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the eutectic temperature
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The need for medium-to-long-term thermal energy storage has increased in tandem with the widespread

adoption of variable renewable energy sources. Latent heat storage using metallic phase change materials

(PCMs) presents a promising solution by combining high thermal conductivity with high heat storage

density. Recent advances in microencapsulated PCMs (MEPCMs) have addressed corrosion and leakage

issues commonly associated with metallic PCMs. This study develops an MEPCM composite using an Al–

Cu–Si-based MEPCM as the primary component. This system exhibits a suitable structure, performance,

and strength for achieving GW h-scale thermal energy storage systems. The MEPCM composite is

fabricated by microencapsulating Al–Cu–Si eutectic alloy powder, which has a eutectic temperature of

520 °C, with an Al oxide shell formed via chemical conversion and heat-oxidation treatments, followed

by mixing with an alumina sintering aid, forming, and sintering. The composite exhibits a heat storage

density of approximately 1.0 GJ m−3 under a temperature difference (DT) of 200 °C, which is 2–3 times

higher than that of conventional sensible heat storage materials. It retains both its heat storage

performance and structural integrity after 1000 thermal cycles. The thermal conductivity ranges from 4.1

to 6.6 W m−1 K−1 between 300 and 600 °C. This study is the first to evaluate the compressive strength

of composite PCMs in the liquid state, where the composite retains a compressive strength of 32 MPa at

600 °C, which is comparable to that of ordinary concrete. In the solid state, the composite exhibits

83 MPa at room temperature and 49 MPa at 500 °C. Therefore, MEPCM composites are expected to

possess substantial compressive strength for applications in medium-to-high-temperature heat storage

and thermal management systems, even beyond the eutectic temperature of the PCM.
1. Introduction

With the large-scale deployment of variable renewable energy
aiming to achieve a decarbonized society, advancements in
thermal energy storage (TES) and thermal management tech-
nologies have become increasingly crucial. The variability of
renewable energy has been extensively explored, and strategies
using power-to-X systems to convert and store renewable
energy, including chemical or thermal energy, are essential.1

Recently, power-to-heat-to-power energy storage systems, also
known as Carnot batteries, have been proposed. Carnot
batteries excel over other energy storage technologies in terms
of economic viability and geographical constraints.2–4 In addi-
tion, power-to-X-related processes, including the Sabatier
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reaction,5–11 Fischer–Tropsch synthesis,12–14 solid oxide fuel
cells, and reversible solid oxide cells,15–17 have demonstrated
that thermal management technologies can enhance device and
plant performances, extend their service life, and reduce waste
heat. Accordingly, the advancement of heat storage and
management technologies is indispensable not only for
strengthening sector coupling among the electricity, industry,
and transportation sectors,18–20 but also for improving the effi-
ciency of each process.

In TES systems, three main heat storage technologies are
widely recognized: sensible heat storage (SHS), latent heat
storage (LHS), and thermochemical heat storage (THS).21–23 SHS
is based on the principle of specic heat capacity, storing heat
by raising the temperature of solid or liquid materials. Owing to
its ease of handling, SHS is the most widely adopted technology;
however, its heat storage density is lower than those of LHS and
THS. By contrast, LHS uses the latent heat of solid–liquid phase
transitions in phase change materials (PCMs) and offers several
advantages, including a high heat-storage density, the ability to
supply heat at a constant phase change temperature, operation
This journal is © The Royal Society of Chemistry 2025
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using heat alone, and excellent reusability.21,24–26 THS systems
utilize heat released by reversible thermochemical reactions.
Although THS demonstrates excellent heat storage perfor-
mance, it faces more challenges than SHS and LHS, including
a shorter material lifetime, lower heat transfer efficiency, and
more complex system design due to the involvement of chem-
ical reactions.21,23,27 Among these technologies, LHS may be
used to achieve a simple TES system due to its inherent char-
acteristics and is also suitable for thermal regulation in
processes with temperature uctuations, such as industrial
waste heat and heat from chemical reactions.28,29 Thermal
management using PCMs has been studied and commercial-
ized for low-temperature applications, such as electronic
devices30–33 and Li-ion batteries.34–40 In the high-temperature
range, its application to the thermal regulation of chemical
reactions has been demonstrated at the laboratory scale.9–11,41,42

PCMs face several practical challenges including leakage
during melting, chemical reactivity, and phase separation.43

The microencapsulation of PCMs is an effective solution to
these issues.28,44–46 The development of microencapsulated
PCMs (MEPCMs) has been explored for both organic
systems,44,47–50 which operate at low temperatures, and inor-
ganic salt51–55 and metal alloy systems,28,45,46 which operate at
medium-to-high temperatures. While organic MEPCMs have
attained practical applications,48–50 the technology for micro-
encapsulated molten salt and alloy-based PCMs remains in its
early stages. However, in alloy-basedMEPCMs, the development
of an Al–Si alloy core with an Al2O3 shell56 has initiated a phase
of exponential growth in recent years, resulting in various
metallic PCMs with different melting points46 (such as Ga,57–59

Sn,60–65 Sn-alloy,66,67 Zn–Al,68–72 Al–Cu–Si,73 Al–Cu,74 Al–Si,56,75–82

Al–Si–Fe,83 Al–Ni,84 Al,85–88 and Cu–Si–Al89 systems) being
encapsulated in ceramic shells. The development of these alloy-
based MEPCMs provides a foundation for fabricating LHS
materials and thermal management systems applicable in
medium-to-high-temperature ranges.

Metal and alloy-based MEPCMs, which function both as LHS
materials and ceramic particles, exhibit excellent handling and
formability, making them highly promising for use in heat
storage and thermal management devices. Composite PCMs
have been developed using Al–Si-based MEPCMs,90–93 which are
among the most advanced alloy-based MEPCMs. Furthermore,
heat storage and thermal regulation devices have been explored
at the laboratory scale,9–11,41,94,95 with the development of kW h-
scale packed-bed LHS systems.96 Recent reports on the devel-
opment of Al–Si-based MEPCM composites have demonstrated
thermal cycling durability of up to 10 000 cycles.90 In addition,
progress has been made with composites utilizing MEPCMs
based on Zn–Al,70,71 Sn,97,98 and Sn alloys,99–101 which continue to
evolve as part of broader MEPCM development. Research on
thermal management technologies using MEPCMs in
temperature-varying processes is advancing. Koide et al.
proposed using MEPCMs as catalyst supports in CO2 metha-
nation (the Sabatier reaction), a hydrogen utilization tech-
nology, to mitigate catalytic thermal runaway caused by
exothermic reactions.9 Similarly, Cholila et al. and Takizawa
et al. reported the effectiveness of MEPCMs in regulating
This journal is © The Royal Society of Chemistry 2025
reaction heat in ammonia decomposition42 and in chemical-
loop reverse water–gas shi reaction processes,41 respectively.
Similar thermal management systems using MEPCMs could be
employed in the Sabatier reaction, ammonia thermal decom-
position, and reverse water–gas shi reaction, alongside use in
various catalytic chemical reactions and temperature-varying
processes (such as chemical batteries,34–40,102 dry reform-
ing,103,104 and solid oxide fuel cells15–17).

In LHS, selecting or developing PCMs with appropriate
operating temperatures for specic applications is essential.
Furthermore, beyond Al–Si-based and other established
systems, developing composite materials comprising alloy-
based MEPCMs with various melting points is anticipated to
advance future TES and thermal management technologies.
Accordingly, this study focuses on eutectic Al–Cu–Si alloy-based
MEPCMs with a melting point of 520 °C,73,105 which could be
employed in medium-to-high-temperature thermal utilization
technologies. Heat storage technologies operating in this
temperature range have been practically implemented in
concentrating solar power (CSP) systems using steam Rankine
cycles.106–111 Moreover, both the CSP and TES components of
Carnot batteries, which are expected to be developed in the
future, could benet from this technology.112,113

To the best of our knowledge, this study is the rst to eval-
uate the mechanical strength of composite PCMs at high
temperatures exceeding the melting point of PCMs. While
several studies have assessed the compressive strength of
composite PCMs based on molten salts,114–120 Sn-based alloys,100

and Al121 systems, all these evaluations have been conducted at
room temperature, and none have been performed under high-
temperature conditions where the PCM exists in a liquid state.
However, in packed-bed TES, thermal stresses induced by the
thermal expansion of storage materials pose a risk of structural
failure in either the storage medium itself or its container.122–124

Such cyclic thermal stress resulting from repeated heating and
cooling is a well-known concern referred to as thermal ratch-
eting. Concerning this phenomenon, numerical analyses of
thermo-mechanical effects in high-temperature heat storage
systems have been conducted based on experimental assess-
ments of material mechanical properties.125,126 Therefore, to
realize the large-scale implementation of TES and thermal
management systems using MEPCM composites, experimental
evaluation of mechanical strength at high temperatures is
essential.

This study evaluates the compressive strength of composite
PCMs when the PCM component is in the molten state and
discusses the corresponding failure mechanisms. This investi-
gation provides insight into the compressive fracture properties
of alloy-based MEPCM composites with the MEPCM as the
primary component. In particular, this study aims to develop
composite materials with the Al–Cu–Si-based MEPCM as the
main component and to evaluate their thermophysical proper-
ties, thermal cycling durability, heat storage performance, and
thermomechanical properties, along with their compressive
strength and compressive fracture mechanisms under high-
temperature conditions.
J. Mater. Chem. A, 2025, 13, 30382–30398 | 30383
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2. Materials and methods
2.1 MEPCM composite preparation

Fig. 1 illustrates the fabrication procedure of the MEPCM
composite, which can be broadly categorized into two main
steps: (1) MEPCM preparation using Al–Cu–Si alloy particles
and (2) MEPCM composite preparation. In step 1, Al–26.5% Cu–
5.4% Si (mass%) powder (particle size: d < 45 mm) (Hikari
Material Industry Co., Ltd., Japan) was used as the rawmaterial.
The Al–Cu–Si particles were encapsulated via a two-step process
comprising a chemical conversion treatment followed by a heat-
oxidation treatment (steps 1-1 and 1-2 in Fig. 1). First, 20 g of Al–
Cu–Si powder was treated in boiling distilled water containing
16.7 g L−1 of Al(OH)3 for 3 h, resulting in the formation of
alumina precursors (AlOOH and Al(OH)3) on the particle
surface. The treated powder was ltered and dried overnight at
100 °C. In step 1-2, the chemically treated powder underwent
heat-oxidation by being heated in ambient air from room
temperature to 1100 °C at a rate of 10 °C min−1, followed by
isothermal holding for 3 h in a muffle furnace. Fig. 2 presents
photographs, scanning electron microscopy (SEM) images,
energy dispersive X-ray spectroscopy (EDS) elemental mapping
images, and the particle size distribution of the prepared
MEPCM samples. The particle size distribution was evaluated
using the Segment Anything Model for nanoparticles, as re-
ported by Larsen et al.127 Consistent with a previous study,73 the
MEPCMs were prepared as powders, each comprising an Al
alloy core encapsulated by an Al oxide shell (Fig. 2b). In addi-
tion, the average particle size of the MEPCM powder was
measured as 25.2 mm. In step 2, the MEPCM prepared in step 1
was mixed with a sintering aid powder, shaped into green
bodies, and subsequently sintered to form the MEPCM
composite (steps 2-1 and 2-2 in Fig. 1). Furthermore, a-Al2O3

(average particle size: 0.15 mm; purity: 99.99%; Taimei
Fig. 1 Preparation procedure of the Al–Cu–Si MEPCM composite.

30384 | J. Mater. Chem. A, 2025, 13, 30382–30398
Chemicals Co., Ltd., Japan) was used as a sintering aid for the
MEPCM composite. The Al–Cu–Si alloy-based MEPCM and the
a-Al2O3 powder were wet-mixed at a volume ratio of 8 : 2. The
mixed powder was then die-pressed into green bodies with
a diameter of 10mm at 20 MPa for 1 min. The green bodies were
sintered by heating in ambient air from room temperature to
1100 °C at a rate of 5 °C min−1, followed by isothermal holding
for 1 h in a muffle furnace. Aer isothermal holding at 1100 °C,
the muffle furnace was programmed to cool at a rate of −5 °
C min−1. The composite samples were fabricated with weight
adjustments to ensure that the height of the green bodies did
not exceed approximately 10 mm.

2.2 Analyses

The cross-sectional structure of the MEPCM composite samples
was observed and analyzed using SEM and EDS (SEM-EDS; JSM-
7001FA, JEOL Ltd., Japan). Fig. S1 provides a schematic of the
observed composite region. The sample cross section was
prepared by cutting along the central axis of the cylindrical
composite, followed by polishing with emery paper. The phase
structure of the composite samples was analyzed using powder
X-ray diffraction (XRD; MiniFlex600, Rigaku, Japan) with a Cu
Ka radiation source. The powder samples for XRD measure-
ments were obtained by grinding the prepared composite
samples with a mortar and pestle. The apparent density (r0) of
the composite samples at 25 °C was measured using a gas
pycnometer (Ultrapycnometer 1000, Quantachrome Instru-
ments, USA). The prepared composite samples were used as-is
during the gas pycnometer measurements. The coefficient of
linear thermal expansion (aCLTE) of the samples was measured
using a thermomechanical analyzer (TMA; TMA7300, Hitachi
High-Tech Science Co., Japan). Three composite samples with
diameters of 10 mm and heights of approximately 10 mm were
prepared and measured using the TMA. The melting and
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Photograph of the prepared Al–Cu–Si MEPCM, (b) SEM images of the MEPCM surface, cross section, and EDS elemental mapping of
the cross section, (c) particle size distribution of Al–Cu–Si MEPCM.
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solidication characteristics of the samples were evaluated
using differential scanning calorimetry (DSC; DSC3+, Mettler
Toledo, Switzerland). For the DSC measurements, 15 mg of the
composite sample, pulverized using a mortar and pestle, was
placed in a 30 mL alumina sample pan. The samples were heated
to 650 °C under an Ar gas ow of 50 mL min−1 and then cooled,
with a heating/cooling rate of ±5 °C min−1. The thermal
diffusivity (aTD) and specic heat (Cp) of the samples were
measured using the laser ash analyzer (TC-7000, ULVAC,
Japan) over the temperature range of 300–600 °C. For laser ash
analysis, samples of the fabricated MEPCM composite were
used aer thinning to a 1 mm thickness by polishing. The
thermal conductivity (k) was calculated using the density (r) at
a given temperature—determined from the measured r0 and
aCLTE—together with aTD and Cp. The values of r and k were
calculated as

r = r0/(1 + 3aCLTE(T − T0)), (1)

k = aTD × Cp × r. (2)
Fig. 3 (a) Photograph of the apparatus used for the thermal cyclic test,
and (b) changes in the gas temperature near the sample.
2.3 Thermal cyclic test

To evaluate the cyclic durability of heat storage and release, the
samples were subjected to 500 and 1000 cycles of heating and
cooling within the temperature range corresponding to the
melting and solidication of the Al–Cu–Si alloy. For the thermal
cycling test, MEPCM composite samples with a diameter and
height of 10 and ∼4 mm were used. Fig. 3a shows a photograph
of the apparatus used for the thermal cyclic test, while Fig. 3b
presents the gas temperature near the sample as measured by
thermocouples. The samples were placed in a quartz tube with
owing air and were heated and cooled using two mobile elec-
tric furnaces. The temperatures of the two furnaces were set at
400 and 650 °C, respectively. First, the sample was placed at the
center of the 400 °C furnace and held until the air temperature
in the vicinity of the sample reached a steady state. Then, the
650 °C furnace wasmoved to the sample position and held there
This journal is © The Royal Society of Chemistry 2025
for 6 min, aer which the 400 °C furnace was returned to the
sample position. Thermal cycling was performed for 500 and
1000 cycles, with heating at 650 °C for 6min and cooling at 400 °
C for 9 min. Based on the gas temperature near the sample
during thermal cycling (Fig. 3b), it was conrmed that the
sample was heated and cooled within a temperature range of
approximately 420–620 °C. The cross-sectional structure and
the melting and solidication behaviors of the samples aer
thermal cycling were analyzed using SEM-EDS and DSC, along
with those of the as-prepared MEPCM composite samples.
2.4 Compression test

The composite samples were subjected to compression tests at
constant temperatures of 24 (i.e., room temperature (RT)), 500,
550, and 600 °C using a universal testing machine (SHIMADZU
J. Mater. Chem. A, 2025, 13, 30382–30398 | 30385
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Fig. 4 High-temperature compression test setup.
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Co. Ltd., AUTOGRAPH AG-IS 100 kN AG-X/R). The samples
attached to thermocouples for temperature control were placed
in an electric furnace and compression tested at a compression
rate of 0.5 mm min−1 in ambient air. Compression tests were
performed until the samples were fractured. The setup for the
compression tests at an elevated temperature is shown in Fig. 4.
Composite samples of 10 mm in diameter and height were used
as the compression test specimens. Details of diameter, height,
and parallelism for all specimens used in the compression test
are listed in Table S1. The cross-sectional sample structure aer
the compression test was analyzed using SEM-EDS. The as-
prepared MEPCM composite samples were also tested.
3. Results
3.1 Structure

Fig. 5 presents multiple characterizations of the Al–Cu–Si-based
MEPCM composite: a photograph of the sample (Fig. 5a), SEM
and EDS mapping of the cross-sectional structure (Fig. 5b), the
XRD pattern (Fig. 5c), and the calculated theoretical density
along with the measured apparent and bulk densities (Fig. 5d).
As observed in Fig. 5a, no alloy leakage or damage due to
cracking occurred even aer sintering at 1100 °C. In the sample
cross section, microcapsules of Al–Cu–Si alloy covered with Al
oxide were sintered to each other while maintaining their
respective capsule structures. From the XRD pattern, alloy
components Al, Al2Cu, Si, and Al oxides a-Al2O3 and CuAl2O4

were detected in the composite. Referring to the cross-sectional
observation in Fig. 5b, the alloy component comprised the
MEPCM core, a-Al2O3 comprised the MEPCM shell and
Fig. 5 (a) Photograph of the MEPCM composite sample, (b-1 and b-2)
sample, (c) XRD pattern of the composite, and (d) theoretical, apparent,

30386 | J. Mater. Chem. A, 2025, 13, 30382–30398
sintering aid, and CuAl2O4 was formed as part of the MEPCM
shell. As shown in Fig. 5d, the theoretical density, apparent
density, and bulk density of the composite were 3.52, 3.45, and
2.48 g cm−3, respectively. The theoretical density was calculated
from the densities of the MEPCM (3.41 g cm−3) and the sin-
tering aid, a-Al2O3 (3.96 g cm

−3). The mixer volume ratio was 8 :
2. The apparent density was measured using the gas pycnom-
eter, while the bulk density was calculated using the dimen-
sions and weights of the composite samples. These density
measurements revealed that the composite sample contained
28.1% and 2.0% open and closed porosities, respectively.

3.2 Phase change properties and thermal cyclic durability

Fig. 6a and b show the DSC curves of the composite during
heating and cooling, respectively. An expanded view of the
curves in the temperature range of 530–590 °C for the rst cycle
and aer 500 and 1000 thermal cycles is shown in Fig. 6c. The
melting onset temperature (Tm,onset) of the as-prepared
composite (rst cycle) was observed at 519 °C, followed by the
main melting peak (Pm1) at 521 °C. Most of the latent heat of
melting was attributed to Pm1, although a minor peak (Pm2) was
observed at 573 °C. The total latent heat capacity of melting
(DHm) was 190 J g−1. Aer 500 and 1000 thermal cycles, the
values of Tm,onset, Pm1, and Pm2 remained unchanged compared
to the rst cycle. In addition, DHm showed negligible variation
before and aer the thermal cyclic tests. According to the DSC
cooling curves in Fig. 6b and c, the solidication onset
temperature (Ts,onset) of the composite was determined to be
553 °C. However, Ts,onset did not correspond to the main
solidication stage, as the primary solidication peaks, Ps1 and
Ps2, were observed at 496 and 489 °C, respectively, at lower
temperatures. The total latent heat capacity of solidication
(DHs) was 189 J g

−1, which was similar to the latent heat capacity
of melting. Similar to the melting behavior, there was almost no
change in the Ts,onset, Ps1, Ps2, and DHs values before and aer
the thermal cyclic tests. A discussion of the heat storage prop-
erties and thermal cyclic durability of this system based on the
results of this cycle test is provided in Section 4.1.

Fig. 7a-1–a-3 present SEM images and Fig. 7b-1–b-3 present
EDS elemental mapping of the sample cross sections aer being
subjected to 1000 thermal cycles. Similar to the MEPCM
composite sample before the thermal cyclic tests (Fig. 5b), the
SEM image and EDS elemental mapping of the cross section of the
and bulk densities of the composite sample.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 DSC curves of the MEPCM composite during (a) heating and (b) cooling. (c) Expanded view in the temperature range of 530–590 °C for
the first cycle and after 500 and 1000 thermal cycles.

Fig. 7 (a-1–a-3) SEM images and (b-1–b-3) EDS elemental mapping of the sample cross section after 1000 thermal cycles; magnifications:
×200, ×500, and ×2000.
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sample cross section exhibited a sintered structure comprising
MEPCM with an Al–Cu–Si alloy core and an Al oxide shell. Thus,
the composite sample retained its original microcapsule
Fig. 8 TMA curves of the Al–Cu–Si MEPCM composite samples.

This journal is © The Royal Society of Chemistry 2025
structure even aer 1000 thermal cycles. Notably, Cu was not
observed in EDS mapping (Fig. 7b-1–b-3) due to limitations in
the number of overlapping colors. However, individual
elemental mappings including Cu were observed, as shown in
Fig. S2. Based on the analytical results obtained using the DSC
and SEM-EDS, the developed composite, using Al–Cu–Si-based
MEPCM as the base material, possessed excellent thermal
cycling durability.
3.3 Thermophysical properties

Fig. 8 presents the TMA curves of the Al–Cu–Si MEPCM
composite samples. The samples exhibited monotonic thermal
expansion with increasing temperature. Table 1 presents the
average aCLTE values for the MEPCM composite sample at 50–
500 °C in intervals of 50 °C. aCLTE remained almost constant at
10.6–12.3 × 10−6 °C−1 in the temperature range of 50–350 °C.
Conversely, in the temperature range of 350–500 °C, aCLTE

decreased from 11.5 to 6.1 × 10−6 °C−1. Table S2 presents the
values of aCLTE in the temperature range of 50–500 °C for each
of the three TMAmeasurements shown in Fig. 8. A discussion of
J. Mater. Chem. A, 2025, 13, 30382–30398 | 30387
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Table 1 Temperature dependence of the linear thermal expansion
coefficient for Al–Cu–Si MEPCM composite samples (average values
of measurements for the three samples shown in Fig. 8a)

Temperature
[°C]

Liner thermal expansion coefficient,
aCLTE [10−6 °C−1]

50–100 10.6
100–150 11.6
150–200 12.1
200–250 12.3
250–300 12.2
300–350 11.5
350–400 9.4
400–450 7.1
450–500 6.1
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the thermal expansion characteristics of this system is provided
in Section 4.2.

Fig. 9a and b present the thermal diffusivity and specic heat
and thermal conductivity of the Al–Cu–Si MEPCM composite
sample, respectively. In addition, Table S3 presents the values of
the thermophysical components plotted in Fig. 9. The thermal
diffusivity of the composite samples gradually decreased from
0.0277 to 0.0140 cm2 s−1 between 300 and 500 °C, where the
MEPCM core alloy remained in its solid phase. Conversely, the
specic heat increased from 0.96 to 1.18 J g−1 K−1 over this
temperature range. Upon exceeding the melting point of the
MEPCM core alloy at 520 °C, the thermal diffusivity, which
decreased up to 500 °C, improved and reached 0.178 at both 550
and 600 °C. The increase in specic heat observed below the
melting point stabilized or slightly decreased when the
temperature exceeded the melting point, reaching 1.22 and 1.11
at 550 and 600 °C, respectively. Similarly, the experimental
thermal conductivity (kex; Fig. 9b) exhibited a change in
temperature dependence beyond the melting point. The value
of kex gradually decreased from 6.6 to 4.1 W m−1 K−1 between
300 and 500 °C. However, when heated from 500 °C to above the
melting point of the MEPCM core alloy at 550 °C, the value of kex
increased from 4.1 to 5.3 W m−1 K−1. The experimental results
Fig. 9 (a) Thermal diffusivity and specific heat alongwith (b) thermal cond
aTD; specific heat: Cp; experimental thermal conductivity: kex).

30388 | J. Mater. Chem. A, 2025, 13, 30382–30398
regarding the thermal conductivity are discussed in Section 4.3
in comparison with the estimated effective thermal
conductivity.
3.4 Compression fracture behavior

Fig. 10a and b present the stress-testing machine displacement
curves for the composite samples during compression testing at
RT and 500 and 600 °C, respectively. Due to the high-
temperature conditions of these tests, displacement measure-
ments on the samples included minor errors originating from
the testing machine. As precise correction of these errors is
extremely challenging, the horizontal axis (Fig. 10) represented
the measured testing machine displacement. The RT
compression test results (Fig. 10a) indicated that the three
tested samples underwent elastic deformation up to
a displacement of approximately 0.14 mm. Subsequently, the
samples demonstrated compressive strengths of 86, 81, and
77 MPa, with an average value of 81.3 MPa. Aer attaining these
compressive strengths, the stress rapidly decreased to approxi-
mately 33 MPa. Following this drop in stress, one of the samples
(sample 3) fractured due to a signicant crack at a testing
machine displacement of 0.22 mm. The other two samples
(samples 1 and 2) exhibited gradual decrease in stress within
a testing machine displacement range of 0.22–0.48 mm and
fractured when the displacement reached 0.48 mm. However,
even in samples 1 and 2 tested at RT, stress decreased sharply
immediately aer reaching the compressive stress value.
Cracking was assumed to have occurred at that point. In the
stress–displacement curves obtained at 500 and 600 °C
(Fig. 10b), three primary stages of compressive failure behavior
were observed. In stage 1, the initial phase of compression
deformation, the elastic deformation behavior was evident. The
compressive strength of 49 MPa was attained aer passing stage
1 at 500 °C, where the MEPCM core was in its solid state. The
compressive strength of 31 MPa was attained at 600 °C, where
the MEPCM core was in its liquid state. Thus, the compressive
strength of the MEPCM composite samples decreased due to
the melting of the MEPCM core alloy. In stage 2, aer attaining
uctivity of the Al–Cu–Si MEPCM composite sample (thermal diffusivity:

This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta03994k


Fig. 10 Stress-testing machine displacement curves for the composite samples during compression tests at (a) room temperature and (b) 500
and 600 °C.

Fig. 11 Photographs of the MEPCM composite samples compressed
and fractured at (a) 500 and (b) 600 °C.
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the compressive strength, differing behaviors were observed at
500 and 600 °C. At 500 °C, stress gradually decreased with
increasing displacement. At 600 °C, stress uctuated with
increasing displacement, demonstrating a gradual decrease
overall. Subsequently, in stage 3, both samples at 500 and 600 °
C exhibited a reduced rate of stress decrease relative to the
increase in displacement, thereby eventually stabilizing. The
Fig. 12 SEM images and EDS elemental mapping of the cross sections of
(c) 600 °C.

This journal is © The Royal Society of Chemistry 2025
nal stress at the fracture and the maximum displacement were
28.8 MPa and 1.01 mm at 500 °C, and 21.1 MPa and 1.51 mm at
600 °C, respectively. The stress–displacement curves for the
compression tests of three specimens at 500, 550, and 600 °C
are shown in Fig. S3. At 550 °C, the alloy core of MEPCM was
mostly in its liquid phase, resulting in almost identical test
results as those at 600 °C. Table S4 presents the maximum load
and compressive strength values for all compression tests that
were performed.

Fig. 11 presents the photographs of MEPCM composite
samples compressed and fractured at 500 and 600 °C. The
sample that fractured at 500 °C exhibited only cracks, whereas
that fractured at 600 °C showed both cracks and alloy leakage.

Fig. 12 presents the SEM images and EDS elemental
mapping of the cross sections of the composite samples aer
compression testing at RT, 500 °C, and 600 °C. The SEM images
in Fig. 12a-1–c-1 show that cracks formed due to compression in
all samples, propagating approximately 45° from the bottom
edge of the composite samples. The crack orientation was
consistent with the general phenomenon in compression
composite samples after compression testing at (a) RT, (b) 500 °C, and

J. Mater. Chem. A, 2025, 13, 30382–30398 | 30389
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testing, where maximum shear stress occurs at 45°. As shown in
Fig. 12a-2–a-5, the cross section of the sample compressed at RT
exhibited two structural features: (1) cracks and (2) Al alloy core/
Al oxide shell MEPCM. Notably, MEPCM (the main component
of the composite) retained its microcapsule structure in nearly
all particles even aer the compressive fracture. For the sample
compressed at 500 °C, three distinct microstructural regions
were observed: (1) cracks, (2) regions where MEPCM retained its
structure, and (3) regions where MEPCM was crushed, resulting
in a mottled mixture of Al alloy and Al oxide (Fig. 12b-2–b-5).
The regions marked as (2) and (3) were separated by the crack
region (1). In the sample compressed at 600 °C, four micro-
structural features were observed: (1) cracks, (2) regions where
MEPCM retained its structure, (3) regions surrounding the
cracks where mostly Al oxide remained, and (4) regions where
MEPCM was crushed, forming a mixture of Al alloy and Al oxide
(Fig. 12c-2–c-5). Hence, the cracks in region (1) formed within
region (3) aer compression at 600 °C.
4. Discussion
4.1 Heat storage properties and thermal cyclic durability

The MEPCM composite fabricated in this study comprised an
Al–26.5% Cu–5.4% Si alloy with a near-eutectic composition as
PCMs.73,105 DSC measurements (Fig. 6) revealed a primary
melting peak at the eutectic temperature of approximately 520 °
C. In addition, a minor endothermic peak observed at 573 °C
during melting was attributed to Al oxidation during the
composite fabrication process, which altered the alloy compo-
sition from the eutectic composition. Fig. S4 presents the phase
diagram of Al–Cu0.68403Si0.31597, illustrating that a decrease in Al
concentration from the eutectic composition increased the
liquidus temperature. The shi in alloy composition due to
oxidation during Al-alloy-based MEPCM fabrication has been
reported in previous studies.73,84

As shown in Fig. 6 and 7, the MEPCM composite samples
exhibited no signicant changes in LHS capacity or structural
integrity even aer 1000 thermal cycles. When the MEPCM
composite samples lacked sufficient durability, structural
failure of the microcapsules or alloy oxidation resulted in the
deterioration of heat storage performance or leakage of the
alloy.90,93,97 Therefore, the Al–Cu–Si MEPCM composite fabri-
cated in this study exhibited excellent thermal cycling
durability.
4.2 Thermal expansion characteristics

The values of aCLTE for a-Al2O3 were 4.6 and 7.1 × 10−6 °C−1 at
20 and 500 °C,128 respectively, while those for pure Al were 21.8
and 29.5 × 10−6 °C−1 at 50 and 500 °C, respectively.129 The value
for ADC12 (Al–Si–Cu alloy) was 20.1 × 10−6 °C−1 from 50 to
200 °C,130 while that for A6061 (Al–Mg–Si alloy) was 24.3 × 10−6

°C−1 from 50 to 500 °C.131 Therefore, the value of aCLTE for the
Al–Cu–Si MEPCM composite was lower than that of conven-
tional Al alloys and approximately equal to that of a-Al2O3. Al
alloys were dispersed as particles in the internal structure of
MEPCM composites, whereas alumina formed a continuous
30390 | J. Mater. Chem. A, 2025, 13, 30382–30398
structure. Notably, the thermal expansion coefficient of Al alloys
was reduced by incorporating particles with low thermal
expansion coefficients, such as alumina and SiC.129,131,132 In the
MEPCM composite, aCLTE decreased as the temperature
increased above 350 °C, attributable to the increased solubility
of Si in the Al solid solution, which caused the Si crystals to
dissolve into the Al solid solution. Si dissolved in the Al solid
solution exhibited a smaller volume than Si crystals.133 There-
fore, as the temperature increased, Si dissolved in Al, leading to
a decrease in aCLTE for the MEPCM composite. Similar
phenomena were reported by Huber et al. using A359
(AlSi10Mg) and A356 (AlSi7Mg).132
4.3 Effective thermal conductivity

As presented in Section 3.3, the thermal conductivity of the
MEPCM composite samples ranged from 4.1 to 6.6 W m−1 K−1

within the temperature range of 300–600 °C. The average value
of 4.8 W m−1 K−1 was recorded (Fig. 7b). However, the thermal
conductivities of the individual components, including the Al–
Cu–Si alloy and alumina, were approximately 55–130 W m−1

K−1 and 8–12 W m−1 K−1,105,128 respectively, within the same
temperature range. Thus, the presence of signicant thermal
resistance within the composite samples was observed.

In this section, the effective thermal conductivity of the Al–
Cu–Si MEPCM composite is estimated using theoretical models
for porous media. This analysis provides insights into the
achievable thermal conductivity of the MEPCM composite for
future research and development.

The estimated effective thermal conductivity of the MEPCM
composite (keff-comp) can be calculated using the Russell model,
as shown in eqn (3):134,135

keff-comp:

ks
¼ 32=3 þ k

�
1� 32=3

�
32=3 � 3þ kð1� 32=3 þ 3Þ ; (3)

where ks is the thermal conductivity of the porous material in
the solid phase, k is the ratio of the thermal conductivities of the
solid and gas phases (k = ks/kg), and 3 is the porosity ratio. The
thermal conductivity of air136 (temperature dependence shown
in Fig. S5) was used for kg, as air is present in the voids of the
porous material. Because the composite fabricated in this study
consists of a mixture of the MEPCM and alumina, which acts as
a sintering aid, ks is considered to be the thermal conductivity of
this mixed material. Therefore, in this study, the thermal
conductivity of the microencapsulated structure (keff-me) is
estimated using the predictive method based on the Russell
model, as shown in eqn (4):137

keff-me ¼
�
1� 2

d

D

�2

kcore þ 4
d

D

�
1� d

D

�
kshell

2
d

D

�
1� 2

d

D

�2

kcore þ
 
1� 2

d

D
þ 8

�
d

D

�2�
1� d

D

�!
kshell

; (4)

where d and D represent the shell thickness and overall diam-
eter of the capsule structure, respectively, and kshell and kcore
denote the thermal conductivities of the shell and core,
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta03994k


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/2

7/
20

26
 1

:2
2:

09
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
respectively. Based on the mean particle size and structural
observations of the MEPCM powder (Fig. 2), the average particle
diameter of the MEPCM was 25.2 mm and the shell thickness
was 1.4 mm. In this study, d was determined by assuming that
the a-Al2O3 added as a sintering aid is included within the shell
(a schematic is shown in Fig. S6a). Thus, d and D were deter-
mined to be 3.3 and 29.1 mm, respectively. Furthermore, the
thermal conductivity of the eutectic Al–Cu–Si alloy (kcore) was
adopted from a previous study.105 The thermal conductivity of a-
Al2O3 (kshell) was calculated based on the study by Smith et al.,138

which investigated thermal resistance at grain boundaries. In
this study, the crystal grain size of polycrystalline alumina was
assumed to be 0.15 mm, corresponding to the particle size of the
a-Al2O3 added as a sintering aid. The relationship between the
estimated effective thermal conductivity (keff-me) of the Al–Cu–Si
alloy core/a-Al2O3 shell-type capsules and temperature (based
on this assumption) is shown in Fig. S6b. This gure also
presents the thermal conductivities of the Al–Cu–Si alloy and
polycrystalline a-Al2O3 used in the calculations. Using the
values of keff-me (i.e., ks) and kg, keff-comp was estimated using eqn
(4) for porosities with 3 values of 0.1, 0.2, and 0.3. Fig. 13a
illustrates the relationship between keff-comp and temperature.
According to this estimation, the effective thermal conductivity
of the MEPCM composite decreases with increasing tempera-
ture and exhibits a discontinuous drop at 520 °C. Fig. S6 shows
that this trend corresponds to the reduction in thermal
conductivity due to the melting of the Al–Cu–Si alloy. In addi-
tion, in the MEPCM composite materials, a lower porosity
results in a higher keff-comp. The keff-comp value for 3 = 0.1 ranged
from 17.1 to 12.1 Wm−1 K−1 over the temperature range of 300–
600 °C, which is approximately 1.4 times higher than that for
a porosity ratio of 30% (3= 0.3). However, the keff-comp value for 3
= 0.3 (Fig. 13a) was more than twice the experimentally ob-
tained thermal conductivity (kex) for the composite sample with
a measured porosity of 30.1% (3 = 0.301) over the temperature
range of 300–600 °C. This discrepancy could be due to the low
sinterability of the MEPCM and alumina sintering aid powders
within the fabricated composite sample, resulting in high
Fig. 13 (a) Effective thermal conductivity of the Al–Cu–Si MEPCM com
effective thermal conductivity when the average experimental thermal
Kunii–Smith model.

This journal is © The Royal Society of Chemistry 2025
thermal resistance at the particle interfaces. Next, the thermal
resistance within the solid phase is analyzed using the Kunii–
Smith equation, which describes the effective thermal conduc-
tivity of a packed bed of granular materials:139

k
�
eff

ks
¼ ð1� 3Þ

, 
1þ 3

30

�
hpDp

ks

��1!
; (5)

where k
�
eff represents the effective thermal conductivity in

a vacuum, ks is the thermal conductivity of a solid, 3 is the porosity
ratio, 30 is the maximum porosity ratio, Dp is the particle diameter,
and hp is the heat transfer coefficient between coarse particle
contact surfaces. The value of ks corresponds to the effective
thermal conductivity simulating the core–shell structure of the Al–
Cu–Si alloy and alumina (Fig. S6). The porosity 3 was set at 0.301,
while the maximum porosity 30 was taken as 0.476, based on the
most open packing powder lling fraction.139 In addition, the term
(hpDp/ks) represents a dimensionless number indicating the degree
of consolidation, referred to as the consolidation parameter.
Fig. 13b shows the temperature-dependent curves of k

�
eff for cases

where the ratio of kex (Fig. 9b) to ks (Fig. S6) is 0.282 and 0.351.
When the average kex in the 300–500 °C range was used as kex, the
ratio kex,ave. 300–500/ks was 0.282, while for the 550–600 °C range, it
was 0.351 (=kex,ave. 550–600/ks). From this comparison, it is inferred
that the thermal resistance within the composite is lower when the
MEPCM core is in the liquid phase compared to the solid phase.
Furthermore, the consolidation parameters below and above the
melting point of the MEPCM core alloy were found to be 0.65 and
0.82, respectively. This result also suggests that interparticle heat
transfer is enhanced when the MEPCM core is in the liquid phase;
this improvement could be due to the melting expansion of the
MEPCM core alloy, which eliminates the voids within the MEPCM
shell and thereby promotes interparticle heat transfer. Conse-
quently, although a decrease in thermal conductivity would typi-
cally be expected aer melting (according to Fig. 13a), an increase
in the experimental value was observed from just below the
melting point to above it.
posite for 3 = 0.1, 0.2, and 0.3 as estimated by the Russell model; (b)
conductivity values for 300–520 °C and 520–600 °C are used in the
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The thermal conductivity of the MEPCM composite sample
fabricated in this study (with a porosity of 30.1%) was found to
be signicantly lower than the estimated keff-comp value shown
in Fig. 13a. This suggests that the thermal resistance between
solid particles is relatively high. To improve the thermal
conductivity of the composite, fabrication of a denser material
with enhanced sinterability is essential. This may be achieved
by adjusting the particle size distribution of the mixed powder
containing MEPCM and sintering aids140,141 or using sintering
aids with high sinterability such as TiO2, La2O3, and ZrO2.142,143

Even though high-temperature sintering could be employed in
MEPCM composites, the possible decrease in latent heat
capacity due to the oxidation of the alloy should be carefully
avoided. In addition, the Russell model used for the estimation
occasionally overestimates the effective thermal conduc-
tivity.144,145 Therefore, this estimation represents one of the
possible scenarios that can be achieved using MEPCM
composites. To improve the usefulness of this estimation
method, further research is required to develop MEPCM
composites with different porosities using this method and to
t the estimated values with experimental thermal
conductivities.
4.4 Compressive fracture: mechanism and key
characteristics

As described in Section 3.4, the cross-sectional structures of the
composite samples aer compression failure at RT, 500 °C, and
600 °C were distinct. Fig. 14 illustrates the expected failure
mechanisms at 500 °C and 600 °C, where stages 1, 2, and 3
correspond to those in Fig. 8. Stage 1 represents the elastic
deformation region at both 500 °C and 600 °C, where no irre-
versible changes (such as MEPCM damage or crack formation)
occur. In stage 2 at 500 °C, MEPCM degradation and the
Fig. 14 Schematic of the compressive fracture mechanism of the core a
1, 2, and 3 correspond to the notations in Fig. 10b).

30392 | J. Mater. Chem. A, 2025, 13, 30382–30398
formation of microcracks between MEPCM particles occurs,
gradually reducing the internal voids. By contrast, in stage 2 at
600 °C, the MEPCM shell is more easily damaged than at 500 °C
because the core alloy is in the liquid phase, resulting in the
leakage of the alloy from the MEPCM. The stress uctuations
observed in Fig. 8b could be due to the sequential rupture-like
breakage of individual MEPCM particles. The difference in the
stage 2 mechanism had a signicant impact on compressive
strength as the compressive strength of the sample at 600 °C
was signicantly lower than that at 500 °C. Stage 3 at 500 °C
results from the breakdown and densication of the micro-
capsule structure in stage 2, leading to an almost complete
elimination of voids. The elimination of voids increases resis-
tance to compressive deformation, resulting in a smaller rate of
decrease in stress with increasing displacement (Fig. 10b). The
densied area eventually fractures when there is no more
allowance for deformation. The crushed, dense MEPCM layer
and the nal crack formed in this process correspond to the
crushed MEPCM (3) and crack areas (1) shown in Fig. 12b-2.
Stage 3 at 600 °C forms a region where only Al oxide remains in
a signicant quantity. This is because the deformation that
occurs during stage 2 caused the elimination of voids within the
composite and the ejection of the PCM liquid, leaving only the
Al oxide composed of the MEPCM shell and the sintering aids.
The formation of a dense layer of oxide increases resistance to
deformation and reduces the rate of decrease in stress with
respect to an increase in displacement. Eventually, the tolerance
limit of the dense Al oxide layer is exceeded, leading to fracture.
The structures resulting from Al oxide densication and crack
initiation correspond to the cracked (1) and crushed (3) Al oxide
regions shown in Fig. 12c-2. The region of the crushed MEPCM
(4) shown in Fig. 12c-2 is considered to be the microstructure
corresponding to the stress uctuations in Fig. 10b at stage 3.
lloy in the MEPCM composite during the solid and liquid phases (stages

This journal is © The Royal Society of Chemistry 2025
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Stage 3 at 600 °C in Fig. 10b shows that the stress uctuations
remain, although they are less prominent than those in stage 2.
This suggests that the MEPCM continues to rupture outside of
the region of maximum shear stress. In addition, the maximum
displacement is greater at 600 °C than at 500 °C because of the
ejection of the internal PCM as a liquid at 600 °C (Fig. 11).
Finally, the stress–displacement curve at RT (Fig. 10a) shows
a sudden drop in stress aer reaching the compressive strength,
and it is inferred that the specimen cracks at that point.

The compressive fracture mechanism supports the assertion
that even when the PCM in the MEPCM composite was in its
liquid phase, the liquid was rarely exposed to the surface until
the compressive strength was reached. This property serves as
a signicant advantage because each PCM particle is covered by
a ceramic shell. Although molten salt PCM composites have
been considered medium-to-high-temperature LHS materials,
these composite PCMs are porous materials impregnated with
PCM.114–119 PCM was assumed to seep out onto the surface when
compressed while the PCM inside was in a molten state. Such
PCM seepage may be reversible to some extent as a microscopic
phenomenon occurring at the scale of a single grain. However,
in a packed-bed heat storage system, PCM is assumed to spread
irreversibly between composite PCMs and onto the surface of
the heat storage container. This phenomenon can lead to the
agglomeration of composite PCM particles and degradation of
the material due to the reaction between the PCM and the
container. Therefore, even the composite PCM has limited
applications due to concerns regarding its low resistance to
thermal ratcheting. Conversely, composites with MEPCM as the
main component do not experience PCM wetting and spreading
even when in contact with other particles or containers because
the PCM is not exposed to the surface if the applied load
remains below the compressive strength. Moreover, in our
previous studies on Al–Si MEPCM composites in lab-scale to kW
h-class bench-scale packed-bed LHS devices, no agglomeration
or breakage of heat storage particles was observed even aer
heat storage and release tests.94–96
Table 2 Compressive strength of Al–Cu–Si MEPCM composite
samples and existing firebrick and concrete

Material [ref. no.]
Compressive
strength [MPa]

Al–Cu–Si MEPCM composite (at RT)a 81
Al–Cu–Si MEPCM composite (at 500 °C)a 49
Al–Cu–Si MEPCM composite (at 600 °C)a 32
Silica brickb 44
Alumina brickc 65
High alumina brickd 83
Chamotte bricke 49
Ordinary concrete147 18–45
High strength concrete147 45–60

a Compressive strength of MEPCM composites is the average of three
compression tests performed. b 95.0% SiO2–1.0% Al2O3–1.0% Fe2O3
(bricks for hot stove).146 c 41.6% SiO2–53.6% Al2O3–1.5% Fe2O3 (for
heating furnace).146 d 20% SiO2–77% Al2O3–1% Fe2O3 (bricks for hot
stove).146 e 58% SiO2–38% Al2O3–2% Fe2O3 (bricks for hot stove).146

This journal is © The Royal Society of Chemistry 2025
Table 2 presents the compressive strengths of the MEPCM
composite samples, conventional refractory materials, and
concrete. The compressive strength values of refractory bricks
were obtained from typical values for silica brick, alumina
brick, high-alumina brick, and chamotte brick, which are used
in practical applications.146 For concrete, the compressive
strength values of ordinary and high-strength concrete were
taken from the Japanese Industrial Standards for ready-mixed
concrete (JIS 5308: 2024).147 The compressive strengths of the
composite sample at RT (81 MPa) and 500 °C (49 MPa) were
equal to or higher than those of the silica brick (44 MPa),
alumina brick (65 MPa), high-alumina brick (83 MPa), chamotte
brick (49 MPa), and high-strength concrete (45–60 MPa).
Furthermore, even at 600 °C, when the core alloy of the
composite sample was in its liquid state, its compressive
strength (32 MPa) remained comparable to that of ordinary
concrete (18–45 MPa). These ndings indicated that although
the compressive strength of the Al–Cu–Si MEPCM composite
decreased at higher temperatures, it retained a strength that
was comparable to that of ordinary concrete even when its
internal structure was in a liquid state. Therefore, the
composite sample was considered to exhibit sufficiently high
compressive strength for use as a heat storage material. This
discussion is signicant for the future scaling-up of packed-bed
LHS and thermal management systems, which have previously
been explored MEPCM composites.41,42,94–96
4.5 Comparison with conventional sensible heat storage
materials

Fig. 15 presents the volume-based heat storage densities at DT
= 100 and 200 °C for conventional SHS materials such as
Fig. 15 Heat storage density per unit volume at DT = 100 and 200 °C
for conventional solid and liquid sensible heat storage materials and
Al–Cu–Si MEPCM composite.
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Table 3 Density, specific heat, and thermal conductivity of the heat storage materials shown in Fig. 15

Material (at temperature) [ref. no.] Density [kg m−3] Specic heat [kJ kg−1 K−1] Thermal conductivity [W m−1 K−1]

Reinforced concrete (ave. at 200–400 °C)148 2200 0.85 1.5
Silica brick (ave. at 200–700 °C)148 1820 1.0 1.5
Rock149 2240 1.0 —
High alumina brick (1027 °C)136 2200 1.07 1.7
NaNO3–40% KNO3 (molten salt) (300 °C)150 1730 1.54 0.6
Al–Cu–Si MEPCM composite (ave. 300–600 °C) 2480 1.07 5.5
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reinforced concrete, silica brick, rock, high-alumina brick,
molten nitrate, and the Al–Cu–Si MEPCM composite fabricated
in this study. Table 3 presents the density, specic heat, and
thermal conductivity of each of the heat storage materials
shown in Fig. 15.136,148–150 When the latent heat component of
the MEPCM composite was combined with a sensible heat
component at DT = 100 °C or 200 °C, the resulting heat storage
density reached 0.74 and 1.0 GJ m−3, respectively. Assuming DT
= 100 or 200 °C, the MEPCM composite exhibited a heat storage
density that was 3–4 or 2–3 times higher than that of other SHS
materials, respectively. Furthermore, as shown in Table 3, the
thermal conductivity of the MEPCM composite was higher than
that of conventional SHS materials. Therefore, the MEPCM
composite can facilitate the design of heat storage systems with
a higher heat storage density, compactness, and more rapid
heat exchange compared to conventional SHS materials.

It should be noted that the Al–Cu–Si MEPCM composite was
compared with conventional SHS materials because these
materials are generally used in similar temperature ranges for
heat storage applications. Previously developed alloy-based LHS
composites include the SnBi58 alloy and Al–Si alloy-based
phase change composites, which exhibit phase change
temperatures of 150 and 577 °C, respectively.90,100 Because the
operating temperatures of these materials differ from that of
the material investigated in this study, this comparison is
provided only for reference. Fig. S7 shows the volume-based
heat storage densities of these materials at DT = 100 °C. The
SnBi58 alloy and Al–Si alloy-based MEPCM composites exhibi-
ted heat storage densities of 0.40 and 0.56 GJ m−3, respectively.
As the Al–Cu–Si MEPCM composite developed in this study has
a heat storage density of 0.74 GJ m−3 atDT= 100 °C, this veries
that this material exhibits a high heat storage density compared
to alloy-based LHS materials.
5. Conclusion

In this study, Al–Cu–Si MEPCM composites were developed as
medium-to-high-temperature LHS materials, and their struc-
tures, thermophysical properties, heat storage performance,
thermal cycling durability, and compressive fracture charac-
teristics were evaluated. This study is the rst to investigate the
compressive strength and fracture mechanism of LHS
composites under high-temperature conditions where the PCM
exists in a liquid state. The key ndings of this study are
summarized as follows:
30394 | J. Mater. Chem. A, 2025, 13, 30382–30398
� The Al–Cu–Si MEPCM composite was fabricated as a sin-
tered structure in which the MEPCM, comprising an Al–Cu–Si
alloy core and an Al oxide shell, was co-sintered with alumina
powder serving as a sintering aid. The resulting composite
exhibited a bulk density of 2.48 g cm−3 and a porosity of 30.1%.

� The composite exhibited a specic heat of 0.96–1.22 J g−1 K−1

and a thermal conductivity of 4.1–6.6 W m−1 K−1 over a tempera-
ture range of 300–600 °C. Under heat storage conditions with
a temperature difference (DT) of 200 °C, the composite achieved
a heat storage density of approximately 1.0 GJm−3, which was two-
to-three times that of conventional SHS materials.

� The MEPCM composite retained its structural integrity
aer undergoing 1000 thermal cycles, with no observed changes
in its phase change temperature or latent heat capacity.

� Even at high temperatures where the PCM existed in
a liquid state, the MEPCM composite prevented the PCM from
being exposed at the surface until its compressive strength limit
was reached. This behavior represents a distinctive advantage
over conventional composite PCMs, which typically comprise
porous media impregnated with PCM and are more prone to
leakage under similar conditions.

� At RT, the MEPCM composite exhibited a compressive
strength of 81 MPa, which was comparable to or greater than
that of silica bricks, alumina bricks, and high-strength
concrete. Remarkably, even at 600 °C—when the internal Al
alloy was in a molten state—the composite retained
a compressive strength of 32 MPa, which was comparable to
that of ordinary concrete.

Future research will focus on further densifying the MEPCM
composite to enhance its thermal conductivity, heat storage
density, and mechanical strength. Moreover, repeated thermal
deformation tests within the elastic deformation range of
MEPCM composites, which were not assessed in the present
compression tests, are required to further investigate the
durability of MEPCM composites against thermal ratcheting.
Considering the applications of these materials, packed-bed
heat storage and heat exchanger systems incorporating Al–
Cu–Si MEPCM composites should be investigated, and thermal
management technologies that use latent heat to maintain
temperature-uctuating processes at a constant phase change
temperature should be developed.
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