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ABSTRACT: This study investigates the fabrication of phase change material— N
poly(butylene adipate-co-terephthalate) (PCM—PBAT) composites through melt

blending techniques, focusing on the impact of isophorone diisocyanate (IPDI) j
treatment on carbon nanotubes (CNTs) and (3-aminopropyl)triethoxysilane i

(APTES) treatment on aluminum nitride (AIN) particles. Analysis of mechanical ,25 —© Drying
properties highlights an enhancement in tensile strength with APTES-treated AIN . Treatment | ammma m—)

particles, while dynamic mechanical analysis (DMA) reveals an increase in stiffness. i Extrusion
Laser flash analysis (LFA) investigation demonstrates a significant increase, up to i II II J

325%, in thermal conductivity compared to PCM—PBAT composites without filler. @ o gl | |

Moreover, the fabricated composites exhibit enhanced latent heat storage capabilities, AN

with the PCM—PBAT composite containing 30% filler (20PCM—PBAT—30F) PRAT ; II

showing promising latent heat values. These findings underscore the efficacy of POM(PES)

selecting an appropriate PCM—PBAT ratio and surface functionalization of the filler
particles in enhancing the latent heat storage and thermal and mechanical properties of the polymer composites, suggesting their
potential application across diverse fields.

1. INTRODUCTION by introducing defects that impede their thermal dissipation
performance, especially under conditions of vibration and

Sensible heat, thermomechanical reaction energy, and latent 153031
277" Consequently, achieving high thermal

heat are the three es of energy storage mechanisms for shock in devices.

thermal applications.” Currently, among these thermal energy conductivity with a lower percentage of filler loading remains
storage mechanisms, latent heat is predominantly utilized, with crucial for the functionality of these composites. Despite
phase change materials (PCMs) playing a crucial role in this numerous efforts to enhance the thermal conductivity of
domain.”~” Latent heat storage, which utilizes PCMs to store polymer composites through various methods such as freeze-
or release latent heat, finds diverse applications, including the casting, functionalization, and chemical vapor deposition, the
recovery of industrial waste heat, building comfort systems, challenge persists. An intriguing approach for effective thermal
cooling, and temperature control systems.” Among PCMs, management involves using PCMs as the matrix in conjunction
poly(ethylene glycol) (PEG) is distinguished for its high with other polymer materials. PCMs, such as paraffin, PEG,
energy storage density, suitable phase change temperature, and erythritol, show promise for heat energy storage due to
stability, low toxicity, and cost-effectiveness.* " However, their significant latent heat capacity, offering potential for
inherent limitations, such as leakage in the molten state, low energy conservation and heat regulation.4 Consequently,
thermal conductivity, and significant supercooling, restrict its research efforts are directed toward integrating PCMs into
practical applications, leading to thermal response hysteresis thermally conductive polymer composites.

and 1‘66;1}11ced energy storage and thermal regulation perform- While numerous studies have sought to enhance thermal
ance.””"" Addressing these challenges may be feasible through management using PCM materials, certain challenges persist.
packaging techniques 1&;1’_1(li§the incorporation of fillers with high First, the high filler loadings required to increase the thermal

thermal conductivity.
For this 1pur ose, materials that exhibit high thermal
conductivity, "'°~"? including ceramic fillers (such as boron
nitride (BN),*”*' aluminum nitride (AIN),”*”** and alumina -
(AL0,)),”"* carbon-based fillers (like graphite, graphene, and Received: August 13, 2024
carbon nanotubes),'®'****” and metals (such as copper, iron, Revised:  November 22, 2024
and silver)”®”” are integrated into polymer matrices to Accepted: November 26, 2024
fabricate composites with enhanced thermal conductivities. Published: December 6, 2024
However, it is acknowledged that a higher percentage of filler
loadings might compromise the properties of the composites

conductivity of composites often diminish the latent heat
capacity of PCMs, necessitating a balance between retaining
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?(a) Schematic illustration of the surface modification of CNT with IPDI, (b) surface modification of AIN with APTES molecules, (c) schematic
illustration of the fabrication of the various composites of PCM—PBAT —filler matrix.

intrinsic latent heat and improving thermal conductivity.”*~°

Second, the mechanical properties of commonly used PCMs,
like paraffin, typically fall short of those of common polymers
found in thermally conductive composites, such as epoxy,””*>
polyurethanes,”* and poly(vinyl alcohol) (PVA).** The main
problem encountered while utilizing these polymers together
with the PCM is that the melting point of the two varies
widely. Thus, considering a polymer having a low melting
point but good mechanical properties like poly(butylene
adipate-terephthalate) (PBAT) is suitable to process the
PCM-polymer composites.”” This mechanical fragility in
PCMs poses a barrier to their practical implementation,
underscoring the importance of enhancing the mechanical
properties of PCMs for applications in electronic devices.
Considering the challenges in previous research works in
heat management of PCM applications, such as leakage in the
molten state, low thermal conductivity, and significant
supercooling that limit their practical use, this study proposes
a novel approach for fabricating a PCM composite from PEG
and PBAT aimed at achieving a composite with high latent
heat capacity and promising thermal conductivity without
compromising the mechanical properties of the final
composites. To this end, aluminum nitride (AIN) and carbon
nanotubes (CNTs) are employed to enhance thermal
conductivity and latent heat capacity without altering the
mechanical properties of the composites. The PCM
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composites obtained in this study demonstrate promising
latent heat and heat dissipation characteristics.

2. EXPERIMENTAL SECTION

2.1. Materials. PEG (molecular weight of 20,000, melting
point of 59—65 °C), sodium hydroxide (NaOH), and ethanol
(95%) were obtained from Dae-Jung Chemical and Metal Co.,
Ltd. (Seoul, Korea). The thermoplastic polymer PBAT
(melting point 120—140 °C) was acquired from Dong-Sung
Chemical (Ulsan, Korea). AIN (10 um, 98%), CNTs,
isophorone diisocyanate (IPDI), dibutyltin dilaurate
(DBTDL, catalyst), and (3-aminopropyl)triethoxysilane
(APTES, 95%) were procured from Sigma-Aldrich (Minneso-
ta).

2.2. Methods. The surface reactivity of CNTs and AIN
particles was insufficient for effective bonding with the PCM—
PBAT matrix. Therefore, enhancing their surface properties
was crucial to facilitate proper adhesion and compatibility with
the PCM—PBAT matrix. To address this issue, IPDI was
introduced to the surface of CNTs using DBTDL as a catalyst.
Initially, CNTs were mixed in acetone solvent through stirring,
and IPDI was added to the solution, followed by the
simultaneous addition of the DBTDL catalyst dropwise. The
resulting mixture was placed in an oil bath at 60 °C while
stirring, and the reaction was sustained for 8 h. IPDI,
constituting 10 wt %, relative to the weight of the CNTs,
was added to the solution for the surface treatment of CNTs.

https://doi.org/10.1021/acsomega.4c07480
ACS Omega 2024, 9, 49557—-49565
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Figure 1. Confirmation of surface treatments: (a) FTIR; (b) TGA of IPDI-treated CNT, respectively; (c) FTIR; and (d) TGA of APTES-treated

AIN particles.

Subsequently, the IPDI-treated CNT's were separated from the
solution through vacuum filtration. The surface functionaliza-
tion of CNT particles is detailed in Scheme 1la.

Furthermore, the AIN particles were surface-functionalized
through APTES functionalization. To enable surface treatment
with APTES, the particle should possess a hydrophilic
component capable of reacting with the silane groups of
APTES molecules. Considering the lack of hydroxyl groups on
AN, its surface was initially subjected to a hydroxyl group
treatment using NaOH as the source of OH groups. A 3 M
NaOH solution was prepared, and the AIN particles were
mixed into this solution while stirring. The attachment of
hydroxyl groups to the surface of AIN occurred over 24 h in an
oil bath at a temperature of 80 °C. Finally, the basic solution
was neutralized from the AIN particles by washing with
deionized water (DI) and filtration, and the filter cake was
subjected to drying for 24 h at 60 °C. Upon drying, the cake
underwent APTES treatment (S wt % with respect to AIN) by
dissolving the OH-attached AIN particles in an ethanol solvent.
The reaction took place in an oil bath at a temperature of 80
°C, stirring for 6 h. Finally, the solution was separated from the
solvent through filtration, and the filter cake was dried in an
oven at 60 °C for 24 h. The schematic representation of
APTES surface functionalization of AIN particles is illustrated
in Scheme 1b.

49559

Once the surface functionalization of the filler particles is
achieved such that the diisocyanate group reacts with the PEG
(PCM) and the silane-containing AIN reacts with the IPDI
molecules functionalized on the surface of the CNTs, the
preparation of the PCM—PBAT—filler composite followed.
The melt blending technique was used to fabricate the
composite materials, followed by pelletizing and molding into
proper shapes for analysis.

Prior to fabricating the composite containing the filler
particles, a proper PCM—PBAT mixing ratio was determined
producing various PCM—PBAT composites and evaluating its
effect on the mechanical properties. PCM ratios ranging from
10 to 40 wt % were mixed with corresponding PBAT, melt
extruded, and their mechanical properties were examined.
Through this evaluation, the optimal ratio of PCM to PBAT
was determined to be 20PCM—PBAT (20 wt % PCM and 80
wt % PBAT). To fabricate the composites, a constant 3 wt %
CNT relative to the 20PCM—PBAT matrix was used, and 27
wt % of AIN was applied and labeled as 20PCM—PBAT—30F.
For comparison purposes, a 30PCM—PBAT composite (30 wt
% PCM and 70 wt % PBAT) was also melt extruded with the
same ratio of CNT and AIN and labeled as 30PCM—PBAT—
30F. The melt blending temperature was set at 130 °C with an
extrusion speed of 83 rpm. Atmospheric air was used to cool
the extrudate, as water dissolves the PCM. The schematic

https://doi.org/10.1021/acsomega.4c07480
ACS Omega 2024, 9, 49557—-49565
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Figure 2. Adhesion properties of surface treatments of fillers: (a) pristine CNT; (b) IPDI-treated CNT; (c) pristine AIN; and (d) APTES-treated

AIN.

(a)

(b)

(d)

Figure 3. Morphology of various composites: (a) neat PBAT; (b) PEG (PCM); (c) 20PCM—PBAT; and (d) 20PCM—PBAT—30F.

illustration of the fabrication of the composite is displayed in
Scheme Ic.

2.3. Characterization. The characterization methods
applied in this study are stated in the Supporting Information.

3. RESULTS AND DISCUSSION

In this study, the impacts of IPDI treatment on CNTs and
APTES treatment on AIN particles were examined using
various analytical methods, including TGA, FE-SEM, and
FTIR spectroscopy. These techniques were utilized to assess
the chemical and physical alterations in the particles
subsequent to the treatments. FTIR analysis of the IPDI-

49560

treated CNT particles, as depicted in Figure la, revealed the
presence of NCO, methylene, and carbonyl groups on the
particle surfaces, indicated by peaks at 1740, 2950, and 1100
cm™!, respectively. These functional groups are attributed to
the IPDI molecules, which contain NCO, methylene, and
carbonyl groups, due to the introduction of isocyanate groups
on the surface of the CNTs that are not present in the pristine
CNT (P-CNT). Similarly, the FTIR spectra of APTES-treated
AIN particles, shown in Figure lc, exhibited distinctive peaks
corresponding to methylene, NH, and silane groups at 2950,
3400, and 1280 cm™!, respectively. These observations are
distinct from the pristine AIN particles (P-AIN) suggesting the

https://doi.org/10.1021/acsomega.4c07480
ACS Omega 2024, 9, 49557—-49565
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Figure 4. UTM investigations: (a) tensile strengths; (b) elongation at break; (c) Young’s modulus of various PCM loadings in the PBAT matrix

and the corresponding filler loadings.

successful functionalization of particle surfaces with APTES
groups.

The TGA results for IPDI-treated CNT and APTES-treated
AIN particles, presented in Figure 1b,d, respectively, offer
insights into the thermal stability and degradation profiles of
the treated particles. The IPDI-treated CNTs displayed an
onset of degradation at 210 °C, attributed to the degradation
of IPDI groups, with a significant degradation observed at
temperatures exceeding 288 °C, where approximately 8 wt %
of the CNTs underwent thermal degradation (Figure 1b).

This finding indicates the treatment of CNT surfaces with
IPDI groups. Contrastingly, pristine AIN particles showcased
high thermal stability with no observable degradation, even at
elevated temperatures. However, the APTES-treated AIN
particles began degrading at lower temperatures, with complete
degradation of the reacted APTES groups occurring around
510 °C, leaving behind residual AIN particles (Figure 1d). The
degradation resulted in a loss of approximately 2.3 wt %,
suggesting that the APTES attached to the AIN particles
constituted 2.3 wt %, with an additional 2.7 wt % possibly
attributed to unreacted APTES, given that 5 wt % APTES was
used for the surface treatment of the AIN particles.

Moreover, the surface morphology modifications observed
in the FE-SEM images (Figure 2) indicate that the surface of
CNTs and AIN particles has been improved upon the
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introduction of IPDI and APTES molecules. The pristine
CNT (Figure 2a) indicates a surface having a thin structure
with rods on it, whereas the IPDI-treated CNT (Figure 2b)
displays a smooth surface with dots on it which corresponds to
IPDI molecules distribution over the surface of CNT. In
addition to this, the TEM images displayed in Figure S1 reveal
the presence of a rodlike structure for the IPDI-treated CNT.
The EDS analysis also confirms the presence of N ascertained
from NCO groups used to treat its surface. Pristine AIN
(Figure 2c) has a smooth surface morphology with pores,
whereas the APTES-modified AIN particles (Figure 2d) have a
rough surface morphology having APTES molecules well
distributed over the surface of AIN particles. Furthermore, the
presence of APTES molecules is confirmed by EDS analysis
displayed in Figure S2. The presence of Si elements does
confirm that APTES molecules are attached to the surface of
AIN particles.

FE-SEM images in Figure 3a—d elucidate the surface
morphologies of various fractured specimens. The neat
PBAT displayed a fractured, ladder-like morphology, indicative
of a ductile nature (Figure 3a), which was altered upon the
inclusion of PEG—PCM, known for its high brittleness.
However, the PEG (PCM)’s morphology shows a porous
material having a highly brittle property (Figure 3b).

https://doi.org/10.1021/acsomega.4c07480
ACS Omega 2024, 9, 49557—-49565
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Figure S. Thermal and mechanical properties of various composites: (a) TGA; (b) derivative TGA; (c) storage modulus; (d) tan &; (e) heat flow;

(f) thermal conductivity of PCM—PBAT and filler composites.

For comparison, the FE-SEM image of 20PCM—PBAT
analyzed and depicted in Figure 3¢ exhibited a highly fractured
specimen with a smooth structure, confirming its high
brittleness but more ductile as compared to PCM, this analysis
is supported by the UTM analysis. Figure 3d demonstrates that
the APTES-AIN particles and IPDI-CNTs were well
distributed in the PCM—PBAT matrix, indicating good
interfacial adhesion between the filler particles and the
PCM—PBAT blend. This compatibility is attributed to the
APTES functionalization and the reaction between IPDI
molecules and PEG—PCM.

The mechanical properties of the various PCM—PBAT
composites were investigated using UTM results, as illustrated
in Figure 4. Neat PBAT exhibited an average tensile strength of
approximately 5.2 MPa, while neat PEG, used as the PCM,
exhibited a tensile strength of 2.1 MPa. The tensile strength of
the various PCM—PBAT composites, used to determine the
optimal ratio of PCM to PBAT in the matrix, is presented in
Figure 4a. As the ratio of PCM (PEG) increases, the tensile
strength initially increases but then decreases drastically upon
reaching a threshold level. The 20PCM—PBAT composite
achieved the highest tensile strength of all fabricated
composites at 8.8 MPa. Although the tensile strength increases
with the addition of PCM to the PBAT matrix, the elongation
at break decreases once PCM is introduced, resulting in an
elongation at break of 250% for neat PBAT and 2% for PEG.
The 10PCM—PBAT exhibited an elongation at break of
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approximately 110%, reflecting the highly brittle nature of PEG
PCM, with this property decreasing upon increasing the PCM
ratio, as shown in Figure 4b.

Conversely, the Young’s modulus, as depicted in Figure 4c,
exhibited a different trend, with PBAT having the lowest
Young’s modulus of around 0.5 MPa and PEG achieving 0.8
MPa. Mixing the PCM (PEG) with the PBAT matrix
significantly improved Young’s modulus until it reached a
threshold level. The 20PCM—PBAT displayed a Young’s
modulus of 11.8 MPa, after which it decreased. These
properties indicate that the optimal ratio of PCM to PBAT
is achieved with 20PCM—PBAT, which is considered optimum
as it presents a tensile strength of 8.8 MPa, 95% elongation at
break, and Young’s modulus of 11.8 MPa. The Youngs
modulus of 20PCM—PBAT—30F has shown a drop from the
20PCM—PBAT due to the inclusion of filler particles that has
deteriorated the mechanical property; the same applies for the
30PCM—PBAT—30F. For comparative purposes, the
30PCM—PBAT was also used in this study. Moreover, the
inclusion of APTES-AIN particles led to an increase in tensile
strength, peaking at around 10.1 MPa, as shown in Figure S4.
The stress—strain diagram of 20PCM—PBAT-30F and
30PCM—-PBAT—30F is displayed in Figure S4a, which
showcases a huge difference between the two considered.
20PCM—PBAT—30F’s stress—strain diagram shows a material
with higher strength and elongation at break with it retaining
the elongation at break for a while as compared to 30PCM—

https://doi.org/10.1021/acsomega.4c07480
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PBAT—30F. Conversely, the 40PCM—PBAT polymer blend
exhibited the lowest tensile strength at 4.8 MPa among all
specimens, also having the lowest elongation at break of 3%.

However, the tensile strength of PCM—PBAT composites
improved with the addition of AIN particles, with the strength
at the breakpoint increasing proportionally to the quantity of
AIN particles incorporated into the matrix. The composite with
20PCM—PBAT—-30F demonstrated the highest tensile
strength compared to 20PCM—PBAT but had a lower
elongation at the break due to the inclusion of CNTs, which
possess poor mechanical properties. Thus, while the inclusion
of CNTs adversely affected the mechanical properties, the
incorporation of AIN particles enhanced the strength at the
breakpoint. The elongation at break of PCM—PBAT
composites with filler particles is displayed in Figure S4c.

Thermal degradation results of the PCM—PBAT composites
are presented in Figure Sab. Compared to neat PCM—PBAT,
the incorporation of IPDI-treated CNTs and APTES-function-
alized AIN particles enhanced the thermal stability of the
PCM—PBAT composite. Neat PCM—PBAT underwent two
thermal degradation stages: (i) degradation of the PEG
segments in PCM—PBAT, initiating at 340 °C and continuing
linearly up to 440 °C; (ii) further degradation of PBAT
segments in PCM—PBAT, starting at 410 °C and extending
linearly up to 585 °C, with less than 2 wt % residues. Thus,
PCM—PBAT proves to be a thermally stable polymer.
Conversely, the IPDI-treated CNT and APTES-functionalized
AIN-PBAT composites exhibited a two-stage thermal degra-
dation: (i) degradation of the PEG, alongside complete
degradation of IPDI and APTES groups, occurring between
326 and 380 °C, (ii) degradation of PBAT segments together
with remaining PEG between 400 and 575 °C, with the
residues comprising CNTs and AIN particles. The superior
thermal stability of PCM—PBAT, attributed to its higher glass
transition temperature, as discussed in the DMA investigation,
suggests its increased resistance to degradation or deformation
under elevated temperatures. The improvement in thermal
stability is confirmed by the derivative TGA (DTGA) in Figure
Sb.

The dynamic mechanical analysis (DMA) results presented
in Figure Sc,d shed light on the thermomechanical properties
of various PCM—PBAT composites, incorporating IPDI-CNT's
and APTES-AIN particles. The storage modulus (Figure Sc),
which reflects the stiffness of each composite, and the glass
transition temperature (Figure Sd), indicated by the tan§
value, are key metrics evaluated in this study. Neat PBAT
exhibited the lowest storage modulus at room temperature,
approximately 1.8 X 10° MPa. The addition of PCM to the
PBAT matrix significantly improved the stiffness of the
composites. The inclusion of AIN and CNT fillers, relative
to the matrix including PCM and PBAT, increased the storage
modulus at low temperatures (Figure Sc) and showed a similar
trend at room temperature, with 20PCM—-PBAT—-30F
exhibiting the highest stiffness, having a storage modulus of
3.9 X 10° MPa at 25 °C. Figure 5d illustrates the glass
transition temperatures of various PCM—PBAT—filler compo-
sites. The inclusion of filler particles resulted in a rightward
shift of the tan 6 curve for each composite, indicating a higher
glass transition temperature compared to neat PCM—PBAT.
Conversely, PCM—PBAT composites without filler particles
displayed a leftward shift in their glass transition temperature
on the tan § curve.

The crucial properties of PCM composites for application in
heat dissipation materials is their latent heat or heat of fusion,
which is derived from differential scanning calorimetry (DSC)
spectroscopy. PEG (PCM) possesses an exceptional latent heat
of 126 J/g, compared to the PBAT matrix, which has about
half the latent heat of PEG. Mixing the two polymers increased
the latent heat, although not satisfactory as significantly as
desired when compared to PCM alone. The obtained latent
heat, shown in Table 1, derived from the DSC curve (Figure

Table 1. Latent Heat of the Fabricated Composites

sample heat of fusion, J/g
PEG 126.4
PBAT 68.6
10PCM—PBAT 69.5
20PCM—PBAT 98.1
30PCM—PBAT 103.4
40PCM—-PBAT 104.5
20PCM—-PBAT—-30F 122.07
30PCM—PBAT-30F 142.9

Se), offers a comparison of the heat of fusion of various
fabricated composites. Increasing both the latent heat and
thermal conductivity is crucial for the application of PCM
composites in thermal energy storage.

Remarkably, the inclusion of IPDI-functionalized CNT and
APTES-functionalized AIN particles improved the latent heat
of the PCM—PBAT matrix. The 20PCM—PBAT—-30F
composite demonstrated a 25% increase in latent heat at the
melting temperature compared to 20PCM—PBAT. Although
increasing the PCM loading enhances the latent heat, this
approach adversely affects the mechanical properties, discussed
in Figures 4 and S4, of the composites, making it an unsuitable
alternative. Thus, the optimal ratio, as determined from the
UTM analysis, is identified as 20PCM—PBAT. Coupled with
the DMA analysis, which revealed a rightward shift of the glass
transition temperature (Figure Sb) and the improvement in
latent heat, the 20PCM—-PBAT—30F composite shows
promising results for applications requiring efficient thermal
energy storage and management. The inclusion of the filler
particles in the PCM—PBAT matrix has enhanced the latent
heat even as compared to the PEG (30PCM—PBAT—30F has
more latent heat than that of PEG PCM) which indicates the
filler has improved the heat of fusion generated.

Leakage tests under increasing temperatures were conducted
for various PCM—PBAT and PCM—PBAT-filler loadings.
The results revealed that the 20PCM—PBAT—30F sample
exhibited the highest resistance to heat-induced leakage,
showing no leakage but some expansion at 160 °C. These
findings are detailed in Figure S3. The PEG (PCM) melted
and leaked at 90 °C within 1 min. However, incorporating the
PBAT matrix mitigated this leakage problem at lower
temperatures, as illustrated in the first row of Figure S3.
Increasing the PBAT loading percentage further enhanced
thermal resistance, even at temperatures above 90 °C.
Conversely, neat PBAT melted and began leaking at a higher
rate at 160 °C compared to PCM—PBAT. Adding AIN and
CNT to the PCM—PBAT matrix improved resistance to
induced heat. The specimen with a lower percentage of PCM
(20PCM—PBAT—30F) showed no leakage and resisted heat-
induced expansion at 160 °C more effectively than the
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30PCM—PBAT—30F sample. Consequently, a leakage-resist-
ant PCM—PBAT composite has been developed.

LFA was employed to assess the thermal conductivity of
PCM~—PBAT composite materials incorporating APTES-AIN
and IPDI-CNT particles. Traditional polymer materials are
known for their low thermal conductivity, typically exhibiting
values below 0.2 W/(m-K). The thermal conductivity of
composite materials is influenced by several factors, including
the alignment of fillers within the polymer matrix, the presence
of polymer chain defects, and voids. The thermal conductivity
((K)) of composite materials can be calculated using the
equation

K=pCo (1)

where p, C,,, and J represent the density, specific heat capacity,
and thermal diffusivity, respectively. The LFA machine
determines the thermal diffusivity based on the sample
thickness and diameter (12.5 mm), with C, and p values
provided to the machine.

This study explores the effect of incorporating APTES-
functionalized AIN and IPDI-treated CNT particles into the
PCM—PBAT polymer matrix on its thermal conductivity. The
20PCM~—PBAT matrix, inherently nonconductive with a
thermal conductivity of 0.12 W/(m-K), shows a significant
increase in thermal conductivity upon the inclusion of APTES-
functionalized AIN and IPDI-treated CNT particles. The bar
graph depicted in Figure Sf illustrates a steep linear rise in
thermal conductivity. By integrating 37 wt % APTES-
functionalized AIN and 3 wt % of IPDI-treated CNT particles
into the 20PCM—PBAT matrix, a remarkable enhancement of
325% in thermal conductivity is achieved compared to the neat
PCM—PBAT matrix. This substantial increase is attributed to
the synergistic effect of 3 wt % CNT combined with AIN
particles, resulting in a total filler content of 40 wt % relative to
the PCM—PBAT matrix, thereby enhancing the composite’s
ability to conduct heat.

4. CONCLUSIONS

In this study, the fabrication of various PCM—-PBAT
composites using melt blending techniques was investigated.
We explored the effects of IPDI-treated CNTs and APTES-
treated AIN particles through a range of analytical methods.
FTIR and FE-SEM images are studied, and they demonstrate
distinct functional groups on the surfaces of the treated
particles and the particles were well dispersed within the
PCM—PBAT matrix, respectively. The optimal ratio of PEG as
the PCM to the PBAT matrix was determined through
analyses of mechanical properties and morphological appear-
ance. Mechanical property analysis indicated improved tensile
strength with the inclusion of APTES-treated AIN particles.
DMA revealed increased stiffness in the composites, while LFA
showed a significant enhancement in thermal conductivity,
approximately 325% higher than that of the base 20PCM—
PBAT composite. Additionally, the latent heat of the fabricated
composites was found to be improved compared to neat
PBAT. Specifically, the 20PCM—PBAT—-30F composite
exhibited a latent heat of 122 J/g, which is nearly equivalent
to that of neat PEG (PCM) but twice that of PBAT alone.
Overall, our findings highlight the efficacy of IPDI- and
APTES-treated CNT and AIN particles, respectively, in
enhancing the latent heat, thermal, and mechanical properties
of polymer composites. These enhancements pave the way for

their broader application in various fields, leveraging the
improved performance characteristics of these composites for
advanced thermal management and energy storage solutions.
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