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ABSTRACT

Metallic Phase Change Materials (m-PCMs) are gaining interest for medium-temperature thermal energy storage
due to their high thermal conductivity, mechanical robustness, and chemical stability. Prior studies showed that
adding 40p,,5s%Sn to Al and commercial Al-Si alloys yields effective composite m-PCMs, where Sn provides high
latent heat and the Al/Al-Si matrix ensures dimensional stability during cycling. Building on this concept, this
work examines the thermal response and stability of Al-40Sn, Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg alloys to
clarify how the Si content affects the overall thermal behavior. Induction-melted ingots were characterized
through microstructural analysis, Differential Scanning Calorimetry, and Laser Flash Analysis in the as-produced
state and after thermal cycling across the activation temperature. Measured latent heat, specific heat capacity,
and thermal diffusivity were compared with equilibrium thermodynamic simulations to evaluate the influence of
Si on thermal response and cycling stability. Results show that varying Si from 0 to 4y,,5% does not significantly
affect the melting temperature and the latent heat associated with Sn melting, while it modifies the temperature
spread of the phase transition through secondary Mg,Sn-Sn eutectic reaction. Si additions strongly enhance
microstructural stability during cycling by improving Sn confinement within the Al-Si matrix and limiting
porosity evolution. Consequently, the phase-change thermal response remains highly reproducible, and thermal
diffusivity is markedly more stable than in the Al-Sn system. These findings clarify how composition, micro-
structure, and porosity jointly govern the thermal performance of Al-Sn-Si-Mg m-PCMs, providing guidelines for
efficient and durable thermal energy storage materials.

1. Introduction

Immiscible metallic systems, i.e. systems made up by at least two
different metals, which do not lead to the formation of homogeneous
solid solutions [1], have recently attracted the attention of the research
world due to their outstanding property combinations, leading to
self-lubricant, high thermally and electrically conductive materials [2]
or even combining magnetic and highly corrosive resistant behavior [3].
Indeed, the presence of miscibility gaps either at the thermodynamic
equilibrium [4] or in metastable conditions [5], leads to the formation of
in-situ metal matrix composites [6]. The very limited reciprocal solu-
bility of the elements in an immiscible system indeed, in addition to the
scarce interaction between them, provides phases whose composition
roughly coincides with the one of pure metals. Owing to these peculiar
features, immiscible metallic systems are currently considered for a
broad range of applications. For instance, Cu-based systems combined
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with Fe are employed in high-heat-flux applications such as power
generation systems and heat exchangers [7], while Nb [8] or Ag [9,10]
can also be added to Cu for similar purposes. Moreover, Cu-Ag combi-
nations have additionally been explored for biomedical applications
[11]. Cu can also be combined with W [12] for aerospace, military, and
electronics-related fields, or with Bi for soldering purposes [13]. Like-
wise, Mo-based immiscible systems have been proposed for
high-temperature applications when combined with either Si [14] or Cu
[15]. Al-based immiscible alloys, such as Al-Sn [16], Al-Pb [17,18], and
Al-Bi [19], are instead well known for anti-friction applications, where
Al acts as a load-bearing matrix and the secondary phases provide
solid-lubricating action.

Recently, Al-based alloys have also emerged as promising candidates
for Thermal Energy Storage/Thermal Management (TES/TEM) appli-
cations, either as active PCM (especially for Al-Si systems), or as sup-
porting load-bearing matrix for containing PCM when liquid. Whereas
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Al-Si alloys have been widely studied as metallic PCMs for medium- to
high-temperature service, such as concentrated solar power, generally in
combination with micro-encapsulation strategies to ensure chemical
stability and suppress leakage [20,21], immiscible Al-based alloys
represent a promising alternative for lower/intermediate-temperature
applications. As composite PCMs, they can bridge the gap between
conventional low-temperature metallic PCMs and higher-temperature
Al-Si-based systems [22]. In this regard, Al-Sn alloys [23] have attrac-
ted increasing interest for TES/TEM purposes [24,25], by virtue of their
metastable miscibility gap [5]. Specifically, in these composite PCMs,
the low melting point element, i.e. Sn (with melting temperature T, =
232°C) works as PCM [26], whereas Al (T, = 660°C) covers the role of
the matrix, within which Sn is dispersed. Accordingly, the Al-Sn system
should be regarded not as a fully active metallic PCM, but as a composite
material, in which the low-melting phase is responsible for latent heat
storage, while the Al-rich matrix provides thermal conduction and me-
chanical containment. Sn transition temperature indeed, combined with
its relatively high latent heat of fusion per unit mass, makes it appealing
for the management of low grade waste heat (up to 232°C). This latter,
notwithstanding represents the 60% of the total waste heat, is the most
difficult to recover, due to the lack of technical solutions within this
specific temperature range [27]. More generally, PCMs exploit their
latent heat of transformation to store and accumulate thermal energy at
an almost constant temperature, namely that of the phase transition, to
release it during the reverse transformation [28]. Among the different
transformation mechanisms, the solid-liquid transition is the most
widely exploited, as it offers the best compromise between the
manageable volume variation associated with the phase change and the
amount of storable heat. In Al-Sn systems, the Al matrix acts mainly as a
containment medium and heat transfer enhancer, preventing possible
leakage of molten Sn or undesired side reactions [29], while at the same
time promoting an efficient heat conduction toward the active PCM.

Other secondary elements that do not modify the immiscible nature
of the Al-Sn system such as Si or Cu can also be added [30]. These ad-
ditions have been shown to enhance the performances of the Al-Sn alloys
both in terms of wear resistance [31] and PCM behavior [32]. In
particular, in Al-Si-Sn systems, Si contributes to maintaining the
immiscible character of the alloy while reinforcing the Al-based sup-
porting matrix. Accordingly, the Al-Si framework promotes phase
confinement, efficient thermal conduction, and enhanced mechanical
integrity and structural stability of the composite PCM architecture.

However, it is worth mentioning that metallic immiscible systems
proper functioning is strictly related to the production technology and,
consequently, the achieved microstructure. Indeed, during conventional
sand casting procedure, these alloys usually suffer of strong segregation
effect of the minor elements, which can act as a weak point of the sys-
tem. The microstructure formation is mainly related to the diffusion of
the solute in the matrix. In case of casting production methods, the
immiscible nature of the alloys, can lead to a liquid-liquid separation
and the consequent formation of droplets, which tend to coalesce due to
both Stokes sedimentation, held by gravity, and Marangoni motion, run
by temperature/concentration gradients [1,4,7]. On the other hand, a
homogeneous dispersion of the minor element within the matrix is
desired in order to obtain target properties [24]. The employment of
powder metallurgy routes [17,33] or the application of either elec-
tric/magnetic fields [4,34] or ultrasounds [35] to the molten alloy in
this sense demonstrate to promote a much more efficient control of the
microstructure, avoiding the coalescence of minor phases. These tech-
niques have been successfully applied to the production of Al-Sn systems
[36,37]. Besides these methods, imposing high or controlled cooling
rates to the melt is an effective approach for the production of bulk
materials [38-40] or coatings [41,42].

In this view, the majority of the literature concerning Al-Sn usually
focuses on systems with limited amount of Sn, 10p,,5% is rarely excee-
ded, specifically addressed toward wear resistant applications. On the
other hand, for PCM purposes, the increase of Sn amount can improve
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the energy storage potential of the system in terms of latent heat of
fusion, being the two quantities proportional. Moreover, to the authors’
best knowledge, notwithstanding the crucial role of the temperature-
dependent thermophysical properties for the PCM performance evalu-
ation, the current literature is still limited in terms of experimental data
[25,32]. Besides the evaluation of latent heat of fusion, also physical
quantities such as specific heat, determining the sensible heat storage
capability, or thermal conductivity, strictly related to the PCM response
fastness, are essential for the effectiveness evaluation of PCMs [22,43].
In this sense, Manasijevic et al. [25] characterized both microstructure
and thermophysical properties varying the quantity of Sn to be added to
Al, employing casting with stainless steel mold, whereas some of the
authors already tested water granulated Al+ 40,,5:%Sn mass and A356
(AISi7Mg)+ 40p45s%Sn mass products [32]. In this sense, the modifi-
cation of the composite composition can consequently affect the ther-
mophysical properties of the resulting system. The authors indeed, in
[32], experimentally stated that the employment of A356 alloy in
combination with Sn, modified PCM transition temperature, spreading
the low-melting phase melting temperature from 230°C of Sn in the bare
Al-Sn system to 200-230°C interval. This behavior is related to the
presence of small traces of Mg, already present in the base A356, which
led to the formation of low-melting eutectic involving Mg»Sn and Sn.

Chemical composition changes with respect to the bare Al-Sn system
can also have an impact on the other thermophysical properties of in-
terest for PCMs. The authors indeed, recently showed with the means of
CALPHAD-based and analytical model calculations, the effective ther-
mal conductivity (essential for the determination of the system response
fastness) of the Al+ 40ma5%Sn and A356 + 40p,5:%Sn systems within
RT-700°C range [44]. The results showed a reduction in the effective
thermal conductivity for the A356 + 40p,,5,%Sn system with respect to
the bare binary system due to the introduction of other alloying ele-
ments. This statement is also experimentally confirmed for instance for
commercially Al-based alloys in general [45,46]. However, to the au-
thors’ best knowledge, their impact on the thermal transport properties
for high-Sn bearing Al-based alloys is yet to be fully clarified.

Moreover, it is worth mentioning that also the technology-related
defects, such as porosities, have an impact on the thermophysical and
heat storage properties of the composite PCMs [47], as well as the
arrangement of the phases within the microstructure [48]. However, the
current literature still lacks a systematic analysis on the thermophysical
properties resulting from the interplay of all the listed factors for the
selected systems.

Despite recent advances in Al-Sn-based composite PCMs, the com-
bined influence of alloy composition, casting-induced microstructural
features, and resulting thermophysical behavior is still not fully under-
stood. In this context, the present work explores the use of commercially
available Al/Al-Si casting alloys added with 40y,5:%Sn as composite
metallic PCMs for intermediate-temperature thermal energy storage
applications. In these systems, the Sn-rich phase provides the latent-heat
storage contribution, whereas the Al-based matrix ensures thermal
conduction, phase confinement, and structural stability. This strategy is
relevant not only for filling an intermediate application-temperature
window, but also from a sustainability perspective, as it opens the
possibility of exploiting readily available casting alloys, opening future
possibilities for the use of recycled or scrap-derived feedstock, instead of
relying on specifically engineered Al-Sn-based alloys. Therefore, the
present study aims to assess how Si content and graphite-mold casting
affect microstructure, defect formation, and thermophysical response,
while also evaluating the potential of recyclable casting-grade alloys as
durable and industrially viable metallic composite PCMs. By coupling
detailed experimental characterization with CALPHAD-based thermo-
dynamic modelling, this work clarifies how microstructural features,
secondary phases, and porosity jointly affect the thermal response and
cycling stability of Al-SiX+ 40p45%Sn (X = 0—4p45s%) composite PCMs.
The results provide new insight into the design of compositionally
optimized, durable metallic PCMs for intermediate-temperature thermal



S. Marola et al.

energy storage applications.
2. Materials and methods
2.1. Ingot production

The chemical compositions of the investigated alloys belonging to
the Al-40,55%Sn and Al-XSi-40p,5,%Sn (X = 0—4pa55%) Systems is re-
ported in Table 1, together with their reference name, related to the
target Si content. The Si levels examined in this work (3.07 and
4.09ma5s%) were selected to represent compositions closer to conven-
tional Al-Si casting alloys rather than specifically designed bearing al-
loys. This choice was intended to explore matrix materials of greater
industrial relevance and recycling potential, while also assessing the
effect of a moderate Si increase on the stability of the Al-based sup-
porting matrix.

The alloys were produced by induction melting in a graphite crucible
(VCMII model, Aseg Galloni), under Ar flux. As far as the charge ma-
terial is concerned, 40mass% commercially pure Sn, together with
AlSiMg(Fe) foundry alloys, were used to obtain the targeted Si content.
These commercial Al-Si casting alloys were deliberately selected as
matrix-forming materials in order to investigate technologically rele-
vant compositions instead of highly purified or specially prepared lab-
oratory alloys. As a result, the final materials contained not only Si but
also minor alloying elements typically found in casting alloys, such as
Mg, Mn, and Fe; their contents are also reported in Table 1.

After completion of the melting procedure, the molten metal was cast
in a graphite mold of 90 x 70 x 12 mm?® size. The latter was preheated to
get rid of possible moisture or other contaminants. After completion of
the casting, the ingots were extracted from the mould, the feeding
channel was removed and the resulting ingot sectioned according tests
requirement. Hereafter the alloys will be referred as Al-40Sn or Al-40Sn-
XSi-Mg, where X corresponds to their Si content.

2.2. Sampling and specimen preparation

A schematic illustration of the sampling strategy is shown in Fig. 1.
Specimens for thermal and microstructural characterization were
extracted from regions of each ingot. Samples nominally measuring
5 x 5 x 12mm?, taken from the bottom part of the ingot (red samples in
Fig. 1), were prepared for microstructural investigations. Specimens for
thermal diffusivity tests measuring 10 x 10 x 2.5 mm® (blue specimens)
were instead taken from the innermost part of the ingots to avoid po-
tential effects of segregation or microstructural directionality, ensuring
reliable measurements of thermal properties representative of the bulk
material. The same inner region was selected for differential scanning
calorimetry and specific heat capacity samples, whose masses oscillate
around 50 mg.

Part of the samples were subjected to 10 thermal cycles in order to
preliminarily assess the early-stage alloys stability and interpret their
thermal response in light of thermodynamic predictions. Thermal cycles
of metallographic and thermal diffusivity specimens were performed
between 25 °C and 270 °C under vacuum, at a heating rate of 2 °C/min
to ensure uniform temperature distribution within the specimen.

Specimens for metallographic observations were prepared following
a standard polishing procedure. After sequential grinding with SiC pa-
pers up to P2500 grit, samples were polished with 6, 3, and 1 pm dia-
mond suspensions, followed by a final polishing step with 10% colloidal

Table 1
Nominal chemical composition of the investigated ingots (in mass%).
Al Si Mg Fe Mn Sn
Al-40Sn Bal. 0.004 0.001 0.001 - 39.98
Al-40Sn-3Si-Mg Bal. 3.07 0.11 0.17 0.09 39.99
Al-40Sn-4Si-Mg Bal. 4.09 0.15 0.22 0.13 39.99
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silica dispersion in distilled water.

2.3. Thermal characterization

DSC measurements were carried out to determine the transition
temperature range, enthalpy, and specific heat capacity of the Al-Si-Sn
composites. Each sample was subjected to ten thermal cycles between
100 °C and 300 °C at a constant heating/cooling rate of 20 °C/min. An
isothermal dwell of 15 min was applied at both temperature limits to
ensure thermal stability and repeatability. All tests were performed in
Al,;0O3 crucibles under a continuous argon flow of 20 ml/min. The spe-
cific heat capacity at constant pressure was evaluated according to ISO
11357-4:2021 using the continuous-scanning method. The specific heat
capacity of the alloys (Cls,p) was calculated from DSC measurements ac-

cording to:

cal _
C;p _ Ccalm (Pxp Pbl) (1)

P m®(Pey — Py1)

in which G, is the specific heat capacity in J/(geK), m is the mass of the
sample in g, P is the heat flow rate (dQ/dt) in W. The subscript/super-
script sp represents the specimen, bl refers to the blank run, and cal to
the calibration material (here a-alumina, sapphire).

Thermal diffusivity was measured under vacuum using a Laser Flash
Analyzer in the 20-300 °C temperature range. The metallic samples
were prepared from the bulk material by precision cutting and machined
into disk-shaped specimens with a diameter of 10 mm and a nominal
thickness of 2.5 mm. Both surfaces were progressively ground with SiC
abrasive papers up to P2500 in order to obtain smooth and planar faces.
The specimen thickness was measured with a caliper by performing at
least five measurements at different positions on each sample, and the
average value was used for data analysis. Before testing, a thin graphite
coating was sprayed on both sample surfaces to improve laser absorp-
tion and infrared emissivity during the LFA measurements. No
temperature-related thickness correction was applied, since within the
investigated temperature range the contribution of thermal expansion
was considered limited; the overall estimated error, including both
experimental uncertainty and thermal expansion effects, was approxi-
mately 2.4%, consistent with the instrumental uncertainty declared by
the manufacturer of the equipment. Thermal diffusivity values were
calculated using the combined correction model implemented in the
Linseis software, and each reported data point represents the average of
three laser shots, presented as mean value + standard deviation. Data
were acquired every 20 °C during both heating and cooling cycles,
setting a heating rate of 5 °C/min. LFA measurements were performed
during the 1st and the 10th thermal cycles, while the intermediate cycles
were carried out in a tubular furnace under flowing Ar (50 ml/min),
adopting the same heating and cooling rate used for the LFA measure-
ments (5 °C/min). Measurements up to 300 °C were performed using a
graphite-sapphire sample holder designed for liquid material. Compared
with a conventional graphite holder, the graphite-sapphire holder
yielded thermal diffusivity values that were systematically lower, cor-
responding to an average underestimation of approximately 23%. This
deviation was quantified by calibration against the standard (solid)
configuration at temperatures below the melting point of Sn (Figure S1
in Supplementary information). The reported thermal diffusivity values
were corrected accordingly.

2.4. Microstructural characterization

Microstructural analyses were first conducted by optical microscopy
on both as-cast and cycled specimens to assess the homogeneity and
stability of the microstructure after thermal cycling. Porosity was
quantified by image analysis using ImageJ software on at least 10 mi-
crographs per sample (at magnification as in Fig. 2), acquired from
multiple distinct regions of the ingot to ensure spatial
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Fig. 1. Schematic representation of how samples were extracted from the ingots. Red-colored samples are used for microstructural analyses, blue-ones for thermal
diffusivity measurements. Small size specimens for DSC tests were sampled close to thermal diffusivity samples.

representativeness.

For higher magnification observations and compositional analysis, a
field emission scanning electron microscope equipped with an Energy
Dispersive X-ray Spectroscopy (EDS) detector was used. Secondary and
backscattered electron imaging, combined with EDS, were performed in
multiple regions of the ingot to assess microstructural and compositional
stability after thermal cycling.

2.5. Thermodynamic simulations

Thermodynamic simulations were performed under equilibrium
conditions using Thermo-Calc 2024b software coupled with the TCAL8
v8.2 database. The nominal compositions of the ingots were used as
input for the calculations. The resulting thermodynamic and phase
stability predictions were compared with the experimental data in order
to assess the reliability of Thermo-Calc as a predictive tool and to
evaluate its potential for guiding the design and development of new
composite PCMs.

3. Results and discussion
3.1. Microstructural features and Thermo-Calc predictions

Fig. 2 shows optical micrographs of the investigated ingots, including
Al-40Sn, Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg, all in the as-produced
condition and after 10 thermal cycles between 25 and 300°C. The
microstructural observations are first presented for the as-produced
condition and then discussed after thermal cycling to highlight the ef-
fect of cycling on each alloy system more compactly.

3.1.1. Al-40Sn alloy

In the as-cast Al-40Sn alloy, the microstructure is composed of Al
dendrites and Sn regions that are essentially pure (top left in Fig. 2 and
top row in Fig. 3), consistent with the very limited mutual solubility of
Al and Sn [23]. The as-produced material exhibits a porosity of
approximately 4 &+ 1 1%, as determined by optical analyses.

After thermal cycling, a marked coarsening of the Al dendritic
network is observed (top right in Fig. 2 and top row in Fig. 4), accom-
panied by a redistribution of Sn into pockets within the Al-rich zones
forming a surrounding interconnected network, consistently with pre-
vious literature results [49]. This microstructural rearrangement can be
related to liquid metal corrosion of Al by Sn, which preferentially attacks
the grain boundaries [50], while the presence of spherical Sn features

can be related to Rayleigh’s instability phenomena [51]. Following 10
thermal cycles, the measured porosity increases to about 8 + 1 (%, in
agreement with the mass variation measured after thermal cycling
(Table 2). These two pieces of evidence consistently support the occur-
rence of partial leakage of the Sn-rich liquid phase during repeated
melting/solidification. The extent of such leakage is reasonably associ-
ated with the volume fraction and interconnection of the Sn-rich regions
exposed to the sample surface, which may promote the formation of
well-defined droplets when the exposure occurs in air [52]. This
behavior is consistent with literature reports [53,54] showing poor
wetting of solid AlyOs, inherently present as a native oxide on pure Al,
by molten Sn and high liquid-solid interfacial angles, which reduce
capillary retention and favor the escape of the Sn-rich liquid phase
during repeated melting—solidification cycles.

3.1.2. Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg alloys

The introduction of Si and other minor alloying elements in the alloy
composition results in the formation of an additional Al-Si eutectic
phase alongside the pure Al and Sn phases. This eutectic is primarily
located in the interdendritic regions and, in the as-produced condition, it
appears mostly separated from the Sn-rich islands (center and bottom
left in Fig. 2). Moreover, in all Si-containing alloys, minor intermetallic
precipitates rich in Fe and Mn are present already in the as-produced
state (center and bottom rows in Fig. 3). Optical microscopy (Fig. 2)
and EDS elemental maps (Fig. 3) clearly show that, with increasing Si
content, both the amount of Al-Si eutectic and the volumetric fraction of
Fe- and Mn-containing intermetallics increase, in agreement with the
concentrations of these elements reported in Table 1. In the as-produced
condition, the Si-containing alloys exhibit porosity values of approxi-
mately 2 £ 1 % and 3 £ 1 % for Al-40Sn-3Si-Mg and Al-40Sn-4Si-
Mg, respectively. These void levels are similar to that of the Si-free
reference alloy (4 £ 1 y01%).

After thermal cycling, the same phase constituents and main
morphological features observed in the as-produced condition are sub-
stantially retained (central and bottom right in Fig. 2 and central and
bottom rows in Fig. 4). In the Si-alloyed samples, coarsening of the Al
dendritic matrix is significantly less pronounced than in the Al-40Sn
reference alloy (right column in Fig. 2). Whereas in the cycled Si-free
alloy, Sn reorganizes into pockets; in the Si-containing materials these
regions appear associated with the Al-Si eutectic within the interden-
dritic areas, forming more compact and homogeneously distributed
zones, as shown by the EDS maps in the central and bottom row of Fig. 4.
The Fe-containing intermetallics remain clearly visible after thermal
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Fig. 2. Micrographs of the Al-40Sn, Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg ingot acquired at the core of the specimens. Micrographs on the left refer to as-produced
specimens, while micrographs on the right to specimens which underwent 10 thermal cycles in the 25-270 °C temperature range.

Fig. 3. EDS maps of the as produced Al-40Sn, Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg ingots acquired at the core of the metallographic samples.
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Fig. 4. EDS maps of the Al-40Sn, Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg ingots acquired at the core of the metallographic samples which underwent 10 thermal cycles

in the 25-300 °C temperature range.

Table 2
Measured mass of the investigated samples before and after 10 thermal cycles,
together with the corresponding mass variation.

Initial mass Mass after 10 cycles Mass variation

[g] [g] [%]
Al-40Sn 1.1649 1.1380 + 0.0001 2.6
+ 0.0001
Al-40Sn-3Si- 1.0319 1.0135 + 0.0001 1.8
Mg + 0.0001
Al-40Sn-4Si- 1.0114 0.9922 + 0.0001 1.9
Mg + 0.0001

cycling and appear only slightly coarsened, without showing any
evident interaction with the Sn-rich phase, in agreement with the EDS
observations (central and bottom rows in Fig. 4). Importantly, the
porosity level of the Si-alloyed samples remains substantially unchanged
after thermal cycling, in contrast with the binary Al-Sn alloy, where
porosity increases more markedly during repeated melting and solidi-
fication. In agreement with this microstructural observation, the mass
variation measured before and after cycling (Table 2) is lower than that
measured for the Si-free alloy, indicating a reduced tendency toward
leakage of the Sn-rich liquid phase. The combination of stable porosity
and limited mass loss therefore provides direct support for the improved
cycling stability of the Si-containing alloys. This behavior is consistent
with recent PCM studies suggesting that the Al-Si eutectic network acts
as a restraining skeleton, limiting the migration of the low-melting Sn
phase [32]. In line with other reports on Al-Si-Sn systems, Si promotes
more effective dispersion and stabilization of the Sn-rich phase; e.g.
micrographs of analogous plasma-sprayed alloys show that Sn remains
well confined within the Al + Al-Si eutectic matrix even after multiple
heating cycles [55]. Therefore, the enhanced stability of the
Si-containing alloys after cycling can reasonably be attributed to the
combined effects of a more stable interdendritic framework, improved
confinement of the Sn-rich phase, and the resulting mitigation of
leakage-related degradation. Compared with the binary Al-40Sn alloy,
the Si-containing systems therefore exhibit a more stable microstruc-
tural response to cycling, characterized by reduced coarsening, lower
leakage tendency, and essentially unchanged porosity.

The above microstructural observations are consistent with the
phase assemblage predicted by equilibrium thermodynamic simula-
tions. Equilibrium thermodynamic simulations at room temperature
predict, for both the 3 and 4 ,5:% Si alloys, the same set of phases ex-
pected from the combination of pure Sn (BCT_A5) and AlSiMg(Fe)
casting alloys, i.e. primary Al (FCC_A1), Si (DIAMOND_A4) present here

in form of Al-Si eutectic, a-Al(Mn,Fe)Si and AlgFe,Si; intermetallics
(AL15SI2M4 and AL9FE2SI2 respectively). In addition, MgsSn-type
intermetallic compounds (MG2SI_C1) are predicted in both Si-
containing alloys. Their calculated amount is 0.38a5s% and 0.51,55%
for alloys containing 3 and 4p,,5s%Si, respectively. As the Si content and
the concentration of minor alloying elements increase, the calculated
mass fraction of all these secondary phases correspondingly increases
(Figs. 5a and 5b). These predictions are in good agreement with the
micrographs and EDS maps reported in Figs. 2 and 3, with the only
exception of the MgsSn-type intermetallic compound, which is not
detectable at the magnifications employed but is nevertheless supported
by literature evidence for similar alloy systems [32].

Thermodynamic simulations also provide the chemical composition
of the phases in Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg, thereby allowing
assessment of possible chemical interactions with the Sn introduced as
PCM in the 20-300°C temperature range. At a fixed Sn content of
40mass%, both experimental evidence and thermodynamic calculations
indicate that the amount of secondary phases (Si, «-Al(Mn,Fe)Si,
AlgFesSia and Mg,Sn) increases with increasing Si content, whereas
their equilibrium chemical compositions remain essentially unchanged.

With the exception of MgsSn, these secondary phases are predicted
to contain negligible amounts of Sn. In particular, the Fe-containing
intermetallics (AlgFe,Sio and a-Al(Mn,Fe)Si) are predicted to consist
solely of Al Si, Fe and Mn, with no incorporation of Sn. This chemical
independence from the Sn-rich phase is consistent with the EDS
elemental maps reported in Fig. 3 (central and bottom rows). Similar Fe-
based intermetallics have been previously reported in Al-Si-Sn alloy
systems, where they are shown not to interfere with the Sn phase and, in
some cases, to contribute to a more robust structural framework [56,57].
Thermo-Calc results further suggest that these Fe-containing in-
termetallics remain stable across the Sn solid-liquid transition, rein-
forcing their chemical and structural independence from the Sn-rich
regions. In contrast, the Mg-bearing intermetallics predicted under
equilibrium conditions (MG2SI_C1) display a chemical signature domi-
nated by Mg and Sn, with Sn contents on the order of 70.61y,5% and
only Si 0.14,,5s% at room temperature. Based on its stoichiometry, it is
therefore reasonable to infer that the main Mg-containing phase is
MgoSn.

3.2. Thermal analysis

Fig. 6 shows the DSC thermograms and the temperature-dependent
specific heat capacity (C,) curves in the 100-300 °C range, and the
thermal diffusivity values obtained by LFA, for the Al-40Sn, Al-40Sn-3Si-
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Fig. 5. Mass fraction of the phases predicted by thermodynamic simulations at room temperature for the investigated alloys having Si content ranging from 0 to
4mass%0: (a) overall phase assemblage; (b) magnified view of minor secondary phases, including Fe- and Mn-containing intermetallics and Mg»Sn.

Mg, and Al-40Sn-4Si-Mg alloys in the investigated conditions. For each
composition, data are shown both in the as-produced state and after 10
thermal cycles between 100 and 300 °C, enabling a direct assessment of
how repeated heating influences their thermal behavior. The results of
the thermodynamic simulations are also included for comparison
(labelled as TC in the graphs).

3.2.1. Al-40Sn alloy

The binary Al-40Sn alloy provides a robust baseline for assessing the
behavior of the multicomponent systems. As shown by the DSC curves in
Fig. 6a and by the corresponding onset and offset transformation tem-
peratures and enthalpies given in Figs. 7a and 7b, respectively, the DSC-
derived values for the Al-40Sn alloy are in good agreement with the
melting onset temperature and latent heat of fusion predicted by ther-
modynamic simulations, confirming the reliability of CALPHAD-based
modelling of temperatures and enthalpic changes for this well-
established system, in line with previous reports on binary and lightly
alloyed Al-Sn PCMs [25]. The experimentally determined offset tem-
peratures are systematically higher than those predicted under equi-
librium conditions due to thermal lag and instrumental drift inherent to
DSC measurements.

Regarding the specific heat capacity, the experimental measure-
ments show a progressive decrease in C, with increasing temperature,
accompanied by a pronounced increment in the vicinity of the phase
transition associated with Sn melting (Fig. 6b). At low temperatures (up
to 130°C), the experimental values are in good agreement with ther-
modynamic predictions, suggesting that the intrinsic heat capacity of
the alloy is correctly captured. The deviation observed at higher tem-
peratures is therefore attributed to a combination of experimental and
modelling-related factors. From an experimental standpoint, the use of
alumina crucibles and finite heating rates may lead to a mismatch be-
tween the heat supplied to the crucible and the heat actually absorbed
by the specimen, resulting in an apparent underestimation of C,. On the
modelling side, CALPHAD-based Cj, values are derived under ideal
equilibrium assumptions and do not account for kinetic effects associ-
ated with phase transformations and partial melting, which become
increasingly relevant at elevated temperatures and may further
contribute to the discrepancy between experimental and predicted C,
values.

Larger deviations between the experimental results and the outcome
of the thermodynamic simulation are observed in the thermal diffusivity
of the binary Al-Sn alloy, shown in Fig. 6¢. As temperature increases, the

thermal diffusivity exhibits an overall decreasing trend, which becomes
markedly more pronounced in the vicinity of the Sn melting transition.
At low temperatures, the measured values remain relatively stable and
consistent with those expected for dense Al-Sn composites. Approaching
the phase transition, however, the onset of Sn melting leads to a sig-
nificant increase in data scatter and to anomalous diffusivity values. This
behavior can be attributed to the progressive formation of a liquid Sn
phase, which undergoes a pronounced reduction in thermal conductivity
upon the solid-liquid transition [58]. This sharp decrease in the intrinsic
heat-transport capability of Sn, combined with the presence of a liquid
phase within the Al-rich matrix, promotes microstructural rearrange-
ments, induces internal thermal discontinuities, and leads to a degra-
dation of heat-transfer efficiency within the sample, thereby increasing
signal dispersion.

After thermal cycling, both the DSC thermograms and the experi-
mentally measured specific heat capacity curves closely reproduce the
features observed during the first heating cycle (Figs. 6a, 6b and Figs. 7a
and 7b). This behavior demonstrates that, despite the microstructural
changes induced by cycling, the thermal response associated with the
phase transition remains essentially unchanged, indicating that the
fundamental thermodynamic characteristics of the Al-Sn eutectic are
retained upon cycling. As expected, the specific heat capacity is not
significantly affected by phase arrangement, but mainly depends on the
nature and volume fraction of the constituent phases. By contrast, the
thermal diffusivity measured by LFA is more sensitive to cycling. While
the initial measurement aligns reasonably well with the values expected
for dense Al-Sn composites, the experimentally determined diffusivity
decreases significantly after repeated thermal cycling (Fig. 6¢). This
reduction can be attributed to several factors. First, the redistribution of
Sn during the first cycle likely leads to its accumulation at the bottom
surface of the sample, altering the effective thermal pathways and
influencing the measured thermal properties. In addition, the reduction
of thermal diffusivity can be associated with the increased porosity
observed in the binary alloy after cycling across the activation temper-
ature, resulting from Sn leakage during cycles performed outside the
LFA. As widely reported in the literature [59,60], both the amount and
morphology of porosity exert a strong influence on heat transport:
increasing pore fractions reduce the effective thermal conductivity and,
consequently, the thermal diffusivity, particularly when pores are
interconnected or oriented transversally with respect to the heat flux
direction. In addition to porosity development, other concurrent
mechanisms may contribute to the observed diffusivity decrease of the
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Fig. 6. DSC, specific heat capacity (Cp), and thermal diffusivity results for Al-40Sn, Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg alloys. Panels (a—c) refer to the Al-40Sn
alloy, (d—f) to Al-40Sn-3Si-Mg and (g-i) to Al-40Sn-4Si-Mg. For all measurements, experimental data obtained during the 1st thermal cycle are shown in blue,
while those from the 10th cycle are shown in yellow. In the LFA measurements, filled symbols correspond to heating ramps, whereas open symbols indicate cooling
ramps. Thermodynamic simulation results obtained by Thermo-Calc are represented by the brown dotted lines in all plots. In the DSC graphs, the two vertical lines

mark the simulated PCM activation temperature interval.

thermally cycled binary alloy. The formation of open porosity following
Sn leakage can promote further oxidation of the internal surfaces,
leading to the development of oxide layers within the pores that further
hinder heat transfer. Moreover, thermal cycling induces substantial
microstructural changes, as evidenced by the micrographs in the top row
of Fig. 2, including dendritic coarsening of the Al-rich phase and
redistribution of the Sn phase. Such microstructural rearrangements can
disrupt continuous heat-conduction pathways within the metallic

matrix, further reducing the effective thermal diffusivity of the alloy,
which is a phase-arrangement dependent material property [44]. The
same tendency is also reflected in the corresponding thermal conduc-
tivity values, calculated from thermal diffusivity, specific heat capacity,
and density and reported in Table 3 together with those of the
Si-containing alloys. In agreement with the diffusivity results, the binary
Al-40Sn alloy shows a marked reduction in thermal conductivity after
thermal cycling.
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Fig. 7. (a) Onset and offset temperatures associated with the melting of the active phase as a function of Si content of the investigated alloys. (b) Enthalpy of fusion of
the active phase as a function of Si content, as derived from DSC measurements. Experimental data at 1st cycle (blue) and 10th cycle (yellow) are compared to data
derived from thermodynamic simulations (brown). The calculated enthalpy in (purple squares in panel b) was obtained indirectly by estimating the latent heat of
transformation from the phase fractions predicted by thermodynamic simulations and the tabulated specific heats of Sn and the Mg,Sn-Sn eutectic.

Table 3

Thermal conductivity values of the investigated alloys, calculated from thermal
diffusivity, specific heat capacity, and density, at representative temperatures
below and above the phase transition (175 and 260 °C), in the as-produced
condition and after 10 thermal cycles.

Alloy Condition Thermal conductivity at Thermal conductivity at
175°C[Wm™ K] 260 °C [Wm™ K]
Al-40Sn As- 144 £ 16 134 +18
produced
After 10 111 +£12 107 £11
cycles
Al-40Sn- As- 143 + 16 141 + 14
3Si-Mg produced
After 10 136 + 14 115+ 13
cycles
Al-40Sn- As- 149 £ 15 117 £12
4Si-Mg produced
After 10 154 + 16 140 + 14
cycles

3.2.2. Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg alloys

When Sn is added to Al-based alloys containing Si, Mg, Mn and Fe as
alloying elements, the endothermic peak associated with Sn melting
undergoes a clear modification in shape, as shown by the DSC curves
reported in Fig. 6d and Fig. 6g. In addition to the main melting peak of
Sn, the DSC curves of the Al-40Sn-3Si-Mg alloy (Fig. 6d) and the Al-
40Sn-4Si-Mg alloy (Fig. 6g) display a secondary endothermic signal of
lower intensity appearing as a shoulder at temperatures below the onset
of Sn melting. According to the thermodynamic equilibrium simulations
and available literature data [61,62], this additional signal can be
attributed to a eutectic melting event involving Mg»Sn and Sn, which
occurs close to 200°C. Although the corresponding eutectic constituent
is too fine to be directly resolved at the magnifications employed in the
present microstructural analysis, its occurrence is supported by the
combined interpretation of DSC data, thermodynamic calculations, and
literature evidence. This attribution is further supported by the
Thermo-Calc evolution of phase mass percentages with temperature
(Fig. 8), which shows that, within the same temperature interval, MgsSn
(MG2SI_C1) disappears, the amount of Sn (BCT_A5) decreases, and the
percentage of liquid increases. Such a phase evolution is consistent with
a eutectic melting event involving Mg,Sn and Sn. The intensity of this
eutectic-related signal increases systematically with increasing Mg (and
Si) content, following the compositional sequence Al-40Sn-3Si-Mg

< Al-40Sn-4Si-Mg (Fig. 6d and Fig. 6g, respectively) in agreement
with the increasing fraction of Mg,Sn predicted by the thermodynamic
simulation (Fig. 4b).

The onset and offset values of the double-phase transition (including
melting of both Mg,Sn-Sn eutectic and Sn phase) for the alloys presented
in Fig. 7a, show that they remain essentially constant for the Si-
containing alloys. Similarly to what observed for the Al-40Sn alloy,
the experimentally determined onset temperatures agree with those
derived from the thermodynamic simulations, while the offset temper-
atures are consistently higher than the equilibrium predictions, reflect-
ing the same thermal lag and instrumental drift effects observed for the
offset values in the DSC measurements of the binary Al-Sn alloy.

The consistency in results with increasing Si content is also observed
for the associated latent heats, with only minor variations that fall
within the experimental uncertainty of the DSC measurements (Fig. 7b).
Fig. 7b also includes the melting enthalpies obtained from thermody-
namic simulations. A comparison between these and the experimentally
determined melting enthalpies suggest that predictions tend to yield
higher absolute values.

To gain further insight into the origin of this deviation, the individual
enthalpic contributions associated with the different phases present in
the alloys were examined in detail. The Fe-containing intermetallics,
predicted by thermodynamic simulations (AL9FE2SI2 and AL15SI12M4)
and confirmed by microstructural observations, can be excluded from
the enthalpy balance, as they do not undergo any phase transformations
within the investigated temperature range (100-300 °C). This is
consistent with the absence of corresponding features in the DSC curves
(Figs. 6d and 6g), confirming that these phases remain thermally inac-
tive under the present conditions.

The dominant enthalpic contributions therefore arise from the
melting of Sn (BCT_A5) and from the eutectic melting event involving
MgoSn (MG2SI_C1) and Sn. Based on the thermodynamic simulation
results, the fraction of Mg,Sn—Sn eutectic present in the alloys increases
from 5.1% in the Al-40Sn-3Si-Mg alloy to 6.8% in the Al-40Sn-4Si-Mg
alloy. Consequently, the corresponding fraction of Sn melting as pure
Sn decreases from 34.9% (Al-40Sn-3Si-Mg) to 33.2% (Al- 40Sn-4Si-Mg)
with increasing Si content.

To further assess the consistency between modelling and experi-
ments, a phase-weighted theoretical latent heat was estimated by
combining the phase fractions predicted in equilibrium at room tem-
perature by thermodynamic simulations, with the melting enthalpies of
the relevant transforming constituents (60 J/g for pure Sn, NIST SRM
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Fig. 8. Thermo-Calc-calculated variation of phase mass percentages as a function of temperature for the Al-40Sn-4Si-Mg alloy, shown here as a representative
example: (a) overall evolution of Sn (BCT_A5), Mg,Sn-type phase (MG2SI), and liquid fraction in the 200-230 °C range; (b) magnified view highlighting the low
fraction of the Mg,Sn-type phase and its disappearance in correspondence with the onset of liquid formation.

2220, and 68 J/g for the Mg,Sn—Sn eutectic, [62]). The fraction of the
Mg,Sn -Sn eutectic was derived from the Mg-Sn binary phase diagram
and from the amount of Mg,Sn predicted by CALPHAD. By applying the
lever rule at the eutectic composition, the relative amounts of Sn and
Mg,Sn within the eutectic were estimated to be about 93 5% and 7
mass%0, respectively. The remaining Sn fraction according to CALPHAD
predictions was then taken as the amount of pure Sn available for
melting outside the eutectic constituent. Accordingly, the theoretical
latent heat was calculated as the linear combination of the contributions
associated with pure Sn melting and Mg,Sn—Sn eutectic melting. In this
approach, the eutectic was treated as a distinct phase-change domain,
whose specific enthalpy was taken as the enthalpy jump associated with
melting of an alloy with eutectic composition. Therefore, the calculation
should be regarded as a first-order approximation of the eutectic
contribution to the overall latent heat. The resulting phase-weighted
latent heat values are reported in Fig. 7b, while the corresponding
phase fractions and partial enthalpic contributions are summarized in
Table 4.

The calculated fusion enthalpies underestimate the experimentally
measured values. This discrepancy is plausibly related to the fact that, in
addition to the melting of these two phases, other thermally activated
processes may occur within the alloy and contribute to the overall
thermal response, thereby altering the measured heat flow. Neverthe-
less, the trend obtained by considering only the latent heat contributions
of the Sn-rich phases is significantly closer to the experimental results
than the direct outputs of the thermodynamic simulations, indicating
that the phase-weighted approach captures the dominant contributions
to the melting enthalpy more effectively. The differences between the
direct outputs of the thermodynamic simulations and the experimental
data in the determination of the latent heat of fusion for the Al-40Sn-3Si-
Mg and Al-40Sn-4Si-Mg alloys may reflect the intrinsic challenges

Table 4

associated with describing complex multicomponent eutectic reactions
under equilibrium assumptions, particularly in proximity to phase
transitions where numerical sensitivity and database uncertainties can
play a role.

The specific heat capacity (C,) measured for the Si-containing alloys
(Figs. 6e and 6h) shows a comparatively limited sensitivity to alloy
composition, similarly to what observed for the transition temperature
interval and for the latent heat. While the baseline Cj, values are only
weakly affected by composition, marked differences emerge in the
magnitude and temperature span of the C, variation associated with
phase transitions. In particular, the intensity of the C, increment during
melting progressively decreases as the Si content, and concurrently the
Mg content, increases, whereas the temperature interval over which this
variation occurs becomes broader.

This trend reflects the transition from a sharp and intense C, peak in
the binary alloy, associated with the melting of essentially pure Sn, to a
more distributed thermal response in the multicomponent systems,
where melting involves both pure Sn and the Mg,Sn-Sn eutectic. As a
consequence, in the multicomponent alloys the phase-change-related C,
enhancement is spread over a wider temperature range but with reduced
peak intensity, while in the binary alloy it appears more localized and
pronounced.

Thermodynamic equilibrium simulations, reported as brown dotted
curves in Figs. 6e and 6h, are consistent with these experimental ob-
servations, predicting an almost composition-independent C, with only
a slight decrease when moving from the binary alloy to the multicom-
ponent systems and no significant variation with increasing Si (and Mg)
alloying element content. This agreement supports the interpretation
that the sensible heat contribution is largely governed by Al and Sn,
whose high volume fractions dominate the overall C;, response, while
the contributions of secondary phases remain comparatively minor.

Phase fractions and partial enthalpy contributions used for the calculation of the theoretical latent heat of the investigated alloys.

Alloy Mg,Sn-Sn eutectic fraction Enthalpic Contribution of Mg,Sn-Sn Pure Sn fraction Enthalpic Contribution of pure  Calculated latent heat
[mass%] eutectic [J/g] [mass%] Sn [J/g] [J/g]
Al-40Sn - 40 24 24
Al-40Sn- 5.1 4 34.9 21 25
3Si-Mg
Al-40Sn- 6.8 5 33.2 20 25
4Si-Mg

10
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Focusing the attention on the temperature-dependence of Cp, ther-
modynamic equilibrium simulations predict a slight increase in specific
heat with increasing temperature. Experimentally, however, a weak but
systematic decrease in C, is observed as temperature increases. This
discrepancy mirrors the behavior already discussed for the binary alloy.

Although porosity does not directly affect the gravimetric C, values
(expressed in J/(geK)), it may nonetheless have a detrimental impact on
the sensible heat storage capability of the material in thermal energy
storage applications, as it reduces the effective volumetric heat capacity.

With regard to thermal diffusivity (Figs. 6f and 6i), the experimental
measurements reveal a clear decrease with increasing temperature, with
a pronounced drop in the vicinity of the melting of the active phase,
consistent with the onset of partial melting and the associated reduction
in effective heat-transport pathways. This behavior closely mirrors that
previously observed for the binary alloy (Fig. 6¢), the main difference
being that the diffusivity drop occurs at lower temperatures, in agree-
ment with the earlier onset of melting associated with the Mg,Sn-Sn
eutectic. Predictions obtained from the thermodynamic simulations
(brown dotted curves in Fig. 6¢, Fig. 6f and Fig. 6i) show good agree-
ment with this experimentally observed trend. The thermal diffusivity
behavior of the Si-containing alloys can be interpreted in relation to
their more stable microstructure after cycling. In these materials, the
limited porosity evolution, the lower mass loss measured after cycling
(Table 2), and the more compact distribution of the Sn-rich phase within
the interdendritic Al-Si eutectic regions help preserve the continuity of
the heat-transfer paths. This explains why, although the absolute ther-
mal diffusivity is slightly lower than that of the binary Al-40Sn alloy, its
evolution upon cycling remains substantially more stable in the Si-
containing systems.

To complement the transient heat-transfer analysis based on thermal
diffusivity, the corresponding thermal conductivity values were also
estimated from the experimental thermal diffusivity, specific heat ca-
pacity, and density, according to k = apC,. Since the aim is to provide a
concise comparison rather than a full temperature-resolved conductivity
analysis, representative values below and above the phase transition are
reported in Table 3, at 175 and 260 °C, respectively. The values at 260
°C should be regarded as representative estimates of the high-
temperature condition, since in some cases the Cj, contribution associ-
ated with the phase transition had not yet fully returned to the baseline
at this temperature. At the same time, the use of higher temperatures
would have reduced the available margin to the end of the DSC run,
which is not ideal for a rigorous C, determination. The calculated
thermal conductivity values therefore show some composition- and
condition-dependent scatter across the phase-transition interval.
Nevertheless, they still allow a meaningful comparative assessment:
while the binary Al-40Sn alloy exhibits a marked reduction in thermal
conductivity after thermal cycling, the Si-containing alloys retain more
stable values, in agreement with their reduced porosity evolution and
improved confinement of the Sn-rich phase within the interdendritic
microstructure.

Notably, all these results are largely preserved even after 10 thermal
cycles between 100 and 300 °C. In particular, despite the microstruc-
tural rearrangements induced by cycling, the DSC response associated
with the phase-change events, i.e. the onset of melting, the latent heat,
and the specific heat capacity, remains essentially unchanged, as evi-
denced by the curves in Fig. 6d, Fig. 6e, Fig. 6g and Fig. 6h. Compared
with the binary Al-40Sn alloy, the multicomponent systems exhibit a
more stable heat-transfer response upon thermal cycling, reflecting their
enhanced microstructural stability. Although the absolute thermal
diffusivity and thermal conductivity values show some composition- and
condition-dependent variations, the Si-containing alloys retain their
heat-transfer properties more effectively after cycling, which largely
offsets any reduction observed under specific conditions.

From an application perspective, this is a critical advantage: a phase
change material whose thermal diffusivity remains stable during
repeated melting-solidification cycles ensures predictable and
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reproducible heat charging and discharging rates, thereby preserving
thermal efficiency and reliability over long-term operation. Conse-
quently, the improved resistance to microstructural degradation in the
Al-40Sn-3Si-Mg and Al-40Sn-4Si-Mg alloys outweighs the modest
reduction in absolute diffusivity, making these alloys more suitable for
practical PCM applications where durability and consistent thermal
performance are essential. Overall, these results indicate that the
fundamental thermodynamic behavior of the Sn-based phase-change
reactions is retained upon cycling, while cycling primarily affects the
heat transport capability rather than the intrinsic thermal response of
the material.

Finally, it is worth noting that the presence of porosity, while
detrimental in terms of volumetric latent heat, effective specific heat
capacity, and thermal diffusivity, may also play a beneficial mechanical
role. In particular, the development of controlled porosity can partially
accommodate the volumetric expansion associated with Sn melting,
thereby reducing the internal stresses generated during repeated phase-
change cycles [63]. The mitigation of these thermally induced stresses
limits damage accumulation within the material, such as crack initiation
or interfacial decohesion, and can ultimately contribute to extending the
service lifetime of the PCM component. From this perspective, a mod-
erate reduction in thermal performance due to porosity may represent
an acceptable trade-off when balanced against improved mechanical
compliance and enhanced durability under long-term thermal cycling.

4. Conclusions

This study investigated the effect of Si content on the thermal
response, microstructural stability, and cycling behavior of composite
metallic phase change materials based on Al-Si-Sn system containing a
fixed 4045s% Sn fraction. By integrating experimental thermal analysis,
microstructural characterization, and CALPHAD-based thermodynamic
modelling, the interplay between composition, secondary phases,
porosity, and thermophysical performance was systematically assessed.

The results demonstrate that varying the Si content of the investi-
gated alloys in the range 0-4pa5s%, with concurrent minor changes in
Mg content in Si-bearing alloys does not significantly affect the melting
temperature nor the latent heat associated with the active phase
melting. This confirms that the primary phase-change functionality is
preserved across all investigated alloys. However, the variations in
chemical composition strongly influences the temperature span of the
thermal transition due to the concurrent melting of a secondary eutectic,
i.e. MgoSn-Sn, which lead to a more distributed and smoother phase-
change behavior compared to the binary Al-Sn reference system.

From a microstructural standpoint, the addition of Si substantially
improves stability under repeated thermal cycling. The Al-Si eutectic
network promotes a more homogeneous and constrained distribution of
the Sn-rich phase and effectively limits porosity evolution. As a result,
the thermal response associated with the phase change remains highly
reproducible after cycling, and the thermal diffusivity shows signifi-
cantly enhanced stability, despite a small reduction in its absolute value
relative to the binary alloy.

Porosity was found to have a dual effect: while it reduces the effec-
tive volumetric latent heat, specific heat capacity, and thermal diffu-
sivity, it also contributes beneficially by accommodating the volumetric
expansion of Sn during melting, thereby mitigating thermally induced
stresses and improving long-term durability.

Overall, the findings identify Si as a key design parameter for
balancing thermal performance and cycling stability in Al-Sn-based
metallic PCMs. The improved structural robustness and reproducible
thermal behavior make Al-Si-Sn alloys promising candidates for
medium-temperature thermal energy storage applications where dura-
bility and consistent performance are essential.
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