synthesized EP-PCM
composites. Crucially, the long-term thermal cycling stability and
the practical thermal regulation performance of the NF/LMEP
textile are comprehensively evaluated using infrared (IR) ther-
mography in direct skin contact. Our findings demonstrate that
the chemical grafting strategy effectively addresses the critical
challenges of PCM leakage and stability, positioning the devel-
oped NF/LMEP composite as a highly promising candidate for
next-generation smart textiles demanding prolonged thermal
comfort and robust performance.

Experimental

Materials. Hexamethylenetetramine, LA, and MA were
procured from Sigma-Aldrich and utilized as received. The
epoxy-terminated dimethylsiloxane (ETDS) oligomer, desig-
nated as KF-105 (EP) and characterized by an equivalent weight
of 490 g/eq and a density of 0.99 g/cm®, was obtained from
Shin-Etsu Chemical Co., Ltd. The nylon fiber (NF) fabric was
obtained from RTBIO (Bucheon, Korea).

Fabrication of PCM Coated NF. To prepare the composite
coatings, 3 g of KF-105 was mixed with 1g of hexamethy-
lenetetramine as a curing agent and stirred at room temperature
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for 10 min until a transparent solution was formed. Subsequently,
4 g of molten PCMs (LA, MA, or 3:1 LA/MA (by weight)) were
separately added to three such solutions, corresponding to a PCM-
to-epoxy weight ratio of 4:3. Each mixture was then reacted on
a hotplate at 150 C for 10 min. The resulting products are
referred to hereafter as the LAEP, MAEP, and LMEP, respec-
tively. After cooling to room temperature and reaching a viscosity
that allowed smooth and uniform brush application without
excessive flow or dripping, each formulation was evenly applied
onto NF substrates using a rubber brush. The coated fabrics were
cured in an oven at 120 C for 15 min and then air-dried to
obtain the final NF/LAEP, NF/MAEP, and NF/LMEP samples.

Characterization. Fourier transform infrared spectroscopy
(FTIR, Perkin-Elmer Spectrum One, USA) in attenuated total
reflectance (ATR) mode was utilized to identify chemical structural
changes induced by surface treatment. The morphology of the
composites was analyzed using field-emission scanning elec-
tron microscopy (FE-SEM, SIGMA 300, Carl Zeiss, Germany).
Thermal diffusivity (, mm?/s) was measured using a laser flash
analyzer (LFA 1000, Linseis, Germany), while both the specific
, J/g-K) and latent heat (AH, J/g) were deter-
mined using a differential scanning calorimeter (DSC-7, Per-
kin-Elmer Co., USA). Thermal conductivity (K, W/m-K) was

heat capacity (C,
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subsequently calculated using the equation K=a x C, % p,
where p (g/cm’) represents the bulk density of the composites.
Mechanical properties were evaluated with a universal testing
machine (UTM, model 3344Q9465, Instron Co., USA) at a
crosshead speed of 2 mm/min according to ASTM D638 stan-
dards. Thermal degradation behavior was assessed by ther-
mogravimetric analysis (TGA-2050, TA Instruments, USA),
wherein samples were heated from room temperature to 600 C
at a rate of 10 C/min under a nitrogen atmosphere.

Results and Discussion

The fabrication process of the LMEP matrix and its subse-
quent coating onto the NF substrate is shown schematically in
Figure 1. Initially, LA and MA were incorporated into the EP
matrix through epoxy ring-opening reactions using hexameth-
ylenetetramine as a curing agent, followed by esterification
between the carboxylic acid groups of PCMs and the opened
epoxy moieties. This chemical reaction ensures the effective
covalent integration of PCM segments into the EP network,
thereby addressing the poor interfacial compatibility observed
in conventional PCM-epoxy systems. Following LMEP synthe-
sis, the formulation was cooled to a suitable viscosity, evenly
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Figure 1. Schematic diagram showing the fabrication process of the LMEP matrix and its subsequent coating onto the NF substrate.
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Figure 2. (a) FTIR spectra; (b) DSC analyses of the starting materials and various composites.
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applied onto NF substrates using a rubber brush, and subsequently
cured to obtain the final NF/LMEP composite. This compre-
hensive approach results in a chemically integrated structure with
enhanced stability and robust thermal energy storage capability.

The chemical structures and bonding states of the pristine
components—KF-105(EP), LA, and MA—as well as the syn-
thesized binary composites (LAEP and MAEP) and ternary
composite (LMEP), were characterized by FT-IR spectroscopy
(Figure 2(a)). The unreacted EP exhibited a characteristic peak
at 911 cm™, corresponding to the asymmetric stretching vibra-
tion of the epoxy ring. Pristine LA and MA show strong C=O
stretching vibrations at 1695 cm™ and 1694 cm', respectively,
indicative of their carboxylic acid functional groups. Upon incorpo-
ration of LA and MA into the EP matrix, both LAEP and MAEP
composites demonstrate distinct shifts of the carboxylic C=0
peaks from their original positions at 1695 cm™ and 1694 cm™ to
ester carbonyl bands at approximately 1710 cm™ and 1705 cm’,
respectively. These spectroscopic changes, accompanied by
significant reductions in the epoxy peak intensity at 911 cm™,
provide compelling evidence for successful ester bond formation
through ring-opening reactions between the carboxylic acid groups
of the fatty acids and the epoxy moieties. The LMEP sample
exhibited a comprehensive spectral profile encompassing fea-
tures from both LAEP and MAEDP, including a prominent ester
C=0 stretching band at approximately 1713 cm™ and the almost
complete disappearance of the epoxy peak at 911 cm™. This
spectral evolution confirmed the successful dual esterification
of EP with both LA and MA, thereby demonstrating the cova-
lent integration of both fatty acid chains into the EP network.
These findings indicate that the ternary system underwent effi-
cient ring-opening and ester-forming reactions, leading to a
chemically integrated PCM structure with enhanced thermal
and structural stability.

The thermal behaviors of pristine components and their
epoxy-based composites were thoroughly investigated by dif-
ferential scanning calorimetry (DSC), with the results depicted
in Figure 2(b). A comprehensive summary of their key thermal

Table 1. Melting Points and Latent Heat Values of Pristine PCMs
and Their Epoxy-based Composites

Material Melting point (°C) Latent heat (J/g)
LA 48.5 198.4
MA 55.0 187.3
LAEP 41.1 71.6
MAEP 50.2 85.3
LMEP 32.4 82.1

parameters, including melting points and latent heats, is pro-
vided in Table 1. The melting points were consistently deter-
mined from the maximum endothermic peak temperature. The
pristine LA and MA exhibited sharp, distinct melting transi-
tions at approximately 48.5 C and 55.0 “C, respectively, character-
istic of their highly ordered intrinsic crystalline phase change
behaviors. It is noteworthy that the EP oligomer does not display
any significant endothermic peak within the examined tem-
perature range in Figure 2(b), signifying its thermal inertness
with respect to phase changes.

After the incorporation of LA and/or MA into the EP matrix,
substantial alterations in the thermal properties were observed
for the resultant composites. The LAEP sample displayed a melt-
ing temperature of 41.1 C while the MAEP sample exhibited
a melting temperature of 50.2 C. Both composites showed
notable reductions in their melting temperatures compared to
their pristine counterparts. This reduction in melting tempera-
ture is primarily attributed to the esterification process occurring
between the carboxyl groups of LA or MA and the EP moiety.
This chemical bonding consumes carboxylic acid groups, thereby
disrupting the extensive intermolecular hydrogen bonding net-
work characteristic of pristine fatty acids. The resultant decrease in
hydrogen bonding and disruption of crystalline order directly
led to a notable reduction in crystallinity and, consequently, a
lower melting temperature.

In distinct contrast to the relatively sharp, single transitions
observed for LAEP and MAEP, the LMEP composite exhib-
ited a broad endothermic transition spanning from 22 to 40 C,
with a primary peak at 32.4 C, notably lacking any distinct
multiple peaks. This broadened transition and lower peak tem-
perature for LMEP are primarily attributed to the formation of
a highly disordered and homogeneously crosslinked network.
The simultaneous covalent incorporation of two different PCM
segments (LA and MA) into the rigid epoxy backbone signifi-
cantly increases the structural heterogeneity, creating a more
amorphous structure that hinders the formation of well-ordered
crystalline domains. This synergistic effect of enhanced structural
heterogeneity and disrupted long-range order results in a broader
and lower-temperature phase transition. This broad temperature
range (22 to 40 C) is particularly advantageous, as it closely
aligns with the human skin temperature range (typically 32—
35 C, varying with activity and environment), making LMEP
an exceptionally suitable PCM for wearable thermal regulation
applications aimed at maintaining physiological comfort. Nev-
ertheless, despite its reduced crystallinity, the LMEP maintained a
substantial latent heat of approximately 82.1 J/g, indicating the
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successful retention of significant phase change enthalpy within
the chemically integrated structure. This result robustly confirmed
the effective integration of both PCM species into the EP matrix
and supports the formation of a structurally disordered, yet highly
efficient, thermally active dual-component system.

The morphological evolution of the epoxy—PCM compos-
ites, providing crucial insights into their structural integrity and
component distribution, was comprehensively revealed by field-
emission scanning electron microscopy (FE-SEM) images pre-
sented in Figure 3. Specifically, the pristine EP oligomer (Fig-
ure 3(a)) exhibited a relatively smooth and dense morphology,
consistently devoid of discernible phase domains, which agrees
with its homogeneous oligomeric nature. In stark contrast, pure
LA (Figure 3(b)) displayed a typical crystalline structure char-
acterized by prominent, well-defined facets, reflecting its highly
ordered solid state. Similarly, MA (Figure 3(c)) also presented
a distinct crystalline morphology, aligning precisely with its
nature as fatty acid.

Following esterification, all synthesized composites—LAEP
(Figure 3(d)), MAEP (Figure 3(e)), and LMEP (Figure 39f))—
exhibited remarkably uniform and integrated morphologies.
Crucially, these composites were distinctly different from their
pristine, individual components and completely devoid of any
observable macroscopic phase separation, a critical indicator of
successful material integration. This observed homogeneous
microstructure across all composites directly confirmed the
successful formation of chemically bonded networks through
esterification, thereby unequivocally signifying the effective

Zan, 45048 A25, 2026\

covalent incorporation of LA, MA, or both, into the EP matrix.
The absence of any segregated PCM domains further underscores
the robustness of this chemical integration. These observed
morphological changes are highly consistent with the FTIR and
DSC results, collectively demonstrating the paramount impor-
tance of successful chemical bonding, achieved through care-
fully controlled reaction parameters, in realizing well-defined,
morphologically stable, and integrated composite architectures
with improved structural stability and performance.

To comprehensively characterize the performance of the
EP—PCM composites, their thermal and mechanical properties
were rigorously evaluated, as illustrated in Figure 4. Specifi-
cally, Figure 4(a) presents the thermal conductivity and latent
heat values for EP, LAEP, MAEP, and LMEP. A notable obser-
vation was the increase in TC for LAEP, MAEP, and LMEP
compared to pristine EP. This enhancement is attributed to the
intrinsically higher thermal conductivity of the incorporated
PCMs (LA and MA), and these composites consistently exhib-
ited a substantial latent heat of approximately 80 J/g, reinforcing
their significant thermal energy storage capacity for practical
applications.

The mechanical integrity of the synthesized composites is of
critical importance for their practical applications. Figure 4(b)
illustrates the representative tensile stress-strain curves for the
pristine EP and various PCM-EP composites. These curves dis-
tinctly showed that all PCM-EP composites exhibited a clear
enhancement in mechanical properties compared to the pristine
PCMs. Further quantitative assessment of the mechanical per-
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Figure 4. Comprehensive characterization of EP-PCM composites: (a) thermal conductivity and latent heat values; (b, ¢) mechanical prop-
erties; (d) photo of the leakage test process; (e) retention rate; (f) leakage rate.

formance, particularly for LMEP, was provided in Figure 4(c).
This bar graph distinctively presents the tensile strength and
elongation at break of LMEP, offering a clear quantitative rep-
resentation of its enhanced mechanical properties. Notably, as
confirmed by this quantitative data, LMEP demonstrated sig-
nificant improvements, with its tensile strength and elongation
at break enhanced by approximately 9-fold and 40-fold, respec-
tively, when compared to the pristine LA and MA. These find-
ings underscore the robust mechanical reinforcement achieved
through the chemical integration of PCMs into the epoxy matrix.

Beyond thermal and mechanical properties, the shape sta-
bility and PCM retention are critical for practical applications,
particularly when composites are subjected to temperatures
above the PCM melting points. For a quantitative evaluation of
the leakage behavior, the retention rate (¢) and leakage rate ()
of the samples were calculated. These parameters provide a
precise measure of PCM confinement and loss, respectively,
and are defined by the following equations:

g:Z’T’xloo% (1)
0
y=0 M 100% @)

my
Here, m, denotes the initial mass of the PCM sample, while
m, represents the measured mass of the sample after a specific
thermal treatment. Leakage tests were performed, with results
presented in Figure 4(d)—(f). These figures illustrate that the

introduction of epoxy enables the developed epoxy—PCM compos-
ites to prevent PCM leakage even when the materials are in
their molten state. Notably, the measurements were conducted
from 30 C to 90 C, holding for 30 minutes at each 10 C incre-
ment. In stark contrast, pristine LA (48.5 C) and MA (55.0 C),
upon reaching their respective melting points, rapidly lost structural
integrity and exhibited significant leakage, as would be evident
in the absence of chemical confinement. However, the chemically
integrated systems, particularly LMEP (melting point 32.4 C),
demonstrated exceptional shape stability even at 90 C, far beyond
its melting transition. As shown in Figure 4(e) and Figure 4(f),
LMEDP exhibited very high retention rates and negligible leak-
age rates, confirming its robust performance. This robust per-
formance unequivocally highlights the critical role of covalent
bonding between the epoxy matrix and the PCMs in suppress-
ing PCM diffusion and ensuring long-term thermal and struc-
tural stability.

Figure 5(a) and (b) present the morphology of the NF/LMEP
composite through surface and cross-section FE-SEM images,
respectively. These images clearly demonstrated that LMEP was
effectively coated onto the NF substrate, forming a cohesive and
continuous layer with an average LMEP thickness of approx-
imately 130 um over the 250 um nylon fabric substrate. This
uniform and robust coating is essential for maintaining the
structural integrity and functionality of the resultant composite
textile.

Polym. Korea, Vol. 50, No. 2, 2026
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Figure 5. Comprehensive characterization of the NF/LMEP: (a, b) morphology from surface and cross-section FE-SEM images; (c) FTIR
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Figure 5(c) presents the FT-IR spectra of NF, LMEP, and NF/
LMEP. Notably, in the spectrum of NF/LMEP, the character-
istic absorption peaks typically associated with the nylon fabric
were not distinctly observed or were significantly attenuated.
This phenomenon can be attributed to the comprehensive and
uniform LMEP layer acting as an effective protective film, thereby
hindering the infrared (IR) beam from fully penetrating and
detecting the underlying nylon fibers. This observation directly
confirmed that LMEP was thoroughly coated across the NF sur-
face, indicating successful and complete coverage of the textile
substrate. The thermal energy storage capabilities of the coated
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textile were assessed through DSC analysis, as presented in
Figure 5(d). As expected, the pristine NF exhibited no signif-
icant heat flow peaks, confirming its thermal inertness regard-
ing phase change. However, when LMEP was coated onto the
nylon, the resulting NF/LMEP composite displayed a heat flow
peak at a temperature nearly identical to that of bulk LMEP, with a
similar peak shape. This confirmed that the phase change behav-
ior of LMEP was well-preserved within the composite. Fur-
thermore, the latent heat for NF/LMEP was measured to be
41.2 J/g, quantitatively demonstrating that the coated textile
retains a substantial capacity for thermal energy storage.
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Figure 6. (a) TGA curves of pristine LA, MA, EP, and LMEP composite; (b) TGA curve of the NF/LMEP composite.
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As shown in Figure 6(a), the thermal degradation character-
istics of the individual components offer crucial insights into
the composite's behavior. Pristine LA and MA typically under-
went thermal decomposition around 200 C. The EP matrix,
on the other hand, exhibited its primary degradation stage at
approximately 400 ‘C. The LMEP composite, reflecting the ther-
mal characteristics of its individual constituents, displayed a
two-stage degradation profile. The initial decomposition occur-
ring around 200 C corresponded to the breakdown of the LA
and MA components, while the second stage at approximately
400 C was associated with the degradation of the epoxy matrix.
This characteristic stepwise degradation pattern supports the
successful integration of both PCM and epoxy components.
Notably, LMEP exhibited significant thermal stability up to 200 C,
indicating its inherent robustness in this temperature range.
Figure 6(b) presents the TGA curve for the NF/LMEP com-
posite, illustrating its thermal behavior when integrated into a
textile. The degradation profile of NF/LMEP closely paralleled
the thermal characteristics of its individual constituents. It
exhibited an initial decomposition stage around 200 C, corre-
sponding to the breakdown of the covalently bonded LA and
MA components from LMEP. A second, more prominent deg-
radation step was observed around 400 C, which was attributed
to the combined decomposition of the epoxy matrix from LMEP

and the NF substrate.

The long-term thermal cycling stability of the NF/LMEP com-
posite is paramount for its practical application in thermal reg-
ulation textiles. This crucial stability was comprehensively evaluated
through repeated DSC measurements, FTIR spectroscopy, and
FE-SEM imaging after multiple thermal cycles, with the results
presented in Figure 7. Figure 7(a) presents the DSC curves of
NF/LMERP after 50, 100, and 150 thermal cycles. These results
demonstrated the superior thermal reliability of the composite
over extended use. Notably, after 150 consecutive cycles, only
a minimal decrease in latent heat of approximately 3.4% was
observed, indicating excellent retention of its thermal energy
storage capacity. Importantly, the melting point of the composite
remained unchanged throughout the entire cycling process,
further confirming its robust thermal stability and consistent
phase change performance over time.

To assess the chemical stability of NF/LMEP after repeated
thermal cycling, FTIR spectroscopy was performed, as shown
in Figure 7(b). By comparing the FTIR spectrum of the initial
NF/LMEP composite with that after 150 thermal cycles, it was
evident that the characteristic absorption bands remained con-
sistent. The spectra exhibited highly similar features, indicating
that the chemical structure of the composite remained unal-
tered and stable even after enduring extensive thermal cycles.
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Figure 8. Infrared thermography analysis of thermal regulation performance: (a) IR thermal images of each sample captured at specific time
points during direct skin contact; (b) dynamic surface temperature profiles of samples over a 300-second period.

The structural integrity and morphological stability of the NF/
LMEP composite after cycling were verified by FE-SEM images.
Figure 7(c) presents the surface morphology of the pristine NF/
LMEP composite, while Figure 7(d) reveals the surface mor-
phology of the composite after 150 thermal cycles. These com-
parative SEM images confirmed the exceptional structural
stability of the NF/LMEP composite. No signs of leakage, cracking,
or significant morphological degradation were observed, even
after extensive thermal cycling. This demonstrated robustness
and durability underscore the composite's suitability for prac-
tical applications that demand long-term stability and reliabil-
ity in fluctuating temperature environments.

The thermal regulation performance of bare NF and the NF/
LMEP composite was evaluated under direct skin contact for
300 seconds using IR thermography, as shown in Figure 8. IR
thermal images in Figure 8(a) highlight the surface temperature
evolution of each sample at selected time points. The bare NF
exhibited a rapid increase in surface temperature, closely par-
alleling the skin temperature rise, due to its inability to absorb
latent heat. In contrast, the NF/LMEP composite showed sig-
nificantly slower thermal accumulation, maintaining the lowest
surface temperature throughout the test. At the end of 300 sec-
onds, the final surface temperatures of NF and NF/LMEP reached
32.84 C and 27.97 C, respectively. While both samples ini-
tially exhibited a similar temperature rise up to around 22 C,
the NF/LMEP composite showed a markedly reduced tempera-
ture increase once the phase change region was reached, indicating
effective latent heat absorption and delayed thermal propaga-
tion. This superior performance stems from the synergistic
incorporation of chemically grafted LA and MA into the epoxy
matrix, which enabled an extended and more effective phase
change region. Figure 8(b) presents the dynamic temperature

Zan, 45048 A25, 2026\

curves, clearly demonstrating that the NF/LMEP composite effec-
tively delayed heat transfer by absorbing thermal energy during
the phase transition. These results confirm that epoxy-based PCM
coatings substantially enhance the thermal buffering capability
of textiles. In particular, the NF/LMEP composite offers out-
standing heat absorption and sustained temperature suppres-
sion, making it a strong candidate for wearable thermoregulation
applications requiring long-term comfort and thermal stability.

Conclusions

This study successfully developed a novel approach for fab-
ricating highly stable and efficient epoxy-based PCM compos-
ites, LMEP, by chemically grafting LA and MA into an epoxy
matrix, subsequently coated onto NF. Comprehensive charac-
terization confirmed the successful chemical integration and
homogeneous morphology of LMEP, which exhibited a broad
phase transition (22-40 C) with a substantial latent heat of
82.1 J/g. This chemical approach significantly enhanced both
mechanical strength and crucial shape stability, effectively pre-
venting PCM leakage even above its melting point. When applied
as coating, the NF/LMEP composite maintained robust thermal
energy storage (41.2 J/g), demonstrating excellent long-term
thermal cycling stability with minimal latent heat degradation
after 150 cycles. Furthermore, IR thermography analyses con-
clusively showed the superior thermal buffering capability of
the NF/LMEP textile, effectively delaying temperature trans-
mission and maintaining a lower surface temperature. These
findings collectively underscore the efficacy of the chemical
grafting strategy in overcoming conventional PCM limitations,
positioning the NF/LMEP composite as a highly promising
and viable material for advanced wearable thermal regulation
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applications demanding prolonged comfort and consistent per-
formance.
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