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Metallic Phase Change Materials (PCMs), based on solid-liquid transitions, represents one of the most promising
technologies for efficient Thermal Energy Storage (TES), due to their superior thermal conductivity and energy
storability per unit volume, but suffer of limited solutions for their handling at the molten state. The use of
Miscibility Gap Alloys (MGAs) allows to manage PCM volume expansion and keep it confined when molten,
preventing interaction with the environment. A relevant example is provided by the Al-Sn system, where Al
covers the role of the high-temperature stable and highly thermal-conductive passive matrix and Sn the active
PCM. The alloy can thus be considered a Composite PCM (C-PCM). The response fastness of these systems de-
pends on their thermal diffusivity, subjected to abrupt variations under the presence of discontinuities and
damages. In this sense, the authors investigated the possibility to employ molten Sn mobility in a potentially
damaged C-PCM for self-healing purposes, aimed to restore, at least partially, the material continuity and thus its
thermal diffusivity. Exudation heat treatments above the melting temperature of Sn were performed on sets of Al-
40%wt. Sn metallic composites, produced either with powder metallurgy or liquid metal routes, in order to
quantify and assess the mobility of the Sn under simulated operating conditions. Exudation tests assess Simple
Mixed powders and liquid metal routes sample as the ones with the highest healing potential. Al dissolution and
re-deposition was established by EDS analyses as one of the principal Sn mobility mechanisms. Laser Flash
Analysis tests, as well as microstructural investigations, were performed on the samples before and after both
healing-focused and simulated service heat treatments to evaluate the changes of thermal diffusivity. Healing-
focused treatment at 250°C for 1 hour generally displayed a moderate thermal diffusivity recovery and simu-
lated service by shorter cycles between 170°C and 270°C slightly reduce it. The beneficial role of healing focused
heat treatments at 250°C for 1 hour suggests that the presence of fully molten Sn phase during service for
relatively long time could be beneficial for functional healing. The requirements of suitable Al-Sn microstructures
for self-healing purposes, granting at the same time the C-PCM functionalities, i.e., thermal energy storage and
form-stability, were set.

1. Introduction

Phase change materials (PCMs) represent one of the most promising
responses to the incoming energy crisis, promoting effective Thermal
Energy Storage (TES), due to their capability to store and release heat
under proper thermal stimuli by undergoing phase changes in both
heating and cooling. The majority of the systems proposed in the liter-
ature rely on solid-liquid transitions, since they offer the best compro-
mise in terms of energy storable as latent heat and limited volume
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changes of the system during the phase transition [1,2]. Accordingly to
their chemical compositions, PCMs can be classified in organic and
inorganic [3,4]. Metallic phase change materials belong to the latter
group. The definition of metallic PCMs embraces different types of
metals or alloys. In general, the melting behavior of the specific metallic
system defines its suitability as a PCM. Incongruently melting metals and
alloys can undergo segregation, due to the compositional differences of
the system when it undergoes solid-liquid transition that leads to per-
formance degradation [5]. For this reason, congruently melting metals,
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whose composition is the same both in the solid and the liquid state, are
selected for PCM purposes. Similarly, also eutectics are employed, since
they solidify in two inseparable phases. More recently, Miscibility Gap
Alloys (MGAs), on which the current study is focused, are considered as
PCMs [6]. The use of metals in thermal energy management systems
offers higher heat storage capability per unit volume than organic PCMs,
in combination with higher operating temperatures [5,7-13]. Moreover,
the superior thermal conductivity and diffusivity of metallic PCMs
promotes faster heat transfer, leading to rapid melting/solidification
events and, correspondingly, high power absorption/release.

However, handling liquid metal is not a trivial task, representing the
most critical drawback in their practical application. The presence of a
liquid phase at temperatures above the transition one, requires
confinement strategies which should also consider the volume expan-
sion and shrinkage during the melting and solidification of the PCM,
respectively. Further, the metal liquid phase reactions with external
agents may result in compositional changes which are detrimental for
thermal conductivity [14]. Thus, encapsulation techniques (from macro
to nano scale [15,16]) and containers [17,18] based on both metals [17,
18] or ceramics [15] are widely adopted as effective solutions for the
confinement of liquid metallic PCMs.

As mentioned before, in the last decade Sugo et al. [19] proposed a
different approach to the problem. Indeed, they suggested the use of
binary immiscible alloys, whose elements practically do not interact
between each other both in the solid and, at least in a certain temper-
ature range, when the low-melting phase is in its liquid range. For these
materials they also proposed a target microstructure where inclusions of
the low-melting phase (active PCM phase) were embedded in a passive
matrix of the high-melting phase, able to contain the potential leakage of
the former. Such a phase arrangement promotes the achievement of
form-stability, i.e., the capability of the C-PCM of maintaining its shape
after thermal cycles. This microstructure, resulting in well distinguish-
able phases, can equate one of conventional composite materials. For
this reason, immiscible alloys-based PCMs can be classified as Com-
posite Phase Change Materials (C-PCMs). Further, such a microstructure
is also similar to those suggested for thermally triggered extrinsic
self-healing materials, i.e., an external stimulus is needed for the healing
action [20]. In these materials, an external healing agent in the liquid
state (potentially insulated from the matrix by a third phase), is present
as distributed inclusions. When intercepted by discontinuities, that may
arise during service, the healing agent gives the possibility to restore,
under proper conditions, the material continuity [21]. If a discontinuity
arose in the abovementioned C-PCM, the material continuity could be
potentially restored, as the low-melting active PCM phase inclusions
behave as healing agents, triggered by a local temperature increase.
Indeed, when active phase becomes liquid, it expands, and flows
through the discontinuity, and solidify therein, connecting previously
detached surfaces.

The exploitation of the extrinsic self-healing mechanism in a metallic
C-PCM material is not to be intended in terms of structural but rather of
functional properties. The reliability of the properties of metallic PCMS
is mined by the presence of discontinuities that can arise during service.
Indeed, these latter can sensibly reduce thermal conductivity, thus
impairing heat transfer potential and altering service conditions. The
partial or complete filling by low-melting metal phase of discontinuities
can thus partly recovers of thermal conductivity, i.e. leading to func-
tional healing [22,23]. The available scientific literature is mainly
focused on self-healing in the view of structural properties rather than
transport properties. In this sense, to the authors’ best knowledge,
thermal conductivity recovery is only limited to polymer-based com-
posites whose self-healing performances have been demonstrated
[24-31]. The effect of metallic healing agents for electrical conductivity
recovery in damaged electronic circuits was presented in literature [32,
33]. However, the recovery of thermal transport properties of alloys or
fully metallic composites at present has not been investigated. This re-
covery is of particular importance when the material is used ad PCM,
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whose thermal response will depend on the stability of thermal prop-
erties, within others, thermal diffusivity and thermal conductivity.

A relevant example of MGAs is the Al-Sn system [34] (Fig. 1,
computed with Thermocalc software [35], which relies on a
CALPHAD-based approach [36]). Activation temperature lays close to
230°C, coinciding with pure Sn melting temperature. The compositions
of phases formed in Al-Sn alloys are further relatively stable nearly
above the Sn melting point, limiting possible segregations effects arising
in the cyclic conditions that characterize service conditions of PCMs.
The literature reports different processes for an efficient dispersion of
Sn, the active PCM/healable agent, in the passive high temperature
stable Al matrix [37-42]. Powder metallurgy route is suggested as a
possible solution [43,44]. The imposition of high cooling rates, in the
order of hundreds of °C/s, demonstrates to be effective as well [45-48].

Moreover, multicomponent alloys based on a ternary Al-Cu-Si-Sn-Bi
immiscible alloy have also been already proposed in literature to be used
as self-healing materials [23]. These alloys are characterized by liquid
phase separation which leads to two liquid solidifying at different
temperatures. At the completion of the solidification, the low-melting
liquid, rich in Sn and Bi, remains in the form of isolated droplets. The
self-healing potential of the alloy is exploited by these almost spherical
inclusions and is triggered by the local temperature increase above the
melting temperature of the Sn-Bi eutectic structure (completely liquid at
250°C) and by the consequent volume expansion and increased flow-
ability [23].

Thus, the presence of isolated inclusions of a low-melting phase,
possibly of stable chemical composition in solid and liquid phase, in
immiscible alloys can be exploited for the development of multi-
functional composites with both PCMs and self-healing purposes. The
flowability of the (molten) low-melting phase should be carefully
controlled to achieve the desired target. In terms of self-healing poten-
tial, the capability of the active phase of filling discontinuities in the
bulk of the composite is beneficial, but, on the other hand, the liquid
should not uncontrollably leak on the external surface of the material.
Indeed, the leakage of the active phase reduces at the same time the heat
storage potential and thermal conductivity of C-PCMs due to the
reduction of the content of the melting/solidifying PCM phase and the
void formation. The use of Computerized Tomography (CT) during a
thermal cycle of Al-Sn C-PCMs has recently demonstrated that the
leakage of Sn-phase from their surface is strictly related to the
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Fig. 1. Al-Sn phase diagram, computed with Thermocalc software.
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microstructural features [49]. Similarly, the same experimental tech-
nique had been used to characterize in-situ extrinsic healing behavior of
organic materials. In this case, the healing action is induced by the flow
of material released by encapsulated inclusions [50]. CT was also
adopted for testing metallic alloys intrinsic self-healing at smaller scale,
related to diffusion and precipitate formation mechanisms [51].

Ex-situ techniques can be performed for determining materials self-
healing potential in metals as well. Among these, observations of
metallographic sections before and after thermal cycles allow the
monitoring of how discontinuities are filled by healing agent under
thermal input [23,52,53]. In particular, Kim et al. [23] proposed the
evaluation on polished surfaces of the exudation of the self-healing
agent, stimulated by local plastic strains and stresses induced by
indentations.

Inspired by the aforementioned studies, where low-melting phases
are exploited in their liquid state as healing agents for filling cracks, and
by previous results demonstrating the possibility to limit the leakage of
active low-melting phases in Al-Sn C-PCM through microstructure con-
trol, the authors set up tests to investigate the potential introduction of
extrinsic self-healing functionality in the C-PCMs. The study was spe-
cifically intended to evaluate the Sn capability to easily exudate and
flow on the free-surfaces of C-PCMs [54,55], to reach discontinuities and
fill them. The influence of the microstructure, strongly dependent on the
production technology adopted, was considered as well. A set of heat
treatments was applied to quantify the effects of temperature, time, and
microstructure on Sn mobility on free surfaces. Metallographic obser-
vations, properly analyzed, were proposed as ex-situ tests, from which
indexes related to Sn-mobility were derived for the estimation of
self-healing potential. The actual functional self-healing was then
confirmed by thermal diffusivity measurements on C-PCMs before and
after selected heat treatments with self-healing target.

2. Materials and methods

The experimental tests have been performed on a set of 6 alloys
produced by different techniques (Table 1) with nominal composition
Al-40% mass Sn, approximately corresponding to 20% Sn volume con-
tent. The composition was selected on the bases of preliminary studies,
performed on Al-Sn and addressed toward PCM performances charac-
terization [19,56,57]. In particular, the selected C-PCM should grant the
highest performances in terms of energy storage, proportional to the
amount of the active low-melting phase, i.e., Sn, and, at the same time,
avoid the leakage of Sn when it is molten. In other words, the amount of
this latter does not have to exceed the percolation threshold, i.e., Sn

Table 1
Summary of the processing conditions adopted to produce the investigated Al-
40%$n alloys.

Sample name Ref.
SM+CC+HT500 * Powder Mixed Al and Sn powders, [58]
metallurgy compressed at RT and finally
route heat treated at 500°C
BM+HC220 * Ball milled powders [43]
compressed at 220°C
BM+CC * Ball milled powders [59]
compressed at room
temperature
BM+SM+CC+HT250 * Mixture of Al powders with [60]

Sn-+Al ball milled powder,

cold compacted and heat

treated at 250°C

Powder Bed Laser Fusion of [46]

PBLF (Powder Bed Laser Liquid metal

Fusion) route mixed Al and Sn powders
MRS (Medium Rapid Cast parts with solidification [48]
Solidification) rate of some hundreds of °C/s

*SM: simple mixture, BM: ball milling, CC: cold compression, HTXXX: heat
treatment at XXX °C.
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regions do not have to interconnect and form a continuous network. For
Al-Sn system, the percolation threshold is reached when Sn amount
approximately reaches the 30% in volume, 54% in wt. [19,56,57]. De-
tails of their processing are reported elsewhere [43,46,48,58-60], and
are shortly summarized in Table 1. All the proposed systems have been
already characterized in terms of PCM response. In this view, DSC cyclic
tests, widely adopted in literature for the evaluation of the PCM per-
formances, are proposed for the MRS sample (Fig. 2) as representative
example. The curve displays two peaks, one in heating and the other one
in cooling, related to Sn melting and solidification respectively. For
further details on the DSC features of the proposed systems, the reader
can refer to literature work [43,46,48,58-60].

The acronyms related to the powder metallurgy route samples refer
to the production technique adopted: BM and SM stand for Ball Milling
and Simple Mixing, respectively; CC and HC220 are related to Cold
Compression (room temperature) and Hot Compression at 220°C;
whereas HT250/500 reports a heat treatment performed at 250°C or
500°C. The alloys produced via powder metallurgy route (here referred
as BM+CC, BM+HC220, SM-+CC+HT500, BM+SM+CC-+HT250, each
one in form of cylindrical billets) and liquid metal route (Powder Bed
Laser Fusion samples, referred as PBLF, produced in form of cubes, and
Medium Rapid Solidification granules, named MRS) were cut along a
plane parallel to their compaction or building or solidification direction,
respectively, as shown in Fig. 3. The final samples, in the form of par-
allelepipeds for the powder metallurgy routes and PBLF, and disks as far
as MRS are concerned, are then obtained from the center of the starting
products. In the view of self-healing characterization, three different
types of heat treatments were considered, each one above Sn melting
temperature: exudation heat treatments, addressed toward the Sn
mobility quantification, healing-focused heat treatments, related to the
functionality recovery and simulated service heat treatments to testify
the system stability. 7 sets of samples were produced for all the material
conditions, to be adopted for the following analyses: (i) Microstructural
and DSC analyses of as produced condition, (ii) exudation heat treat-
ment tests and surface analyses (subset of 5 sample), with following
quantitative analyses, (iii) thermal diffusivity measurements in as pro-
duced and healed-focused condition and microstructural analyses in this
latter condition. For the selected conditions, a further set of samples has
been lastly produced for diffusivity measurements in as produced con-
dition and after a first healing-focused heat treatment, 10 simulated
service treatments and a further healing treatment.

Metallographic observations in as produced conditions, i.e., first set
of samples, were performed after conventional polishing operations. As
far as the DSC is concerned, MRS sample of approximately 55 mg mass
was tested with DSC25, TA instruments, from Room Temperature to
300°C and viceversa with a heating rate of 10 °C/min for ten times.

The second set of samples was then addressed to exudation heat
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Fig. 2. DSC curve representative of the PCM performance of the MRS sample.
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Fig. 3. Description of the sampling process for the Al-Sn specimens: a) granules obtained from Medium Rapid Solidification process, b) cylindrical billets obtained

from powder metallurgy route and c) Powder Bed Laser Fusion parallelepipeds.

treatments for both Sn mobility on free surfaces monitoring (after sur-
face polishing up to 1 um diamond paste in order to limit the effect of the
surface roughness).

Five different exudation heat treatments were performed on each
material, considering a reference heat treatment (250°C X 60 min) and
exploring separately the effect of time and temperature by performing
cycles at additional times (30 and 180 min) or temperatures (240 and
270°C), respectively. All the investigated temperature exceeded the
melting temperature of pure tin (232°C). One sample per type is
considered for the heat treatments. These exudation heat treatments can
be considered as simulated self-healing treatment, as they were per-
formed at temperatures within or just above the maximum C-PCM ser-
vice temperatures for close or slightly longer times. The heat input
stimulates the leakage of the molten Sn phase addressed toward the
assessment of its mobility in the studied system, whose quantification
with image analysis allows the determination of the self-healing po-
tential (Section 3.4.). For each testing condition, the set of variously
produced sample was placed in a tubular furnace (Terside Carbolite
Furnace), fluxed with Ar at 3 bar, and then quickly cooled, in an Ar
atmosphere, by placing them in contact with an Al plate at room tem-
perature. Treatments were performed in inert gas to avoid oxidation
phenomena, in the attempt to reproduce the situation experienced by
the surfaces of inner discontinuities in the material.

Microstructural investigation on as received and heat-treated sam-
ples was carried out combining low magnification Optical Microscopy
(OM) analyses with high magnification Scanning Electron Microscopy
(SEM). The first one was performed to highlight the general structure
and the presence of discontinuities on the surface of the sample parallel
to the cut direction (Fig. 3). A Leitz Aristomet Optical Microscope
(equipped with polarizing/analyzing filters (Leica), and a DS- Fi3digital
camera (Nikon), operating by Elements (Nikon) software was used in
bright light, which revealed the Sn and Al phases of the unetched
samples as the brighter yellowish and the slightly darker gray areas,
respectively, while discontinuities (cracks, pores) appeared as black
(Figs. 4 and 6).

SEM analyses were performed using a SEM (Zeiss Evo 50) equipped
with Secondary Electrons (SE) and Back-Scattered Electrons (BSE) de-
tectors. Analyses were specifically addressed to Sn morphology evalu-
ation, specifically for the exuded Sn, which laid as separate particles on
the surface, often with a droplet-shape. Conversely to the OM micro-
graphs, Sn reveals as the brighter phase in the micrographs, being the
element with the highest Z-number, whereas the darker regions identify

as the Al. The discontinuities remain in black (Figs. 4-7). In order to help
the readability of the micrographs, the microstructural features are
highlighted with different colors: Al phase is identified with orange ar-
rows/circles, whereas the yellow and the red ones are adopted for Sn
and the discontinuities, respectively.

As previously mentioned, on each heat-treated sample, 5 represen-
tative areas of each sample were selected after the surface inspection in
various region of sample surfaces parallel with respect to the cut di-
rection, in order to quantify the exuded Sn to establish the self-healing
potentiality of the different technologies for Al-Sn system. The magni-
fication was selected in the range 100-300X, according to sample type,
to obtain proper micrographs for quantitative analyses of the exudated
Sn particles and droplets.

The geometrical features of Sn phase particles were quantified by
means of the open-source software ImageJ [61], considering them as
2-D regions in SEM micrographs. Specifically, the equivalent diameter of
particles, area fraction was directly derived by the software. The volume
of exudated material per unit area was then calculated considering each
Sn particle as a sphere of equivalent diameter.

EDS analyses were also performed on the Sn-rich exudated phase and
on the Sn phase on surfaces of selected samples to gather information on
possible compositional changes induced by heat treatments in order to
assess Sn mobility mechanism inside the alloy for the most representa-
tive Al-Sn systems. For comparison purposes, the expected composition
of the exuded Sn phase, expressed in mass percentages, in equilibrium
condition at the heat treatment temperatures were computed with
Thermo-Calc software [62] (Version 2020b with TCAL5.1 Al-Alloys
Database). The Thermo-Calc software was used also to get other ther-
mochemical data such as the theoretical density, as well as Al-Sn phase
diagram (Fig. 1).

The recovery of heat transfer properties has been considered for the
last set of samples by first comparing thermal diffusivity of as-produced
samples to that of healing-focused heat treatment, selected as 250°C for
1 hour, performed in the same conditions of the exuded heat treatment.
LFA analyses were performed for the achievement of the task. Due to the
different samples size, various specimen geometries were adopted,
maintaining the same one for the as produced and heat-treated material.
Parallelepipeds of 10 x10 mm basis with 3 mm thickness for powder
metallurgy samples, cubes of 3 mm edge for PBLF and disks of 6 mm
diameter and roughly 2 mm thickness for MRS samples. The surface to
be hit by laser beam and the opposite one were ground and polished up
to 3 ym diamond paste, then a thin layer of graphite was sprayed on
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Fig. 4. Representative optical microscope micrographs at 200x magnification of the Al-40%wt.Sn samples in as-produced conditions: a) SM+CC+HT500, b) BM+CC,
¢) BM+HC220, d) BM+SM+CC+HT250, e) MRS and f) PBLF. In the figure Sn, whose features are highlighted in yellow, is the brighter yellowish phase, Al (orange)
the darker greyish one and black areas are discontinuities (red), which can include Sn particles detached during polishing operations.

Fig. 5. Optical microscope micrographs of the Al-40%massSn samples, 60 min at 250°C heat treated: a) SM+CC+HT500, b) BM+CC, ¢) BM+HC220, d)

BM-+SM+CC+HT250, e) MRS and f) PBLF.

them. The samples were placed in suitable holders of the Linseis LFA
1000 equipment used for LFA Analyses. Tests were performed at 20°C,
by adopting a trapezoidal pulse of 1 ms of duration at the operating
voltage with a Nd:YAG laser of 350V (Alphalaser). The thermal

diffusivity was directly calculated for the sample of known thickness by
the machine on the basis of the time at which the back surface of the
sample reaches one half the maximum temperature detected by an IR
detector [63].
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Fig. 6. Representative microstructure of the investigated Al-40%massSn samples: a) SM+CC+HT500, b) BM+CC, ¢) BM-+HC220, d) BM+SM-+CC-+HT250, e) MRS
and f) PBLF. Al (orange) has dark gray appearance, bright regions are referred to Sn (yellow) and black ones are discontinuities/voids (red).

Fig. 7. Representative microstructure of the heat treated at 250°C for 60 minutes for Al-40%massSn samples: a) SM+CC+HT500, b) BM+CC, ¢) BM+HC220, d)

BM+SM+CC+HT250, e) MRS and f) PBLF.

The stability of thermal transport properties of the healed samples
was assessed further thermally cycling the most representative ones
(BM-+CC, MRS, PBLF and SM+CC+HT500) 10 times between 170 and
270°Cin argon at 3 bar at heating/cooling rates of 20 °C/min, simulated
service heat treatments. After thermal diffusivity measurements
(described later), another healing-focused treatment cycle (samples,

referred as H+10 S+H) was performed. When 2 or 3 samples per ma-
terial and condition are available, the thermal diffusivity data were
jointly analyzed.

The experimental density of samples was measured with Archi-
medes’ principle (Analytical Balance ME204 with Density Kit Standard
and Advanced, Mettler Toledo) repeating the measurement three times
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before and after heat treatments. Care was paid to avoid removal of
exudated Sn droplets and particles exudated to the surface of samples.
The porosity (pcalc) of the Al-Sn samples was derived on the bases of the
experimental density (pexp) and the theoretical one (py), computed with
Thermocalc and equal for all samples (Eq. (1)) [64]:

Petc %] = (1 b ‘"‘*P) £100 o)

P
3. Results and discussion
3.1. As-produced samples microstructural observations

The microstructural features of the as-produced samples are strongly
dependent on the specific process followed, as expected. In order to
better highlight the qualitative differences in the microstructure, the
different features are pointed out with different colors: Al phase is
identified with orange, whereas yellow and red are selected for Sn areas
and discontinuities, respectively.

All the proposed microstructures are already discussed in terms of
PCM purposes [43,44,46,48,58,60]1, dispersing the active phase, i.e., Sn,
in the high-melting temperature matrix, i.e., Al, which favors the
containment of the former. Sn dispersion in C-PCMs resembles the
introduction of encapsulated healing agents [65], making Al-Sn systems
promising also in the view of self-healing purposes. At the same time, the
C-PCM microstructure have to ensure the possibility for molten Sn to
migrate inside the system in order to provide the satisfying healing
action.

Starting from the powder metallurgy samples, the SM+CC+H500C
one, produced simply mixing the coarser and softer tin powders to the Al
ones, by compacting them at room temperature, and lastly by sintering
the material (500°C), is made by slightly flattened and generally isolated
brighter yellowish Sn regions dispersed in the darker greyish Al matrix,
extending for a tenth of pm. They are clearly visible in Figs. 4a and 6a.
Much finer structures are those of the samples obtained by concurrent
ball milling of Al and Sn powders, followed by their compaction either at
room temperature or at 220°C: BM+CC (Figs. 4b and 6b) and
BM+HC220 (Figs. 4c and 6¢) samples, respectively. In the latter case,
the compression induced on the material just below the melting tem-
perature of Sn has reasonably favored diffusional squeezing of tin
outside ball milled powders, favoring its agglomeration. Indeed, hot
compression step allows Sn regions to approximately reach an extension
of some micrometers, whereas the two phases are practically indistin-
guishable in the BM+CC sample at the optical microscopy level
(Fig. 4b). The more complex processing underwent by
BM-+SM+CC+HT250 sample (see Table 1) resulted in a much more
inhomogeneous structure (Figs. 4d and 6d), characterized by the
extremely fine microstructure of ball milled Al-Sn powders, by Al matrix
made of the powders simply mixed to ball milled powders before
compression and finally by small regions characterized by higher-Sn
concentration, possibly accumulated due to the heat treatment action.

As far as the samples produced by liquid metal route are concerned,
the as-produced MRS samples (Figs. 4e and 6e) displays the alternation
of thick columnar Al dendrites and narrow Sn interdendritic channels.
Several small pores are observed in the long columnar Al-interdendritic
regions (wide solidification range of the Al-Sn system [34], often within
Sn phase (Fig. 6e)). Their amount and size tend to increase (and they
potentially become interconnected) in the last solidified portions of the
material. The microstructure is more equiaxial at the center of the cast
part. On the other hand, the Powder Bed Laser Fusion (PBLF) samples
show mostly a very fine microstructure with the disappearance of the Al
dendrites due to the high cooling rate experienced during the
manufacturing process (Figs. 4f and 6f). At a macroscopical level, being
the production process not-optimized yet [47], the material is charac-
terized by the presence of some cracks and porosities, mainly related to
the wide solidification temperature range of the Al-Sn binary system
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[34].

Microstructural analyses in as-produced conditions highlight the
potential of the proposed systems in terms of self-healing functionality.
Indeed, BM samples, as well as the PBLF one, exhibit dispersed smaller
Sn basins, in addition to refined microstructural features. On the other
hand, SM+CC+HT500, BM+SM+CC+HT250 offer extended and clearly
visible Sn areas, possibly offering faster Sn movement with respect to BM
samples when the material is damaged. MRS offers columnar interden-
dritic regions which may serve as a preferential path for the Sn move-
ment inside the system, possibly leading to consistent leakage
phenomena.

3.2. Healed-focused heat-treated samples microstructural observations

After the healing heat treatments performed with the various pa-
rameters mentioned the ‘materials and methods’ chapter, the bulk mi-
crostructures of all the tested samples qualitatively remain unchanged,
apart from MRS one, where the Sn phase, identified with yellow, tends to
become globular (Figs. 5 and 7). The flowing capability of molten Sn is
clearly visible in Fig. 5b, ¢ and f mainly at low magnification. Indeed, Sn
demonstrates to locally fill cracks of different thicknesses arisen in the
composite during its production process (Fig. 5b, ¢ and f), promoting
metallic continuity. In particular, ball milled, not sintered samples
(BM+CC) seem to be more easily subjected to crack propagation due to
their more brittle mechanical behavior, either during the sample prep-
aration or the heat treatment, both as a consequence of stress develop-
ment and release. However, the limited extension of the Sn basins in the
BM+CC and PBLF, is not enough to fill the cracks that arose in the
samples (Fig. 5b and f). Conversely, Sn in BM+HC220 successfully fill
the cracks, possibly due to the action of the hot compression which
promoted a more homogeneous spreading of the active phase in the as
produced microstructure, as shown in Fig. 5c. The remaining powder
metallurgy samples, on the other hand, do not experience any changes
from the as-produced condition. MRS sample shows the strongest
microstructural re-arrangement, exhibiting a transition from the den-
dritic microstructure toward a sphere-like Sn-dispersion with an accu-
mulation of this latter (Figs. 5e and 7e), testifying the capability of the
system in favouring Sn movement. The accelerated diffusion process and
the wettability of Al by the low-melting Sn-rich phase could be
responsible of the microstructural changes. Possibly, the microstructural
rearrangement is the result of a combination between liquid metal
corrosion and Rayleigh’s instability. Indeed, first, the liquid Sn action,
which is known to dissolve and re-deposit Al triggering liquid metal
corrosion in Al [66-69], possibly promote Al grain boundaries sliding.
Then, Sn Rayleigh’s instability phenomena [70-72] also favor the
modification in the shape of Sn-rich domains, shifting from thin inter-
dendritic columns to globular-like appearance. This hypothesis needs
further deepening which is out of the aim of the paper.

As expected, Sn spheres, marked with yellow circles, appeared on the
free surface of the samples of the heat treated conditions of all processes,
leaked either from the most superficial zones of the samples [73], and in
the case of favorable paths, also from the composite inner regions. The
spherical shape of the exuded Sn suggests the presence of superficial
oxide on Al-Sn samples, preventing the spreading of Sn on Al [54,55]. Its
presence can be related to the high affinity between oxygen and Al also
at room temperature under standard pressure. The size and the number
of the Sn droplet exuded form the composite system produced by pow-
der metallurgy processes reflects the size of Sn-rich phase in the as
produced microstructure, where Sn-rich regions are not highly inter-
connected (as will be seen in Section 3.4). As can be seen from Figs. 8
and 9, SM+CC+HT500 sample exhibits big droplets resembling deflated
spheres, with diameters in the order of some tenths of micrometers.
Deflection can be easily related to Sn volumetric change upon solidifi-
cation, which approximately coincides with 20% shrinkage during the
phase change [74,75], more evident for bigger droplets. The micro-
graphs, taken at the same magnification, show that the droplets are
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Fig. 9. Surface of the BM+CC samples after 60 minutes exposure in Ar atmosphere at: 240°C (a), 250°C (b) and 270°C (c).

widespread on all the sample surface. Further, they are slightly more
numerous close to the Sn-rich areas (Fig. 8), whose interfacial energy
offers favorable bonding for effective bonding with Sn. On the other
hand, BM+CC shows a very limited leakage with smaller droplets,
whose diameters very rarely exceed 10y m (Fig. 9). The depressions on
the surface of exuded spheres can be related to the shrinkage experi-
enced by the tin droplets during its solidification and cooling to room
temperature.

3.3. Density and porosity estimation

Both the powder metallurgy processes and those involving the so-
lidification of the Al-40%Sn alloy from the molten state inevitably led to
the presence of porosity (and in some cases, crack-like discontinuities) in
the material, related to the technology itself. The porosity of a PCM
material should be quantified and carefully considered. Indeed, this
latter leads to a double side effect. On one hand, its presence strongly
affects the resulting thermal conductivity and diffusivity of the com-
posite [76,77]. On the other one, pores and discontinuities can settle
part of the low-melting phases during its expansion as the melting occurs
during the first heat cycle involving its phase transition and latent heat
storage/release, without inducing excessive stresses in the phases.

Furthermore, especially if interconnected, porosity can represent a
preferential path for the migration of the active liquid phase across the
whole composite, either in the bulk or on the external surface. Similar
effects are brought about by crack-like discontinuities. In this sense,
liquid Sn, which acts as both PCM and healing agent when its melting
temperature is exceeded, can fill the adjacent void regions locally pro-
moting bridging and, consequently, more efficient heat transfer across
the composite. In this view, the porosity (pcalc) of the different proposed
Al-Sn systems is evaluated both for as produced samples and for those
healing-focused heat treated at 250°C for 60 minutes and compared.

The values of the calculated porosity are listed for all samples in
Table 2. Healing-focused heat treatment at 250°C for 60 minutes leads
to a density reduction (and porosity increase) in the majority of the
examined samples, related to the more or less copious Sn leakage.

Table 2

Porosity values, obtained from the comparison among experimental and theo-
retical densities, in both as-produced and healing focused heat treated condi-
tions, for all the different studied techniques.

Production method Experimental density Theoretical Porosity

(pex) [g/cm’] density (pm) [8/  (Peate) [%]
cm?]

SM+CC+HT500 As- 3.243 + 3.611 10.182
produced 0.048
Healing 3.199 + 11.400
treated 0.031

BM-+HC220 As- 3.064 + 14.594
produced 0.006
Healing 2.968 + 17.806
treated 0.008

BM+CC As- 2.743 + 24.028
produced 0.111
Healing 2.684 + 25.672
treated 0.006

BM+SM+CC-+HT250  As- 3.060 + 15.295
produced 0.009
Healing 3.065 + 15.120
treated 0.013

MRS As- 3.454 + 3.348
produced 0.008
Healing 3.512 + 2.742
treated 0.070

PBLF As- 3.217 + 10.902
produced 0.075
Healing 2.781 = 22.967
treated 0.114
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Results concerning powder metallurgy route samples, SM+CC+HT500
offers the highest density value in both as produced and healing-focused
heat-treated conditions. Further, among the samples produced by
powder metallurgy route, the initially denser samples including SM in
the production step plus a following sintering at 500 and 250°C, i.e.,
with holding temperature leading to the presence of molten tin
(SM+CC+HT500 and BM+SM+CC+HT250 samples) have densities
minimally affected by the reference heat treatment cycle performed in
the present study.

In general, the density of BM samples takes advantage (increasing)
from the addition of SM and HC220 production steps. In BM+CC as
produced sample the work hardening promoted during the mixing step,
limited the maximum achievable plastic deformation of powders ach-
ieved during the compression stage, resulting in lower density than
SM+CC+HT500. The absence of sintering above the melting tempera-
ture of tin during their production (BM+CC and BM+HC220 samples)
experienced slightly higher reduction in the density induced by the
reference heat treatment at 250°C. Moreover, the initially low plastic
deformability of ball milled powders led to low internal cohesion and to
brittle behavior of the as-produced samples.

The development of thermal stresses related to the differences in Al/
Sn coefficients of thermal expansions [74,75,78] arisen during the heat
treatment cycle which promoted Sn melting and concurrent expansion
could have led to inner crack development during healing-focused
treatment as shown in Fig. 5b and c and to the flow of Sn, which was
able to fill these cracks and to give some surface leakage as well (see
Section 3.4).

As far as the liquid metal route samples are concerned, MRS showed
a relatively high density, related to the abovementioned porosity
(Fig. 5e), which often flanking/staying inside the Sn phase in columnar
interdendritic regions. These latter represent a preferential path for Sn
mobility and for its exudation to the surface, which is related to the
porosity change.

PBLF shows a moderately high porosity, which is significantly
affected by the following heat treatment, possibly ascribed to entrapped
air or hot cracking, related to the wide solidification range of the Al-Sn
system [34,79]. This sample exhibited a certain self-healing potential
since the mobile molten Sn was able to fill relatively coarse pores and
filled or at least bridged cracks originated during production (see
Figs. 5e and 7e). Diffused porosity was in any case left or induced by Sn
mobility, and some coarse exudated Sn droplets formed on the free
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surface (see Section 3.4).

The evaluation of the self-healing potential by the only measurement
of density change induced by a potential self-healing heat treatment is
not an easy task and it has not been carried out for other potential self-
healing heat treatments.

3.4. Quantitative analyses of the exuded Sn

As discussed in Section 3.3, the analysis of sample density and den-
sity changes induced by the healing-focused heat treatment with 60 min
holding at 250°C was not sufficient to characterize the self-healing po-
tential of the C-PCMs. For this reason, the Al-Sn samples were subjected
to a set of five exudation heat treatments, as described in Section 2 in
order to stimulate the exudation of the active phase on the specimen
surfaces. Indeed, the quantification of the low-melting phase leaked
volume was consequently addressed as possible potential self-healing
potential indicator, being an estimation of them out of liquid phase
that could dislocate and fill the discontinuities formed during service
and, consequently, restore thermal conductivity.

This volume was quantified by means of image analysis of Sn exu-
dated droplets, that were considered as perfect spheres, due to the high
angle of contact between exuded Sn and the oxidized surface of the
samples (Figs. 8, 9 and 13). The average equivalent diameter (d.) of the
droplets and its standard deviation were evaluated from ImageJ results.
The results are presented in Fig. 10a and b, comparing the exudation
heat treatments performed at different times at 250°C in the former,
those at various temperature for 60 min in the latter. The trends in
Fig. 10 are various and can be related to the microstructural differences
shown in the previous sections. The average diameters related to the
samples with the finest microstructures, i.e., BM+CC+HT500,
BM+SM+CC+HT250 and PBLF, show quite stable trends with heat
treatment time (Fig. 10a) or temperature (Fig. 10b), suggesting minor
effect of both heat cycle parameters. The result is coherent with the size
of the available Sn basins, which coincides with the limited Sn regions in
the microstructures presented in Section 3.2. On the other hand,
SM+CC+HT500, BM+HC220 and MRS trends are influenced in a
consistent way by the duration and the temperature of the heat treat-
ments (Fig. 10a and b). The results in the graphs below qualitatively
reflects the microstructure of SM-+CC+HT500, which exhibits extended
basins, and BM+HC220, whose Sn is well distributed within the whole
matrix. Possibly, in the case of MRS sample, capillary forces in the
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Fig. 10. Trends of the medium diameter of the Sn droplets exuded from the matrix after the heat treatments as a function of (a) holding time @250°C and (b)

temperature for 60 minutes holding time.
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interdendritic channels, where the oxidation of the Al matrix is less
critical [54,55], can act as Sn mobility mechanism, stimulating its
leakage. The majority of the collected data suggest an increment in the
equivalent diameter as both the heat treatment temperature and holding
time increase for the Al-Sn samples with the coarser Sn regions, i.e., MRS
and SM+CC+HT500. However, some points deviate from the suggested
trend for these latter, even considering the relatively large standard
deviation values. The local presence of signs of detachment (Fig. 9c)
suggests that some of the largest droplets formed on the surface of these
C-PCM in the most critical conditions have then been detached from the
surface due to the weak interaction between the exuded solidifying Sn,
which experiences shrinkage forces, and the oxidized Al surface,
possibly enhanced by the handling of the samples. On the other hand,
heat treatment temperatures and holding time have a much more
limited incidence on the results of the remaining structures, which
exhibit much finer microstructures.

The total amount of Sn exuded on the sample surface was quantified
computing the percentage of the covered area as the ratio between the
sum of the areas of all the Sn leaked droplets with respect and the total
area of the micrographs (Eq. (2)):

(%)

B >>Area of Sn droplets
" Total area of

Percentage of covered area

* 100

- (2)
the micrograph

Summaries of the trends of this Sn mobility index for various C-PCMs
are given in term of heat treatment time and temperature in Fig. 11a and
b, respectively. With respect to all other samples investigated, BM+CC
exhibits the lowest percentage of covered area with a general slight ef-
fect of heat treatment parameters. Time and temperature trends like the
one of the average diameters can be observed for both SM+CC+HT500
and MRS Al-Sn. Notwithstanding the small average diameter of the
exuded Sn, the highest values of the covered area belong to the PBLM
specimens, due to the presence of many droplets having small equivalent
diameter together with some bigger ones, possibly due to the high
percentage of discontinuities as testified by both micrographic analyses,
clearly visible in Figs. 4f and 6f, and density measurements, Table 2.
These latter are related to the flow and exudation of Sn through the
cracks related to the production process itself (Fig. 5f), whose thick-
nesses can reach also a tenth of micrometers.

A second index was derived from quantitative metallography results
to evaluate Sn mobility: the total volume of the exudated Sn (Vy, Eq. (3)).
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This was evaluated considering that Sn droplets as spheres, i.e.,
fulfilling a complete non-wetting condition. This situation is close to that
demonstrated by in-situ CT scans of SM+CC+HT500 during heat
treatment cycle [73], and was observed in a big exuded droplet from
cross-sectioned MRS sample (Fig. 12), where the superficial Al oxide
prevents the contact with the exuded Sn. The almost spherical shape of
the Sn droplets is also suggested for various samples by their surface
micrographs in Figs. 8 and 9. Under this assumption, the estimated
volume of droplets is the maximum possible for the 2D measured
equivalent diameter of the droplets. Droplets surface depressions and
possible changes of the contact angle between molten Sn and the sample
surface were considered to have small effect on the so-derived total
volume of exudated tin.

The total volume of exudated Sn was the basis for the calculation of a
third and more significant index in view a rough estimation of the self-
healing potential of the system: the coverable thickness () which is the
thickness that can be uniformly coated by Sn exudated on a free surface.
This was calculated considering as the ratio between the volume exu-
dated Sn and the total surface area of the micrographs used for quanti-
tative analyses (A), as in the following Eq. (4):
t= 2Vt— (€)]

It should be here mentioned that the t-parameter does not corre-
spond to the distance between surfaces of a crack that can be completely
filled by the exudated Sn. This latter, also referred as fillable crack
thickness, is twice the coverable thickness since Sn exudates from the
two surfaces of the crack. Nevertheless, also considering this point, the
coverable thickness can be considered as the index of self-healing
potential.

The values of t calculated by the above equation are here presented
in Fig. 13 for the analyzed samples, arranged as usual, to display the
effects of holding time at 250°C (Fig. 13a) and test temperature for
holding time of 60 min (Fig. 13b). The highest values of the t index are
obtained by the materials produced by “liquid metal route” and for
SM+CC+HT500, BM+HC220 samples for the classes of “powder met-
allurgy route”, coherently with what shown in Fig. 11. In general, it is
possible to conclude that these microstructures grant the highest Sn
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Fig. 11. Trends related to the percentage of area covered by the Sn exited from the composite system as a function of the holding time @250°C (a) and the

temperature for 60 minutes holding time (b).
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Fig. 12. 100x magnification micrograph of exuded Sn on the heat treated MRS C-PCM surface heat treated for 1 h at 250°C, whose bulk region appear depleted. EDS

maps of the leaked Sn are presented. From left to right: Al, O, and Sn.

30
cooleee. BMHHC220 veei@ees BMH+CC
cerhesss SMACCHHTS00 BM+SM+CC+HT250
eeeqees MRS <eocees PBLF

20 A

Fillable thickness, t [um]

100 150
HT Time @250°C [min]

a)

Fillable thickness, t [um]

30 - BM+HC220 -+« BM+CC
- SM+CC+HT500 BM+SM+CC+HT250
....... MRS ... PBLF

20 1

10 -

0 .
230 240 250 260 270 280
HT Temperature @1h [°C]
b)

Fig. 13. Trends of the self-healing potential index after the heat treatment as a function of the holding time @250°C (a) and the temperature for 60 minutes

holding (b).

mobility, as assessed by its exuded quantities (Figs. 10, 11 and 13) and,
consequently, show the highest self-healing potential index t, coherently
with the microstructural observation. In all cases, the calculated thick-
ness t only occasionally reaches values greater than 20 pm. On the other
hand, the coverable thickness of the Al-Sn systems with finer micro-
structures slightly increases with heat treatment time or temperature,
remaining in any case below the 6 pm also.

The results regarding the thickness of the fillable discontinuity are
coherent with what shown in the micrographs in Fig. 7b, ¢ and f where
the crack is locally replenished by the low-melting phase. The quanti-
tative analyses on the exuded Sn results underline the importance of the
technology selection for the production of Al-Sn PCM and self-healing
systems. As far as the powder metallurgy route is concerned, self-
healing potential seems to be favored by larger Sn areas
(SM-+CC+HT500 offers higher t). In this sense, the control of the pow-
ders size seems to be crucial, as well as avoiding the ball milling, that
leads to too small microstructural features. In the same way, cooling
rates imposed during the solidification stage seems to be strictly corre-
lated to t. However, the high mobility offered by this type of micro-
structure should be carefully controlled in order to limit excessive leak
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of the active phase, which can in turn lower both the PCM and the self-
healing performances.

3.5. EDS analyses of exuded Sn

The effect of temperature and time of heat treatment on the chemical
composition of exudated droplets of Sn-rich phase has been analyzed for
SM+CC+HT500, BM+CC, MRS and PBLF samples, considered as
representative of the more and less promising systems in terms of self-
healing potential. The chemical composition from EDS analyses of Sn-
rich phase in as produced sample and at the external (upper) surface
of droplets exudated during various heat treatments are compared in
Fig. 14 in terms of Al content (mass %). The aim was to quantify Al
release or dissolution promoted by the molten Sn phase mobility,
investigating on the Sn mobility mechanism.

In the examined samples, temperature and time differently influence
the Al content in Sn droplets with respect to the initial Sn-rich phase. In
the as produced condition, the considered SM+CC+HT500 exhibited Al
contents higher than the equilibrium value at room temperature of
0.432% [62]. Higher Al content has been detected on both MRS and
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Fig. 14. Effect of time spent at 250°C (a) and of test temperature for 60 minutes heat treatment duration (b) on the Al content in Sn phase. In Fig. 11b the dashed

lines are referred to the as produced values.

PBLF samples in which the high solidification and cooling rate, led to Al
entrapment in Sn-solid solution. The application of heat treatments on
the samples favors the competition of different processes in the Sn-rich
phases: (i) the tendency of entrapped Sn to eject Al to reach the equi-
librium values at the heat treatment temperature, (ii) Al dissolution in
liquid Sn and re-deposition, promoted either by chemical activity gra-
dients or thermal stresses at the interface of the two phases, [68,72,80],
(iii) Al tendency to move upward in the molten phase due to gravimetric
reasons (iv) Al and Sn tendency to form oxides at the droplet surface
even in the presence of oxygen traces.

As far as the powder metallurgy samples are concerned, an
increasing trend with the increment of time can be observed from
Fig. 14a and b, which stabilize in the longer heat treatment conditions.
Conversely, higher temperatures seem to favor Al ejection from Sn-rich
phases for equilibrium reasons (its equilibrium content increases from
0.273% to 0.424% at 240°C and 270°C with respect to room tempera-
ture conditions [62], respectively). In the case of the materials produced
by ball milling, it should be highlighted that the small size (and bigger
surface curvature) of the droplets exudated from a fine microstructure
could be responsible not only of the high data scatter in Al content, but
possibly, of the high measured Al content. Conversely, holding at higher
temperatures and longer times samples produced via liquid metal route
(MRS and PBLF) promotes a slight decrease in the Al content with
respect to supersaturated solid solutions in Al of the as-produced
conditions.

The highly scattered Al content values suggest a non-homogeneous
development of the Al dissolution in Sn process, being related to sur-
face energies [66,67]. In this sense, different grain boundary orienta-
tions promote different dissolution kinetics. It is also important to
highlight that smaller Sn basins, as in the case of BM+CC and PBLF
samples, can generally lead to a faster Al dissolution, possibly due to
most severe chemical activity special gradients.

3.6. Thermal diffusivity and functional self-healing considerations

As discussed in Section 2, the functional self-healing feature of the
examined Al-Sn alloys was tested by LFA analyses, addressed toward the
estimation of the thermal diffusivity of the samples before (As produced
condition, AP) and after the reference heat treatment at 250°C for
60 minutes, considered as potential healing-focused cycle (H). On the
bases of the choices depicted in the previous chapter, BM+CC, MRS,
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PBLF and SM+CC+HT500 were subjected, after healing-focused heat
treatment, to further ten simulated service heat treatments between 170
and 270°C (H+10 S) plus another healing cycle (H+10 S+H). Fig. 15
presents, for the investigated production techniques, thermal diffusivity
data of as-produced, healing-treated, simulated serviced and further
healing treated samples. The analyzed data are averaged when 2 sam-
ples per material and condition are available. Fig. 15 highlights that as
produced thermal diffusivity is clustered around two values: samples
processed from metallic powder that did not undergo high temperature
treatment show values around 0.2 cm?/s while sample from molten
route and simple mixed that has been treated at 500°C present values in
the range of 0.5-0.6 cm?/s. This difference can be ascribed to the
presence in the latters of a continuous Al network, whilst the others are
characterized by an extremely fine microstructure and discontinuities.

The comparison between as produced and healed samples exhibit for
these latter a slight gain in thermal diffusivity for all the studied cases,
with the only exception of BM+SM-+CC+HT250 sample, where thermal
diffusivity diminishes by approximately 2% with respect to the as-
produced condition.

However, its thermal diffusivity can be considered practically con-
stant if the data scatter is taken into account, i.e., thermal diffusivity
values remain in the standard deviation.

The results are coherent with the microstructural observations in
Section 3.1. and 3.2., where minimal feature changes and absence of
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Fig. 15. Thermal diffusivity evaluated in the as produced samples.
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damages are exhibited between the as produced and the healed condi-
tions, as well as with slight density difference changes (Section 3.3.).
Moreover, minimal compositional changes are expected between the as
produced and the healing focused heat-treated sample due to HT stage in
the production stage of the C-PCM, which should have led both Al and
Sn phases toward the equilibrium composition. The previous chapters
suggest its microstructure to be stable, at least after the healing focused
heat treatment. On the other hand, in sample BM+HC220 (blue bars in
Fig. 15), a partial modification of the solute atoms content of phases may
have occurred during material processing as the ball-milled powders
were kept at 220°C during the compression step, with a concurrent
tendency toward stable phase compositions. Thus, healing-focused heat
treatment offers a slight increment of thermal diffusivity, i.e., approxi-
mately 1%, induced by the crack filling (Table 3).

For SM+CC+HT500, BM+CC, MRS and PBLF samples thermal
diffusivity data in the as produced condition have been further
compared to those after simulated service (H+10 S) and after a further
healing cycle (H+10 S+H) in Table 3.

The thermal diffusivity remains practically unchanged after healing
treatment (the relative difference is around 1%) in the case of
SM+CC+HT500 (gray bars in Fig. 15), the sample which displayed
moderate healing index t, and in which Sn exuded only from the rela-
tively coarse surface Sn regions [60]. As mentioned in Section 3.1, the
sintering above the melting temperature of tin has induced Sn-mobility
and redistribution during the production step and no significant changes
are induced by the healing-focused heat treatment selected here to prove
healing potential, as witnessed by both the qualitative minimal changes
detected in microstructure and in the porosity content.

After simulated service cycles where the maximum temperature
slightly overcome the healing one, the expected compositional changes
of phases are minimal. This agrees with the good microstructural sta-
bility observed by [58] on these material after 100 simulated cycles
without intermediate healing-focused treatment. The small composi-
tional changes occurred during the first healing-focused treatment could
have progressed concurrently to the simulated service, leading to slight
increase of the thermal conductivity (approximately 3%). The second
healing focused heat treatment led thermal diffusivity practically unal-
tered (a loss of 0.268% was quantified), further testifying the stability of
the C-PCM.

BM+CC (red bars in Fig. 15) showed the highest increase of the
thermal diffusivity (8%) between the as produced and the healed con-
dition, notwithstanding moderate density reduction and the absence of
microstructural changes. This could be related to the positive crack
filling effect due to the small but effective mobility of molten Sn, showed
by Fig. 7b and discussed in Section 3.4. A concurrent effect could have in
any case contributed to thermal diffusivity gain: holding at temperature
of 250°C has favored phase composition adjustment toward equilibrium,

Table 3

Thermal diffusivity relative differences, evaluated after healing treatment
(250°C, 1 hour), 10 simulated service cycles and a further healing treatment
with respect to the as produced condition.

Thermal diffusivity relative Healed Healed + 10 Healed + 10

difference with respect to AP simulated simulated service

[%] service + healed

SM+CC+HT500 1.092 + 3.172 + 0.558 2.904 + 0.519
0.256

BM-+CC 8.52 + -4.975 £ 0.569  2.525 + 0.127
0.93

BM-+HC220 0.911 + Not performed Not performed
2.43

BM+SM+CC-+HT250 -1.901 + Not performed Not performed
1.579

MRS 5.59 + 4.502 + 0.872 5.783 + 0.831
0.811

PBLF 2.26 + -5.767 £ 0.703  -4.495 + 0.211
0.13
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with corresponding increase of thermal conductivity, mitigating the
effects of the possible mechanical alloying, encountered in the produc-
tion phase. Indeed, mechanical alloying action could have brought
about some degree of supersaturation in both Al- and Sn- finely
dispersed phases which is known to reduce thermal conductivity (and
diffusivity) [81]. BM+CC experiences a reduction in thermal diffusivity
(-5% with respect to the healed condition) after the simulated service
possibly related to thermal fatigue phenomena related to Al and Sn CTE
mismatches [75,78] that may have led to crack opening in the com-
posite. However, the consequent healing treatment allows to recover a
further 2.5% in thermal diffusivity. Possibly, the holding time at 250°C
let molten Sn to move inside Al matrix and promote bridging. A similar
situation could potentially occur in C-PCM when their service cycle in-
cludes relatively long periods above the melting temperature of the
molten phase.

The attention will be now focused on the two samples produced by
the liquid metal route: MRS and PBLF. Concerning MRS sample, the
measured thermal diffusivity increases of about 6% after healing-
focused treatment, taking advantage both from the microstructural
rearrangement and phases composition modification promoted by the
heat treatment above the Sn melting temperature, shown in Section 3.2.
Actually in the heat treated condition the high conductivity and high
diffusivity Al phase forms a continuous network around globular Sn
inclusions, the most suitable situation in terms of thermal conductivity
for a fully dense composite structure made of an high and a low-
conductivity phase [19]. In the present case, also considering the
reduction in the porosity induced by healing-focused t treatment, the
functional recovery is quite good. The functional healing effect in terms
of thermal conductivity gain cannot be directly correlated to the good
quantitative self-healing indexes such as t. As a matter of fact, these
latter have been obtained based on exudated Sn on the free surface of the
sample during the exudation heat treatment that was concurrently
modifying the inner microstructure of the material, from a columnar
structure favoring Sn mobility to a globular distribution of Sn inclusions,
hardly interconnected. Minor effects were probably played by small
compositional changes of the phases, as demonstrated by EDS analyses,
at least on exudated droplets (Section 3.5). The further simulated service
left substantially unaltered the thermal conductivity of the healed con-
dition, with a reduction of approximately 6%, possibly due to an un-
controlled Sn movement. Thermal diffusivity experience 1% gain after
the second healing treatment with respect to the serviced condition. This
could be potentially a result of the rather stable microstructure induced
by healing-focused thermal cycle. Also in this case the presence of fully
molten Sn phase during service for relatively long time could be bene-
ficial for functional healing.

The relative increase of thermal diffusivity of PBLF healed sample
with respect to the as-produced one was of about 4%. With respect to
MRS C-PCM, during PBLF processing the material locally experienced
high solidification rates, but these were followed by healed-focused
cycle, which left the Al content in Sn (and viceversa) relatively close
to equilibrium values. The composition of both phases was then rela-
tively stable during simulated-service heat treatment, with minimal ef-
fects on the thermal conductivity improvement obtained on the healed
or simulated serviced PBLF sample in view of functional self-healing.
Under the conditions of stable microstructure, chemical composition
of phases and porosity, the Sn exudation characteristics define healing
functionality of the sample. There, high thickness coverage index t is
able to predict the partial filling of both the process-related relatively
wide cracks present in the as produced sample and the ones developed
during the healing thermal treatments (Fig. 7f), in both cases partly
emerging to the surface and exudating Sn during heat treatment. This
situation was also observed on the sample further subjected to simulated
cycles, which thermal diffusivity diminished, possibly due to uncon-
trolled Sn movement outside the composite. The subsequent healing
focused treatment, whose holding time let Sn to move inside the fine
matrix, allows a partial recovery in terms of thermal diffusivity. The
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relative importance of Sn exudation on thermal diffusivity could be
expected to become lower in PBLF components characterized by lower
surface to volume ratio than the LFA samples, with beneficial effects.

From the above analyses, heat treatments in the upper range of
service conditions and relatively long times demonstrate to be often
beneficial in recovering heat diffusivity of damaged C-PCMs. The ana-
lyses of thermal diffusivity, in the light of microstructural features and
chemical composition variations of the phases suggests that the func-
tional recovery of thermal conductivity and diffusivity is not only
related to the flowability of the low-melting Sn phase towards cracks or
porosity, but it is also affected by microstructure and phase composition
content. The self-healing potentials based on the quantitative analyses
are strictly correlated to the increase of thermal diffusivity (and con-
ductivity) if stable microstructure and phase compositions are observed
(ex. SM+CC-+HT500). Samples in which the processing route promotes
unstable microstructures or non-equilibrium phase composition (MRS,
PBLF and BM+CC, for example) can benefit of the heat treatment with
functional healing purposes as a final step in their production, before
they are put in service, to obtain Al-Sn C-PCMs with higher diffusivity.
As previously suggested, as far as powder metallurgy samples are con-
cerned, the use of powders with higher sizes, without ball milled oper-
ations, may lead to higher self-potential and promote at the same time
more stable microstructure which benefits from heat treatments in terms
of thermal diffusivity. On the other hand, both the examined liquid
metal techniques offer Al-Sn systems with high healing potential, but the
instability of their microstructure may threaten their thermal diffusivity
performances, mainly in PBLF. Further analyses are planned by the
authors on samples exhibiting improved thermal diffusivity by healing-
focused thermal cycles or simulated service to investigate the possibility
to have self-healing directly induced by service conditions or to adopt a
healing-focused treatment preliminary to the service of C-PCM Al-Sn
composite.

4. Conclusions

A preliminary campaign of tests for evaluating self-healing potential
on C-PCM Al-Sn systems successfully produced for thermal management
purposes via either powder metallurgy or liquid metal routes was per-
formed. The aim of the study was to understand the feasibility of
obtaining multi-functional metallic composite phase change materials
systems, combining thermal energy storage with functional self-healing
features, and setting the microstructural requirements to develop them.
A set of heat treatments was performed on the selected samples to
establish their self-healing potential, evaluated from the quantification
of the Sn exuded from the surfaces of internal sections of the samples.
EDS analyses were performed as well on the leaked low-melting Sn to
investigate its mobility mechanism in the composite. Thermal diffusivity
tests were performed on the selected samples, before and heat treatment
250°C for 60 minutes heat treatment, to verify the effective healing
capability of the low-melting phase of the C-PCM, i.e., Sn. Service was
simulated by heat treatment cycles following the healing-focused ther-
mal cycle. The results of the study can be summarized as follows:

e BM+CC and BM+SM+CC+HT250 samples, characterized by a
refined microstructure, present limited Sn basins, resulting in a
limited exudation of the low-melting phase and consequently,
restrained self-healing potential. Notwithstanding the fine micro-
structure instead, PBLF Al-Sn exhibits consistent healing potential,
possibly favored by the cracks network formed during production.
On the other hand, the extended Sn areas of the remaining powder
metallurgy samples, i.e., SM+CC+HT500 and BM+HC220, offer
copious leakage, which can easily move inside the composite when
molten. Also, MRS sample shows relevant potential, with extended
available Sn basins coinciding with interdendritic channels that
progressively get deplenished of healing agent by capillary action.
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e EDS analyses performed on the leaked Sn reveal the presence of Al in
the molten and solidified low-melting phase. Its quantity depends on
the amount of Al dissolved under the effect of heat treatment tem-
perature and holding time and its ejection from Sn-rich phases pro-
moted by thermodynamic equilibrium reasons. The authors believe
that, in addition to Sn flowing in the composite discontinuities
(Fig. 5b, c and f), the low-melting phase move across in the matrix by
Al dissolution and redeposition. In the MRS sample, a microstruc-
tural rearrangement occurs, governed by Rayleigh’s instability
which leads to the spheroidization of interdendritic Sn regions.

e Density measurements, performed on Al-Sn samples in as produced
and healed conditions, are not a reliable tool for the estimation of the
functional self-healing potential of the Al-Sn alloys.
The functional recovery of thermal diffusivity induced by healing-
focused het heat cycle analyzed via LFA tests results demonstrate
the presence of molten Sn in the proposed system is potentially
beneficial for thermal diffusivity recovery, especially for damaged
samples, since it promoted bridging capability, verified with metal-
lographic investigations. Nevertheless, thermal diffusivity changes
are not only related to Sn mobility, but also by compositional,
microstructural changes and Sn exudation from sample surfaces. The
analyses of the overall situation is quite complex, and partly related
to material geometry (surface to volume ratio).
The stability of thermal diffusivity during relatively small simulated
service cycle, performed in a temperature range including the
healing-focused treatments, is affected by the abovementioned ef-
fects. The beneficial role of healing focused heat treatments at 250°C
for 1 hour suggests that the presence of fully molten Sn phase during
service for relatively long time could be beneficial for functional
healing.

BM+CC, notwithstanding its limited healing potential, and
SM+CC+HT500 structures experienced high thermal diffusivity recov-
ery performing healing focused treatments. However, the integrity of the
microstructure of the former, which gets easily damaged, threaten the
performances of the C-PCM. Despite the high healing potential, liquid
metal route samples show ambiguous trends in terms of thermal diffu-
sivity recovery.

In the latter case, further analyses will be performed to check the
investigated functional self-healing capability directly during service
life.
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