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Abstract: Powder metallurgy processes are suitable to produce form-stable solid—liquid phase change materials from
miscibility gap alloys. They allow to obtain a composite metallic material with good dispersion of low-melting active
phase particles in a high-melting passive matrix, preventing leakage of the particles during phase transition and,
therefore, increasing the stability of thermal response. Also, the matrix provides structural properties. The aim of this
work is to combine conventional powder mixing techniques (simple mixing and ball milling) to improve active phase
isolation and mechanical properties of an Al—Sn alloy. As matter of fact, ball milling of Sn powder allows to reduce
hardness difference with Al powder; moreover, ball milling of the two powders together results in fine microstructure
with improved mechanical properties. In addition, different routes applied showed that thermal response depends on the
microstructure and, in particular, on the particle size of the active phase. In more detail, coarse active phase particles
provide a fast heat release with small undercooling, while small particles solidify more slowly in a wide range of
temperature. On the other hand, melting and, consequently, heat storage are independent of the particle size of the active
phase. This potentially allows to “tailor” the thermal response by producing alloys with suitable microstructure.

Key words: metallic phase change materials; powder metallurgy; thermal stability; mechanical properties; miscibility
gap alloys

for medium- and high-temperature applications
(>120 °C) [3,4]. In addition to higher transition and
application temperatures, they have also large latent
heat per unit volume, high thermal conductivity,
good thermal stability and reliability [3,4].
According to ZHOU and WU [4], a common

1 Introduction

Using latent heat phase change materials
(PCMs), thermal energy can be stored and released
in the form of latent heat associated to a reversible

phase transition. This potential can be exploited in
many different cases of thermal management and
research on these materials increased exponentially
in the last decades. Usually, the solid—solid and
solid—liquid transitions are exploited, thanks to their
limited volume expansion with respect to
transitions involving gas state [1,2]. Among these
two, solid—liquid transitions have higher latent heat;
however, leakage of molten phase from its
container must be prevented [1,2]. In this
framework, metallic PCMs are still the Iless
developed class, despite of their high potential

approach to obtain metallic solid—liquid PCMs is
encapsulating the PCM in a passive higher-melting
material through mechanical processes or
electroplating. However, oxidation and degradation
at high temperatures can reduce material durability
and thermal energy performance; moreover, this
process can be complex and expensive [5], as well
as thermal conductivity can be too low [1]. A viable
alternative is designing a form-stable material,
consisting of an active phase (i.e. the actual PCM)
embedded in a higher-melting passive matrix. The
latter has a double purpose: avoiding leakage of
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molten active phase and keeping structural
properties. To  keep  microstructural  and
compositional stability, the two phases must not
interact forming intermetallics and solid solutions,
since these phenomena reduce the available
quantity of active phase. According to SUGO
et al [6], this kind of microstructure can be obtained
using miscibility gap alloys (MGAs), i.e. alloys
whose phases are immiscible both in liquid and
solid state. So, since the solubility of the
high-melting matrix in the active phase is low also
when the latter is liquid, it is possible to keep a
stable composition over time and thermal cycles.
Examples of such alloys to be used as PCMs are
Al-Sn, Fe—Cu, Fe—Mg and Al-Bi [6]. Among them,
previous studies of Authors’ research group were
focused on an Al-Sn alloy [7-10]. The Al-Sn
system is a simple eutectic system, but, due to the
low solid solubility of the two elements and the
eutectic composition close to pure Sn (97.6 at.%), it
can be considered as a metastable MGA [11,12].
The transition temperature of this PCM is assumed
almost equal to the melting temperature of pure Sn,
since the eutectic reaction temperature (228 °C) is
close to the melting temperature of pure Sn
(232 °C). So, according to the PCM classification
of ZHOU and WU [4], it belongs to the class of
medium-temperature PCMs. The authors chose this
system because a PCM based on this simple binary
alloy has a transition temperature slightly higher
than the maximum temperatures achievable with
polymeric PCMs. Further, in addition to its
functional properties, this system had been widely
applied in bearing alloys [12-15]. So, the
development of a production process could be
based on traditional industrial processes.

A common issue of MGAs is that solidification
of cast MGAs results in the high-melting phase
surrounded by the lower-melting one [12,13].
Considering Al-Sn systems, this is caused by the
significant differences between the two metals in
melting temperature, as well as in density [12].
Among the possible solutions, powder metallurgy is
a relatively simple and effective technique to obtain
the desired structure. This approach has been
widely applied to Al-Sn based bearing alloys, in
order to obtain a homogenous distribution of Sn
particles throughout the component volume [13,14];
as already highlighted, this microstructure is the
one desired for PCMs too.

Powder metallurgy process consists of three
steps: powder mixing, compression and sintering.
Previous studies of authors’ research group [7,8]
showed that powder preparation has a strong
influence over final properties of an Al-Sn based
PCM, which will be considered in this work too.
Testing different compression and heat treatment
conditions, GARIBOLDI and PERRIN [7] focused
on simple mixing (SM) of powders, while
CONFALONIERI et al [9,10] applied ball milling
(BM). The goal of the latter approach was
combining powder mixing to powder size reduction
and increase of powder hardness. Preliminary
comparison between the two methods [8] showed
that, as expected, BM gave a finer microstructure
than SM; consequently, also thermal and
mechanical response changed. In more detail, both
techniques result in quick energy storage, but
ball-milled samples showed heat release in a wider
range of temperature with respect to simple-mixed
ones. Then, simple-mixed samples have higher
values of stored energy, while ball-milled samples
exhibit higher thermal stability, thanks to the
absence of interconnections among Sn particles.

The comparison highlighted that the two
processes are complementary and, therefore, the
conclusion is that an optimized powder preparation
based on a combination of ball milling and simple
mixing could lead both to (1) suitable micro-
structure for metallic composite PCMs (i.e. fine and
composed of two phases: Sn particles embedded in
Al matrix), and (2) suitable thermal properties
(i.e. high thermal stability and short transition
temperature range).

The present work is focused on the
identification of the powder-based production
process that could supply the combination of
microstructural features and thermal response
mentioned above. To determine the best parameters,
three new powder mixing methods were developed
and applied. The powder blends were then
compressed and, in some cases, sintered above Sn
melting temperature applying the same process for
each sample.

Microstructural,
characterization was conducted on as-produced
samples. The same tests were repeated after thermal
cycles simulating service conditions in order to
verify thermal stability; in other words, the thermal
response does not change during service. Using

thermal and mechanical
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Al-Sn PCMs, this is strictly connected to the
absence of Sn leakage, which reduces the amount of
active phase undergoing the transition.

2 Experimental

2.1 Powder supply

Samples were produced by mixing 20 vol.% of
Sn powders with Al powders, which corresponds to
about 40 wt.% of Sn. The Al powder was an
atomized high purity Al (>99.7 wt.%) powder with
diameters <45 um (ECKA Granules GmbH,
Germany). The Sn powder (SN, Metalpolveri S.r.1)
had a high purity (>99.9 wt.%), with a very fine
particle-size distribution (over sieve grain size:
<L25um  64%71%, 25-45um  20%—26%,
45-75 um 5%—11%, >75 pm <0.3%) and good
homogeneity.

2.2 Powder preparation methods

The innovative methods of producing Al—Sn
composite PCMs have been designed according to
three following basic concepts and observations
arising from previously obtained results [7,9,10]:

(1) Since Al is harder than Sn, Sn particles are
significantly deformed when mixed with Al; this
results in the formation of Sn aggregates with
clongated shapes, instead of the desired round
particles.

(2) As already mentioned, ball milling leads to
powder-size reduction and hardness increase, with
an extent depending on process parameters [16].

(3) Simple mixing only blends the powders,
without affecting powder size or mechanical
properties.

Scheme in Fig. 1 summarizes the steps of new
powder preparation methods, which will be here-
after referred as Method 1, 2 and 3. In all cases, the
first step is ball milling of Sn powders, with the aim
of reducing Sn powder size and increasing particle
hardness to reduce the gap with Al. Following this
common stage, Method 1 (M1) consists of simple
mixing of ball-milled Sn powders: the expected
microstructure should contain globular Sn particles.
On the other hand, the second step of Method 2
(M2) and Method 3 (M3) involves ball milling of
Sn with a part of Al powders, aiming at forming an
Al or Al-Sn shell around a Sn particle core. Then,
in Method 2, this ball-milled Al-Sn blend is mixed
with the rest of unprocessed Al powder; since the

latter should be softer than ball-milled blend,
its flow among ball-milled particles during
compression was expected, leading to very low
porosity after compaction and avoiding inter-
connection among ball-milled particles. Finally, the
most complex designed process was Method 3, in
which also the mixture of the last fraction of Al
powder was carried out through ball milling. The
aim of this process was to form powder particles
characterized by a very fine microstructure with
graded microstructure with Sn-rich core, which
could lead, after compression stage, to a fine dense
structure with good isolation of Sn particles.
Method 1 and Method 3 are supposed to result in
completely different microstructures, while Method
2 should give an intermediate condition.

Ball milling of
Sn powder

|
I I

Simple mixing Ball mixing of
of A1+ Sn Sn + part of Al

/—‘—\

Simple mixing
with rest of Al

Ball milling
with rest of Al

Sintering at
250°Cforlh

Sintering at
250°Cfor1h

Method 1
M)

Method 2
(M2)

Method 3
(M3)

Fig. 1 New powder preparation methods

Ball milling steps were performed in a
planetary mill (Retsch PM 400 planetary ball mill),
using hardened steel balls with a diameter of 20 mm
(material to ball mass ratio of 1:5, and about 80% of
empty space in the jar) in stainless steel jars.
Ethanol was used as lubricant (7% on the total mass
of powders), to avoid cold fusion phenomena [14].
To achieve protection from oxidation, the jars were
filled with Ar before each process step. Powders
were ground at 250 r/min, alternating grinding
cycles of 20 min to pause cycles of 10 min to avoid
excessive increases in temperature due to friction
and to further minimize oxidation phenomena. For
Step 1, ball milling lasted 6 h; while the other steps
lasted 2 h each. This process was developed in
previous studies about ball-milled PCMs [9,10]; the
only difference is the reduction of single ball-
milling time (from 24 h to 6/2 h) to avoid too fine
microstructures.
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From now on, the specimens will be called
with the label of their powder preparation method
(M1, M2 and M3), since further processing is
almost the same for all of them.

2.3 Compaction and sintering

Bulk specimens were obtained through cold
compression. In facts, according to GARIBOLDI
and PERRIN [7], cold compression of Al-Sn
powders gives better properties with respect to hot

compression, especially in terms of thermal stability.

Compression consisted of two steps: force up to
20 kN at 3 mm/min and then force up to 53 kN at
Il mm/min. Finally, cylindrical sample were
obtained with diameter of 15 mm and height of
around 20 mm (20.21, 17.76 and 21.47 mm for M1,
M2 and M3, respectively). After compaction, M2
and M3 samples were sintered at 250 °C for 1 h, to
improve the mechanical resistance.

2.4 Characterization

X-ray diffraction (XRD) analysis was
performed at room temperature to verify which
crystalline phases were present in each as-produced
bulk sample. A Rigaku Smartlab SE X-ray
diffractometer was used, operating at 40 kV and
30 mA with Cu K, source and Bragg—Brentano
geometry (06— measurement). Crystalline phases
were identified by comparing the obtained patterns
with references from the Crystallography Open
Database [17,18] using Maud software [19].

The microstructural characterization was
conducted through scanning electron microscopy
(SEM), using a W-SEM (Zeiss Evo 50) detecting
back-scattered electrons (BSE). Thanks to the
significant Z-contrast between Al and Sn, BSE-
SEM micrographs show clearly Al and Sn phases
without any etching. Quantitative analysis was
conducted using Imagel] software [20], assuming
that the volume fraction of a phase is equal to its
area fraction, as suggested by UNDERWOOD [21].
In this way, porosity was measured for all samples.
On the other hand, Sn particles were analysed only
for M1 and M3, since it was not possible to do the
same for M2 sample due to its peculiar
microstructure. An area of about 10 mm’ (two
micrographs  corresponding to 5 mm®) was
considered for M1 and M2 samples, while an area
of about 0.6 mm” (three micrographs corresponding
to 0.2 mm®) was considered for M3 sample; areas of

different sizes were necessary to have enough
resolution of pores and particles (Sn in M1, and ball
milled Sn-rich particles in M3) to be analyzed as
well as to have enough particles representing the
microstructure. Particle features taken into account
are total particle area (in pm” and its percentage of
the total analyzed area) and the best ellipse fitting
the particle, represented by major axis, minor axis
and angle with respect to horizontal direction;
generally, in the following, the “particle dimension”
will correspond to the major axis. Moreover, the
two shape descriptors are considered: circularity
and aspect ratio. Circularity indicates if the particle
contour is round and smooth (value tends to be 1)
or it has irregularities and/or elongated shape (value
tends to be 0) [22,23]. Aspect ratio is the ratio
between the major and minor axis of the fit
ellipse [22].

Further, grain orientation in as-produced
conditions was analyzed through electron back
scattered diffraction (EBSD), using an Oxford
Instrument C Nano EBSD detector in a high-
resolution field emission gun (FEG) SEM (Zeiss
Sigma 500). The test was conducted on M2 sample,
since its microstructural features are intermediate
between the other two samples. The test was
repeated at low magnification (area of 622.90 um x
370.16 um) and at high magnification (area of
28.5 um x 7.78 um) with step size of 0.832 and
0.050 pm, respectively, to obtain a suitable
resolution.

Vickers microhardness (HV) measurements
gave a preliminary characterization of mechanical
properties. A Future-tech FM—700 microhardness
tester was used, repeating at least five indentations
for every sample, with 4.91 N load on the indenter
and dwell time of 15 s.

Thermal properties were determined through
differential scanning calorimetry (DSC) tests, using
a Setaram TG/DSC Labsys 1600 machine. The goal
of these analyses was evaluating the stability of
PCM thermal behaviour and amount of energy
stored over thermal cycles. Tests were conducted on
samples of about 55 mg in alumina crucible under
Ar inert atmosphere. The thermal history applied
consisted of two consecutive cycles between room
temperature and 320 °C with a heating/cooling rate
of 20 °C/min, keeping the maximum temperature
for 5 min; between the two cycles, temperature was
held at 40°C for 20 min. The stored/released
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energy was determined by measuring the area of the
transition peak occurring in correspondence of
melting/solidification of Sn in the heat flux versus
time curve; the baseline in correspondence of the
peak was interpolated as a polynomial curve
choosing the suitable grade to obtain the best
fitting [24].

3 Results

3.1 Composition

XRD patterns (Fig. 2(a)) show that only pure
Al and pure -Sn phases are present in as-produced
conditions. Also, small traces of SnO can be
observed; however, they are considered to be
significant only in M3 sample by XRD analysis
software (Maud [19]). Considering the main Sn
peaks at low angles (Fig.2(b)), their relative
intensity changes in different samples. In particular,
the first two peaks of both M1 and M3 samples
have almost the same height and also the following
peaks are in the same range; on the other hand, in
M2 sample, the peak at 26=32° is significantly
higher than the other Sn peaks.
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Fig. 2 XRD patterns of samples under as-produced
conditions

3.2 Microstructure

Sample produced by Method 1 (ball milling of
Sn powder and simple mixing of this powder with
Al) was characterized by coarse microstructure,
consisting of a broad distribution of Sn particles,
ranging from few microns to more than 400 pum
(Fig. 3(a) and Table 1). In BSE-SEM micrographs,
the darker phase is Al, whereas the brightest one is
Sn. Sn particles are generally elongated in direction
perpendicular to compression, even if elongation is
less evident in smaller particles. In facts, combining
results of fit ellipse angle and aspect ratio (Table 1),
most particles have aspect ratio equal or greater
than 2, i.e. the maximum axis is twice the minimum
one, and their angle with respect to horizontal
direction is zero, confirming what inferred from
image qualitative analysis. After 100 thermal cycles
(Fig. 3(b)), both the small, homogeneous particles
and the coarse particles of inhomogeneous
appearance are slightly more spherical, but the
overall microstructure is pretty similar to that of
as-produced samples.

The presence of more spherical particles is
highlighted also by the increment of average
circularity and reduction of average aspect ratio.
Even if the unvaried mode value suggests that the

Fig. 3 BSE-SEM micrographs of sample obtained by
Method 1: (a) Before thermal cycles; (b) After thermal
cycles
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Table 1 Results of quantitative analysis on Sn particles in BSE-SEM micrographs of M1 sample before and after

thermal cycles

Parameter Area/pm’(%*) Major axis/um Minor axis/um  Angle/(°) Circularity Aspect ratio
Before After Before After Before After Before After Before After Before After

Mean (08'8(5)'851) (07.(5)(1).756) 31,0 273 152 155 840 675 08 08 2.1 1.9
g;i‘:;?gi é?&%% ((3).109372'3) 374 317 172 182 670 558 02 02 09 06
Mode (0.1046(5)1) (0.304634) 6.1 9.4 3.0 4.7 0.0 0.0 1.0 1.0 2.0 2.0
Min (0.104681) (0.304634) 6.1 9.4 26 4.0 0.0 0.0 0.1 0.1 1.0 1.0
Max ?0%2461?98) (7(%;?'19) 4361 4580 1945 2246 1800 1799 10 10 7.5 60

* Particle area is reported in percentage with respect to total analyzed area (10 mm?)

phenomenon does not occur for all particles, it is
probably more frequent in bigger particles. Sn
particles have a concave shape and small black
spots are present. According to EDS analysis, these
black particles consist of Sn (~50 wt.%), O and Si;
Si impurities are probably present in Al powder.
The overall composition of the sample in
as-produced conditions from semi-quantitative
analysis of BSE-SEM images is ~57 wt.% Al and
~33 wt.% Sn. Concerning porosity (Fig. 4), Ml
sample is almost free of pores in as-produced
conditions. After thermal cycles, porosity increases
to slightly more than 1%.

In the case of Method 2 (ball milling of Sn
powders, ball milling of this powder with part of Al,
and simple mixing with the rest of Al), sintering
was performed, and few Sn droplets was observed
from outer surfaces. Despite that, the core of
the sample is compact, without significant pores
(Fig. 4). From micrographs, it is possible to observe
pure Al, pure Sn and an intermediate, much finer
microstructure, which appears to be a mixture of Al

6
5.11 513
50 £
3 As-produced
B After 100 cycles
= 4
S 2.36
3
S
~
2T 1.23
1 L
0.08 0.07
Method 1 Method 2 Method 3

Fig. 4 Porosity before and after thermal cycles

and Sn particles (Fig. 5(a)); high magnification
micrograph of Al—Sn mixed region is shown in the
inset of Fig. 5(a). According to EDS, the latter
contains around 50-60 wt.% of Sn in average,
while the overall composition in low magnification
sample areas is around 30 wt.% of Sn, with a few
percent of O too. Al-Sn regions are contoured by
fine Sn-rich grains. After thermal cycles, some
leakage on sample was observed.
Nevertheless, the general features of this micro-
structure are kept, even if with some differences
(Fig. 5(b)). First, in Al=Sn particles, the layer of
fine Sn-rich grains becomes thicker and the
inhomogeneous Sn distribution suggests its outward
diffusion to form the Sn-rich layer. Then, a non-
negligible amount of O (~20 wt.%) is observed in
the inner part of coarse Sn particles and it increases
up to 24 wt% in their surrounding fine-grain
Sn-rich layer (where EDS analyses performed on
as-produced sample estimated 15 wt.% oxygen).
Finally, porosity increases significantly, as shown in
Fig. 4.

Sample obtained by Method 3 (ball milling of
Sn powders, ball milling of this powder with part of
Al and ball milling with the rest of Al) displayed
slight tin leakage from outer sample regions during
sintering phase. The resulting as-produced micro-
structure is the finest (Fig. 6(a)), even if a certain
amount of pores (~2%) can be observed (Fig. 4).
They are relatively small (ranging from nanometres
or few microns to less than 50 pm) and have a
roughly rounded shape in longitudinal sections,
suggesting a roughly spherical shape; on the other
hand, regions with intermediate composition are
elongated perpendicularly to compression direction.

surface
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e VN
Fig. 5 BSE-SEM micrographs of sample obtained by Method 2: (a) Before thermal cycles; (b) After thermal cycles (The
inset in (a) shows the intermediate Al—Sn area at higher magnification)

Fig. 6 BSE-SEM micrographs of sample obtained by Method 3: (a, c) Before thermal cycles; (b, d) After thermal cycles

According to EDS analysis, the composition is:
53.3 wt.% Al, 33.6 wt.% Sn and 13.1 wt.% O. After
100 thermal cycles, the microstructure, at lower
(Fig. 6(b)) and higher (Fig. 6(d)) magnifications,

remains almost the same. However, porosity
increases (Fig. 4).
In the case of M3 sample, quantitative

analyses could not include all Sn-rich particles,
since sub-micrometric particles have too low
resolution to be clearly identified, as shown in high
magnification micrograph (Fig. 6(c)). As for M1
sample, angle mode is equal to zero, and increase of
mean circularity and aspect ratio prove the tendency
of particles to become more spherical, even if it is
probably more due to evolution of bigger particles,

since mode values are still the same (Table 2).
Considering area, major axis and minor axis
(Table 2), it is possible to suppose that particles
tend to become not only more spherical, but also
slightly bigger.

EBSD inverse polar figures (IPFs) and IPF
maps for Al phase are presented in Fig. 7.
According to both the IPFs (Fig. 7(a)) and the IPF
maps (Figs. 7(b, ¢)), orientations of Al grains are
randomly distributed. This observation is valid in
the core of the phase as well on the boundaries,
where Al is in contact with Sn. On the other hand,
the two IPFs of Sn (Fig. 8(a)) show that the most of
Sn crystallographic poles are oriented in the same
direction, which is highlighted also in the IPF maps
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Table 2 Results of quantitative analysis of Sn particles in SEM micrographs of M3 sample before and after thermal
cycles

P . Area/pum*(%*) Major axis/um Minor axis/um Angle/(°) Circularity Aspect ratio
arameter

Before After Before After Before After Before After Before After Before After

Mean 8.7 9.2 4.1 39 1.9 2.1 86.5 84.9 0.6 0.7 2.4 1.9

(0.0015) (0.0016)
Standard  20.4 24.1

deviation (0.0035) (0.0042) 3.1 2.8 1.4 1.5 629 558 0.2 0.2 1.2 0.8
1.4 3.5
Mode (0.0002) (0.0006) 1.7 2.6 1.1 1.7 0.0 0.0 1.0 1.0 1.6 1.6
. 1.4 1.3
Min (0.0002) (0.0002) 1.3 1.3 0.5 06 0.0 0.0 0.0 0.1 1.0 1.0
Max 5376 666.6 447 433 18.5 25.1 180.0 180.0 1.0 1.0 120 94

(0.0933) (0.1157)

* Particle area is reported in percentage with respect to total analyzed area (~0.6 mm?)

001 001 MUD

Fig. 7 EBSD results for Al phase (Y] axis is parallel to compression direction and Z; axis is perpendicular to sample
surface): (a) Inverse polar figures (IPFs) with respect to Y, and Z; axes, expressed in terms of multiples of uniform
density (MUD); (b) IPF map with respect to Y, axis at low magnification; (c) IPF map with respect to Y axis at high
magnification, including Sn coarse particle and boundary of Al-Sn region

001 010 001 010 MUD
24.56

RPN - - s 110

Fig. 8 EBSD results for Sn phase (Y, axis is parallel to compression direction and Z; axis is perpendicular to sample
surface): (a) Inverse polar figures (IPFs) with respect to Y, and Z; axes, expressed in terms of multiples of uniform
density (MUD); (b) IPF map with respect to Y; axis at low magnification; (c) IPF map with respect to Y; axis at high
magnification, including Sn coarse particle and boundary of Al-Sn region; (d) Sn unit cell oriented as in sample
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(Figs. 8(b, ¢)), where the most of Sn area has the
same colour with little tone wvariations. This
homogeneous orientation is particularly evident
along Y; axis.

3.3 Mechanical properties

Results of Vickers microhardness tests are
summarized in Fig. 9. Hardness of M1 and M2
samples is around 40 HV before thermal cycles and
then decreases to 35 HV on average. Considering
the higher standard deviation after cycles, the
reduction is even less significant. M3 sample shows
a higher hardness (~54 HV), which is almost
constant after thermal cycles. The average size of
the indentation (i.e. arithmetic mean of the two
diagonal lengths d; and d, of the indentation) and
area of corresponding indentations, computed from
the definition of Vickers hardness according to the
standard EN ISO 6507—1: 2018 [25], are reported
in Table 3. By comparing these values with mean
size and area of Sn particles, it is evident that
indentations are significantly bigger than regions

Chiara CONFALONIERI, et al/Trans. Nonferrous Met. Soc. China 30(2020) 3226—3239

inside the material. Therefore, each hardness
measurement generally depends on more than one
phase.

3.4 Thermal response

Melting peaks in DSC curves are shown in
Fig. 10(a) for each sample before and after thermal
cycles. The peak has a V-shape and its onset
temperature can be assumed to be around 227 °C,

60 54.18
£ As-produced 54.40
B After 100 cycles 1
—~ L o
= 0
& S
T 41.18 =
v XXX
% 40 36.48 55
g
<] S5 Sose
= 30
= 58 5
] oS Sos
S 355955553 3555553
i 3 5
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3383856 838
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s 5
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10 8383856 S5
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%58 58
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3 5
s 5
M2 M3

Fig. 9 Results of Vickers microhardness tests before and

after thermal cycles

Table 3 Comparison of indentation size and area corresponding to mean value of Vickers microhardness with Sn

particles size and area

Standard Corresponding Corresponding ~ Mean size Mean area
Sample State Mean HV  deviation  indentation indentation of Sn of Sn
(HV) size/pm area/um’ particles*/um particles/um’
Ml As-produced 42.42 1.25 147.83 10926.45 30.99 805.50
After thermal cycles 33.98 3.70 165.17 13640.38 27.25 751.47
Mo#* As-produced 41.18 1.54 150.04 11255.46 66.38 4286.18
After thermal cycles 36.48 7.06 159.41 12705.59 68.56 5432.93
As-produced 54.40 2.53 130.54 8520.22 4.12 8.71
After thermal cycles 54.18 5.91 130.80 8554.82 3.90 9.17

* Major axis of the fit ellipse; ** For M2 sample, the considered particles are both Sn particles and Al-Sn regions

— As-produced
After 100 cycles

— As-produced

- After 100 cycles  \_ . 0-1|W/gI Ml e IO.l\IV/gI

210 220 230 240 250 260 270 80 100 120 140 160 180 200 220 240
Temperature/°C Temperature/°C

Fig. 10 Melting (a) and solidification (b) peaks on DSC curves for as-produced and thermal-cycled samples
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even if for M2 and M3 samples the peak onset is
very smooth and it is difficult to identify the exact
value. The V-shape is kept after thermal cycles, but
the peak tends to move at lower temperatures and
its height decreases. M3 sample shows the less
significant changes with respect to the other
samples. On the other hand, solidification gives rise
to multiple broad peaks. M1 sample has two peaks
between 170 and 230 °C, which appear also after
thermal cycles. Almost no undercooling occurs in
the first thermal cycles; while after 100 cycles, an
undercooling of ~10 °C is observed. Considering
M3 sample, it is difficult to define the onset of
transition; however, solidification clearly begins at
temperatures lower than 180 °C and ends at around
80 °C. After 100 thermal cycles, the situation is
generally unvaried, even if a short and broad peak
forms around 180 °C. The curve of M2 sample can
be considered as an “intermediate” situation with
respect to the other two: it has both broad and low
peaks at low temperatures (below 180 °C) and high
peaks between 180 and 225 °C.

Transition enthalpies determined from DSC
curves are shown in Fig. 11. Due to the complex
shape of the solidification peak, only melting peaks
were considered in the calculation. In as-produced
conditions, the highest value is observed for M1
sample (19.28 J/g), and the lowest for M3 sample
(11.56 J/g). After thermal cycles, reduction of
transition enthalpy is observed for every sample:
~38% for M1, ~48% for M2 and ~25% for M3.

25
EA As-produced
a0k 19.28 B After 100 cycles
~ 17.01
ks
= 15
E 11.56
£
= 10}
23]
5 -
0

Method 1 Method 2 Method 3
Fig. 11 Melting enthalpy before and after thermal cycles

4 Discussion

4.1 Composition

The applied powder metallurgy processes gave
Al-Sn alloy almost without formation of other
phases or contaminations. The exception is the

formation of SnO, reasonably related to ball milling
process; in facts, the longer the ball milling process
is (one, two or three steps), the more the oxide is
formed. Despite the protective Ar atmosphere,
contamination occurred. Therefore, a further
process optimization could involve a better control
of the environment in the jar during ball milling, e.g.
using longer time to achieve vacuum before adding
inert gas and/or using other gas atmospheres.
Moreover, it could be interesting also to consider
different time processes.

4.2 Microstructure: were targets hit?
4.2.1 Method 1

The main aim of Method 1 was to obtain
compact Sn particles, i.e. with high circularity and
low aspect ratio. Sn particles should be prevented
from flowing among Al grains during compression
and, in the end, the leakage of the final
microstructure should be avoided. As highlighted
by both qualitative and quantitative analysis of
BSE-SEM micrographs, Sn particles in M1 sample
have generally a relatively rounded shape and are
well isolated inside the Al matrix. This result
confirms a positive effect of ball milling of Sn
powder to reduce the difference of hardness with Al
powder, since Sn particles are not flattened too
much during compression. Moreover, Sn particles
became more circular after thermal cycles; therefore,
a sintering heat treatment could be useful to obtain
this feature also in as-produced samples. In addition
to the suitable Sn particle shape and distribution,
this method results in a dense material, almost
without porosity in as-produced conditions and
significantly lower content with respect to the other
two methods after thermal cycles.
4.2.2 Method 3

Method 3 gave a microstructure close to the
desired one: very fine with good isolation of Sn
particles. Nevertheless, non-negligible amount of
porosity is observed. Despite of that, this
microstructure is quite stable with respect to those
obtained through Method 1 and Method 2 and
probably higher compression stresses could have
led to even less porosity and higher microstructural
stability.
4.2.3 Method 2

The goal of Method 2 was to obtain an
intermediate microstructure between the coarse one
of Method 1 and the fine one of Method 3. In
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practice, the second ball milling step formed
generally isolated regions containing an extremely
fine distribution of Al and Sn, like in M3 sample
microstructure, which has a Sn-rich external layer.
In addition, like in M1 sample, coarse Sn particles
are observed. The difference is that the latter form
elongated and interconnected particles, from which
Sn tends to leak toward the surface. In facts, shape
and position of pores after cycles (i.e. around Al
grains) correspond to shape and position of coarse
Sn particles before cycles. Microstructure obtained
through this method is not stable as expected, due
to Sn leakage as well as the motion of Sn from
the inner part of AI-Sn regions towards their
boundaries.

Further, EBSD analysis of this sample shows a
preferential grain orientation of Sn in longitudinal
direction, which corresponds to the main heat flow
direction during cooling after sintering. Actually,
samples were simply cooled down in air; so, the
most of heat flux was reasonably removed
perpendicularly to the metallic substrate, i.e. along
the axis of the cylindrical specimen. Moreover, it is
not possible to identify a relationship between Al
grains and Sn particles, because Sn has a
preferential orientation everywhere and Al grains in
contact with it are randomly orientated. As reported
by MA et al [26], the anisotropy of Sn could affect
thermal expansion and mechanical properties.
However, in the tests performed up to now, clear
effects of this feature were mnot observed.
Nevertheless, it will be considered in the analysis of
further mechanical tests.

4.3 Hardness

Microhardness values of M1 and M2 samples
(~40 HV) as well as the one of M3 sample
(~54 HV) are higher than the ones of cast Al-Sn
alloys, which are usually around 30 HV [14]. This
effect is ascribed to powder hardening during ball
milling; however, thermal cycles are likely to cause
relaxation and recrystallization of the alloy, which
explains the reduction of hardness for M1 and M2.
Conversely, M3 sample keeps its high hardness
level also after thermal cycles. The explanation of
this behaviour can be found considering a different
hardening mechanism, i.e. precipitation hardening
due to a homogeneous distribution of soft fine Sn
particles in Al matrix [27]. As a matter of fact, this
mechanism is not related to hardening of powders,

which is reduced during thermal cycles due to the
relaxation, but to the fine microstructure, which is
stable even after many cycles. Therefore, this can
explain hardness stability after simulated service.
Higher content of pores in as-produced M3 sample
and in all cycled samples causes more scattering in
standard deviation.

4.4 Thermal response
4.4.1 Stored energy

All the samples have a DSC-measured melting
enthalpy lower than the theoretical value computed
for Al-40wt.%Sn alloy, i.e. 23.6 J/g. Considering
M1 sample in as-produced conditions, the energy
value (19.28 J/g) is quite close to the one obtained
using the effective composition determined through
semi-quantitative measurements (i.e. ~33 wt.% Sn,
19.47 J/g). After thermal cycles, measured enthalpy
is even lower because some Sn leakage occurred, as
demonstrated by visual analysis of sample surfaces
just after simulated service and by the increment of
porosity in correspondence of former coarse Sn
particles. On the other hand, M3 sample shows a
significantly lower melting enthalpy, despite a
measured composition close to the nominal one.
Authors think that this behaviour is related to
the extremely fine microstructure which is
characterized by micrometric and sub-micrometric
Sn particles, but the actual mechanism is still not
completely clear. However, despite the low energy,
M3 sample gives the most stable thermal response.
Finally, M2 sample, consisting of both coarse and
fine Sn particles, behaves mainly as M1 sample;
however, the reduction of stored energy with
respect to the nominal one, especially after thermal
cycles, could be also affected by the presence of the
intermediate Al-Sn region containing fine Sn
particles.
4.4.2 Thermal response mode

Analysis of transition peak shape on DSC
curves allows to evaluate the “thermal response
mode” of the material. As to melting peaks
(Fig. 10(a)), they have always a V-shape and the
width is generally the same for all the processes.
Therefore, it is possible to conclude that melting
behaviour is independent of microstructure and,
consequently, it is independent of production
process. The temperature that is assumed as
activation temperature is lower than the melting
temperature of pure Sn, but close to eutectic
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temperature. It is possible to ascribe this behaviour
partially to the occurrence of eutectic reaction, and
also to the presence of small particles which can
lower the melting temperature with respect to bulk
Sn. Also, the experimental error related to DSC
machine calibration should be considered.
Nevertheless, considering the final application of
this material, these small differences are still
acceptable. After thermal cycles, melting peaks are
lower and narrower, due to the leakage of Sn during
thermal cycles; in facts, this is more evident for M1
and M2 samples, which experienced more Sn
losses.

On the other hand, solidification peaks change
significantly in different production processes
(Fig. 10(b)), i.e. they depend on the microstructure
and, in more detail, on Sn particle size. As
demonstrated by KIM and CANTOR [28], smaller
particles of Sn in Al matrix solidify at lower
temperature; in addition,
nanometric size can also contribute to the increase
of undercooling [29].

Based on these concepts, solidification peaks
observed in the present study can be reasonably
correlated to the relative sample microstructures.
M1 sample, which has the coarser microstructure,
has two high peaks with onset between 220 and
230 °C, i.e. with a low undercooling (less than
10 °C); this behaviour occurs both before and after
thermal cycles. Instead, in M3 sample, which has an
extremely fine microstructure, solidification starts
at significantly lower temperatures (below 180 °C)
and takes wider temperature ranges (about 80 °C
with respect to about 50 °C of the M1 case). Finally,
M2 sample has a microstructure that can be
considered as intermediate between M1 and M3
samples with both coarse and fine microstructure in
Al-Sn regions and, consequently, its thermal
response is also intermediate between the other two,
having both peaks close to transition temperature
and with an undercooling of 60—70 °C.

Moreover, the formation or growth of peaks at
intermediate temperatures (160—180 °C) in M3 and,
especially, in M2 samples can be related to the
coarsening of smaller particles noticed in
micrographs. In conclusion, it is evident that
solidification behaviour is strongly dependent on
the microstructure and, on the production method:
increasing the number of ball-milling steps, the
final microstructure will be finer and consequently

some effect due to

the thermal response will be shifted towards lower
temperatures. This implies that thermal response of
the material could be tailored according to the
application requirements, i.e. fast or smooth heat
release. For example, a slow heat release could be
useful in mechanical components to reduce thermal
stresses during heat release.

5 Conclusions

(1) Ball milling of Sn powder before mixing
with Al
difference between the two metals. In this way, Sn
particles are more rounded and less interconnected,
reducing the leakage and improving the thermal
stability.

(2) Mixing of Al and Sn powder through ball
milling allows to obtain a fine microstructure
with better mechanical properties with respect to
simple mixing. Further, particle size dependent
undercooling is revealed. Nevertheless, some
collateral drawbacks are observed: a higher oxygen
content and stored energy lower than expected for
the actual Sn content.

(3) Observations on Method 2 combining
simple mixing and ball milling confirm that
microstructure has a strong effect on thermal
response, especially on cooling. Therefore, it is
potentially possible to design the microstructure to
obtain the desired response on cooling, i.e., fast or
slow heat release.

1s effective to reduce the hardness
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