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ABSTRACT

With the rapid development of electric aircraft,
thermal management of high power-density motors is
increasingly limited by compact structures, high heat
flux, and lightweight constraints. This study proposes a
passive thermal management strategy for motor
housings using form-stable composite phase change
materials (FS-PCMs). The FS-PCM exhibits leakage-free
phase transition, a melting range of 50-55 °C, latent heat
of ~149 ) g™, and good thermal stability. Two identical
motor housings, with and without FS-PCM embedded in
fin gaps, were fabricated and tested under different heat
source temperatures, ambient conditions, and pulsed
heating loads. Results show that FS-PCM integration
reduces peak temperature by 15-20 °C, delays
temperature rise, and induces a stable phase change
plateau. Under pulsed heating, the performance strongly
depends on the matching between duty cycle, ambient
temperature, and phase transition kinetics. Thermal
resistance and energy analyses indicate that mechanical
compaction reduces interfacial thermal resistance to
below 0.1 K W™, with negligible mass penalty. Overall,
the proposed structure provides an effective lightweight
passive thermal management solution for aerospace
motor applications.
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1. INTRODUCTION

With the rapid development of more-electric
aircraft, high power-density electric machines have
become key components for onboard energy conversion
and actuation systems, enabling improved reliability,
safety, and maintenance efficiency . However, these
motors typically operate under high power and torque
density conditions, where various losses are converted
into heat, significantly increasing thermal management
demands and affecting system performance and
material reliability 7). To address these challenges,
several cooling strategies have been developed,
including air-heat pipe hybrid cooling, water-cooled
channels, oil-spray cooling, and integrated liquid-cooling
jackets [8-13]. Although effective, these approaches
often require additional pumps, pipelines, or complex
structures, which increase weight and reduce system
compactness in aerospace applications. Therefore,
lightweight and passive thermal management solutions
are highly desirable. Phase change materials (PCMs) have
attracted significant attention due to their high latent
heat, low density, and good thermal stability 3%,
However, conventional PCMs suffer from leakage,
encapsulation complexity, and poor integration when
applied to motor thermal management, limiting their
practical application in compact aerospace systems.

In this study, a form-stable composite PCM is
proposed for passive thermal management of aircraft
motor housings. The material maintains structural
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integrity during phase transition, eliminating leakage and
the need for encapsulation. Owing to its stable structure,
it can be directly embedded into fin gaps without
significantly affecting the housing geometry. Two
identical motor housings, with and without FS-PCM, are
fabricated and experimentally compared under different
thermal conditions to evaluate thermal regulation
performance.

2. MATERIALS PREPARATION AND EXPERIMENTAL
APPARATUS

2.1 Preparation of Form-stable Phase Change Material
(FS-PCM)

Form-stable phase change materials (FS-PCM) are
functional materials with high latent heat storage
capacity and good mechanical properties. A stable three-
dimensional network structure formed via crosslinking
reactions enhances the structural stability and
mechanical strength. As shown in Fig. 1, polyethylene
glycol (PEG) and hexamethylene diisocyanate trimer
(HDIT) were used as raw materials to synthesize a PEG-
based crosslinked FS-PCM via a one-step solvent-free
method. PEG serves as the phase change component,
while HDIT acts as a crosslinker reacting with hydroxyl
groups to form a three-dimensional network structure.
The reactants were mixed in a designed ratio and heated
under stirring to ensure sufficient reaction. Under
isothermal conditions, the system gradually transformed
from a viscous state into a solid crosslinked network,
forming a stable cubic skeleton suitable for subsequent
thermophysical characterization and applications.
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Fig.1. Experimental procedure for preparing FS-
PCM.
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2.2 Thermophysical Properties of FS-PCM Materials

As shown in Fig. 2, the SEM images at different
magnifications reveal a transition from a dense surface
layer to an internal porous structure. At low
magnification, the surface is smooth and continuous
without obvious cracks or phase separation. At higher
magnification, the internal morphology consists of
interconnected wrinkled, lamellar, and particulate
features, forming a continuous three-dimensional

skeleton framework.This structure enables uniform
dispersion of the phase change component and provides
effective spatial confinement for PEG during phase
transition, thereby suppressing leakage. As a result, the
material exhibits improved shape stability, thermal
cycling reliability, and phase change performance.

Fig.2. M/crostructure of FS- PCM

The thermal properties of the FS-PCM were
characterized using a STA Q600 simultaneous thermal
analyzer (TA Instruments, USA). The samples were
heated from 30 to 200 °C at 2 °C min~" under a nitrogen
atmosphere to avoid oxidation. TG and DSC signals were
recorded simultaneously to evaluate thermal stability
and phase transition behavior. As shown in Fig. 3(a) and
(b), the DSC curve exhibits a clear endothermic peak with
an onset temperature of approximately 50 °C and a peak
temperature near 70 °C. No obvious exothermic
behavior is observed, and the TG curve indicates
negligible mass loss, confirming good thermal stability.
After 100 thermal cycles, the DSC curves remain highly
consistent with the initial state, with only minor
variations in peak intensity, indicating stable phase
change behavior and good cycling reliability.
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Fig.3. Performance testing of FS-PCM

The prepared FS-PCM exhibited no leakage at 80 °C,
which is above the melting point of PEG. It showed a
phase change temperature of approximately 55°C and a
maximum latent heat of 149.75 J/g. The material
demonstrates good thermal reliability, reusability, and
thermal stability, maintaining stable heat storage
capacity after 100 heating/cooling cycles. In future work,
nano-computed tomography and scanning electron
microscopy (SEM) will be employed to characterize the
pore structure of the foam. Meanwhile, by adjusting
synthesis parameters such as temperature, pressure,
and reaction time, the pore structure and phase change
behavior will be further optimized. In addition, precise
control of processing parameters will enable the
fabrication of dimensionally accurate and
morphologically stable samples for subsequent
integration into thermal management systems.

2.3 Experimental System and Procedures

An experimental platform was established,
consisting of a programmable thermal chamber, an
infrared thermal camera, and a multi-channel
temperature acquisition system. The thermal chamber
was used to simulate different ambient conditions, while
surface temperature evolution was monitored in real
time using infrared imaging. K-type thermocouples
connected to a high-speed data acquisition system (>10
Hz) were used for synchronized temperature recording.

Two identical motor housings were fabricated via
3D printing: a fin-only structure and a structure with FS-
PCM embedded in the fin gaps (Fig. 4). The FS-PCM was
introduced via mechanical compaction to enhance
interfacial contact and reduce thermal resistance.
Comparative experiments were conducted under
identical conditions to evaluate thermal buffering
performance.Embedding FS-PCM results in a negligible
mass increase (~65 g) and does not affect the overall
system weight, as the PCM is accommodated within
existing structural voids. The proposed design achieves
effective thermal regulation while maintaining

lightweight characteristics.
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Fig.4. Mass comparison of Motor Housings with and
without FS-PCM

For thermal response monitoring, multiple K-type
thermocouples were deployed on the surface of the
Motor Housing to enable multi-point temperature
acquisition. Measurement points were strategically
selected to cover the central fins, outer fins, and regions
embedded with phase change material, aiming to
achieve comprehensive tracking of the thermal response
behavior in key structural areas. Particular attention was
given to the thermal buffering effect and the evolution
of excess temperature during the heat absorption and
release processes of the phase change material. All
thermocouples were connected to a paperless recorder
via a high-speed data acquisition module (sampling
frequency > 10 Hz), allowing for synchronized, full-cycle
temperature-time data recording and automated
storage. This setup provides high-resolution and
continuous data support for subsequent analysis,
including temperature rise curve extraction, thermal
response rate evaluation, and quantitative assessment
of temperature control efficiency, as illustrated in Fig.6.

3. RESULTS AND DISCUSSION

3.1 Cooling Performance under Different Heat Sources

As shown in Fig. 5, the FS-PCM exhibits clear
thermal regulation performance under different heat
source temperatures. At low thermal load, the
temperature difference between fin-only and FS-PCM
structures is about 10 °C, indicating limited latent heat
utilization.

When the heat source temperature increases to
90 °C, the FS-PCM enters an active phase change region,
and the temperature difference increases to
approximately 15 °C, accompanied by a distinct phase
change plateau.

At 100 °C, the thermal regulation performance
reaches its optimum, with a maximum temperature
difference of about 20 °C and an extended phase change
plateau (200-600 s), indicating strong coupling between
heat input and phase change behavior.

Under higher heat load conditions, the temperature
difference remains around 15 °C, but the phase change
plateau is significantly shortened and the response
gradually approaches that of the fin-only structure,
suggesting partial depletion of latent heat storage.
Nevertheless, FS-PCM still provides noticeable thermal
delay under all conditions.
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Fig.5. Temperature rise curves at different heat source temperatures

3.2 Cooling Performance under Different Duty Cycles of
Pulsed Heating

As shown in Fig. 10, under high-duty-cycle pulsed
heating, all structures exhibit periodic temperature
oscillations, providing a realistic dynamic thermal
environment for evaluation. At 20 °C ambient
temperature, the fin-only structure shows peak
temperatures of about 78 °C, while the FS-PCM structure
reduces the peak by approximately 19 °C. The FS-PCM
effectively suppresses temperature rise through coupled
sensible and latent heat storage, and the phase change
process is fully activated, resulting in strong thermal
regulation performance.
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At 30 °C, the peak temperature reduction decreases
slightly to about 17 °C. The phase change plateau
appears earlier due to higher initial temperature, and the
latent heat utilization window is shortened. With
repeated cycles, the temperature response gradually
approaches that of the fin-only structure, indicating
progressive depletion of latent heat storage .At 40 °C, the
fin structure reaches peak temperatures of about 90 °C
with stronger fluctuations. The FS-PCM still provides a
reduced peak temperature (~16 °C lower), but the curves
converge more rapidly, as most latent heat is consumed
in the early cycles and heat transfer becomes dominated
by sensible conduction, leading to weakened thermal
regulation performance.
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Fig.6. Temperature rise curves under high-duty-cycle pulsed heat source

3.3 Thermal Resistance Analysis

In PCM-embedded motor housings, thermal
performance strongly depends on the coupling between
the PCM and fins. Interfacial gaps or poor contact
increase thermal resistance and reduce heat transfer to
the PCM, thereby weakening its thermal buffering
capability. To mitigate this issue, a mechanical
compaction process is applied to ensure tight interfacial
contact and improve thermal coupling. The interfacial
thermal resistance is then quantified using a thermal
resistance network decomposition to evaluate its
contribution to the overall thermal performance.

Air Air

Air

Heat source

Fig.7. Schematic diagram of the thermal resistance
network
For the fin-only motor structure, a constant heat
input is assumed, and the overall thermal performance
can be characterized by thermal resistance]. The total
thermal resistance is expressed as the sum of conduction
and convection resistances:

RL = Reond + Reonv )

The conduction thermal resistance is given by
Fourier’s law:

AT L
cond — Q - kA

where k is the thermal conductivity, A is the
effective heat transfer area, and L is the conduction
length. The convective thermal resistance is expressed
as:

R 2)

1
R, =— 3
conv hAV ( )

where h is the convective heat transfer coefficient
and A, is the effective convection area .

For the pure fin structure, geometric parameters (L,
A) and material properties (k) remain nearly constant
within the experimental temperature range, allowing the
total thermal resistance to be treated as quasi-constant
for comparison. For the PCM-integrated structure,
additional thermal resistances are introduced, including
interfacial thermal contact resistance and the effective
thermal resistance of the FS-PCM. Since interfacial
resistance depends on surface roughness, contact
pressure, and assembly conditions, it is determined
indirectly using an inverse method.

R ,=R +R 4

cond,p conv,p
The effective thermal conduction resistance is then
expressed as:

Rcond,t = Rint + Rcond,p (5)

Results show that the interfacial thermal resistance

remains below 0.1 K/W, indicating effective thermal

coupling achieved by mechanical compaction. The FS-

PCM exhibits an equivalent conduction resistance of

approximately 2.1 K/W and a natural convection
resistance of 48.1 K/W.
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4. CONCLUSIONS

Form-stable composite phase change materials (FS-
PCM) with high latent heat, thermal stability, and shape
retention are suitable for passive thermal management
under high heat flux conditions. In this study, an
experimental platform was established to evaluate their
thermal response in aircraft motor housings under
varying heat source levels, ambient temperatures, and
pulsed heating conditions. Performance was assessed in
terms of peak temperature suppression, phase change
plateau behavior, and overall thermal regulation
capability, supported by thermal resistance and energy
analyses.

The main conclusions are summarized as follows:

(1) The FS-PCM maintains structural integrity during
phase transition without leakage, enabling reliable
passive thermal buffering under high heat flux
conditions.

(2) The FS-PCM-integrated motor housing achieves
a peak temperature reduction of 15-20 °C compared
with the fin-only structure, with a stable phase change
plateau. Optimal performance occurs when the phase
change temperature range matches the heat source
conditions.

(3) Under varying ambient temperatures and pulsed
heating, FS-PCM shows good thermal adaptability.
Although higher ambient temperatures shorten the
effective  buffering  duration, significant  peak
temperature suppression is still maintained. Mechanical
compaction reduces interfacial thermal resistance to
below 0.1 K/W, with negligible impact on overall heat
transfer due to latent heat compensation.
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