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Abstract: Composite phase change materials (C-PCMs) for thermal energy management exploit the reversible phase
transition (e.g., melting—solidification) of their one or more low-melting active phases to store and release thermal
energy as latent heat. At the same time, the high-melting passive phases can provide additional properties, like
form-stability and enhanced thermal conductivity. Fully-metallic composite systems with these features can be obtained
from immiscible alloys. In this work, thermodynamic calculations and experimental tests are combined to explore the
potential of a set of binary (Al-In, Al-Sn, Al-Bi and Cu—Bi) and ternary (Al-In—Sn and Al-Bi—Sn) immiscible alloys
for their use as C-PCMs in a temperature range between 100 and 300 °C. The results show that the combination of the
two approaches proved to be necessary to have a full comprehension of the composite system and find the best solution
for design requirements, overcoming the time-wasting “trial-and-error” approach and providing high-quality data for
simulations.
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1 Introduction

Fully-metallic composite materials can be
designed from immiscible alloys, i.e., metallic
systems consisting of two or more phases which do
not interact at least in a specific composition and/or
temperature interval. According to thermodynamics,
a miscibility gap occurs when a multi-component
system cannot minimize its Gibbs free energy of
mixing by forming a solid solution [1]. Immiscible
alloys are frequently used in bearings, thanks to
their dual-phase and hard-soft microstructure without
large interdendritic spacing [2,3]. The hard matrix
sustains the loads, while soft particles provide
solid lubrication properties, embedding the particles
generated by wear phenomena [4,5]. Typical
systems are Al alloys with Sn [6—9], Pb [10] and
Bi [4,5,11], in binary, ternary or more elements

alloys. For example, YUAN et al [12] studied the
effect of Si in Al—Sn alloys to improve load bearing
and fatigue resistance, while ZHAI et al [13]
focused on the addition of Sn in Al—Cu alloys to
promote the formation of a homogeneous phase
distribution; an overview of element addition and
heat treatment effects on mechanical and tribological
properties of Al—-Sn alloys was proposed by BHAT
et al [14].

This multi-phase microstructure is also suitable
for phase change materials (PCMs) for thermal
energy management applications. These functional
materials store thermal energy as latent heat during
an endothermic phase transition (e.g., melting); then,
as the transition is reversed, they release the stored
energy. Composite PCMs (C-PCMs) consist of an
active phase that undergoes the phase transition,
and a high-melting passive phase that provides
additional features of structural and thermal properties,
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such as thermal conductivity or heat capacity.
Thermal conductivity of the system controls the
heat transfer rate, affecting the PCM efficiency, as
discussed by YUAN et al [15]. Further, the
combined heat capacity of the two phases affects
the sensible heat storage before and after transition.
If solid—liquid transitions are involved, the passive
phase could also prevent the leakage of molten
active phase and keep material shape throughout the
phase change. This form-stability depends on the
wettability of molten active phase on the passive
one. Good wettability ensures bonding between the
phases thanks to long range interactions, achieving
form-stability at least in low loading conditions; an
example is the Cu—Bi system studied by SINGH
et al [16]. Conversely, if wettability is poor, active
phase can be physically embedded within a
continuous passive matrix, which can also enhance
system thermal conductivity. As reported and
investigated by CONFALONIERI et al [17] and
SUGO et al [18], examples of metallic C-PCMs are
Al-Sn, Fe—Cu, Fe—Mg and AI-Bi, where the
second element is the active phase.

PCMs design is usually based on literature
properties, theoretical calculations/simulations and
“trial-and-error” experiments. Key properties are
transition temperature and latent heat, thermal
conductivity and stability over thermal cycles. In
the last decade, several literature reviews collected
selection strategies and main properties for PCM
design: ZHOU and WU [19] and WEI et al [20]
focused on medium- and high-temperature PCMs,
COSTA and KENISARIN [21] and WANG et al [22]
reviewed metallic PCMs, including immiscible
alloys. These works are good starting points to
select PCMs; however, they wusually report
properties at a specific temperature and not as
function of temperature, which is necessary to
evaluate PCM performance precisely. Moreover, it
is often complex to retrieve all the properties of
interest in literature. Also, literature data are usually
limited to the active phase material and not on the
possible containers. In this perspective, RAWSON
et al [23] conducted thermodynamic calculations
with CALPHAD method, to obtain properties for
metallic PCMs with eutectic compositions,
validating results with literature data. The PCM-
container compatibility was assessed by analyzing
miscibility gaps in pseudo-binary diagrams,
considering that a compatible container phase will

not interact with the PCM [23]. However, this work
does not evaluate the overall system properties
(container + PCM). GHERIBI et al [24] applied the
CALPHAD method to calculate properties of
salt-based systems not available in literature. They
proposed an optimization problem to satisfy design
requirements and gave a preliminary evaluation of
container corrosion; however, as RAWSON et al [23],
GHERIBI et al [24] did not consider the container
contribution to the overall system properties.

An original design approach is proposed for
metallic C-PCMs in the present study. Firstly,
this method applies thermodynamic calculations
with CALPHAD method and physical models
to evaluate properties throughout the C-PCM
temperature application range for both the active
phase (temperature and latent heat) and the overall
system (specific heat capacity, density and thermal
diffusivity). A preliminary literature survey allowed
to select immiscible alloys manufactured with
powder metallurgy processes, thus obtaining a
homogeneous phase distribution and a potential
form stability when used as PCMs. The research
focused on Al alloys for their good thermal
conductivity and low density with respect to other
alloys, like Cu alloys. Al-based binary and ternary
alloys were selected with Sn, Bi, In, In—Sn and
Bi—Sn as active phases in various volume fractions.
They have active phase transition temperatures
between 100 and 300°C, and this range is
intermediate between transition temperatures of
most low-melting polymeric and organic PCMs
(from —40 to 120°C) and the high-melting
inorganic PCMs, like molten salts and metals (e.g.,
Al-Cu based alloys and pure Al, from 550 to
660 °C). In addition, Cu—Bi system was considered
as system with form-stability due to high wettability,
instead of physical confinement. By repeating
calculations iteratively for different compositions, it
is possible to find the best alloy composition for the
design requirements, following the “alloy-by-design”
method, as applied by GHERIBI et al [24] and
REED et al [25].

In this work, some alloys were then produced
by powder metallurgy (powder mixing, compression
and sintering) according to previous studies [26,27].
This production process prevents segregation of
active phase at grain boundaries of high-melting
phase and inside the specimen, as it happens with
simple cooling of cast immiscible alloys. Other
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solutions could be rapid solidification processes,
like laser melting of powders [28,29] or melt
spinning [2], and casting with inoculants or
grain refiners [8,30]. Microstructural, thermal
and mechanical characterization was performed.
Specifically, thermal characterization focused on
transition temperature and latent heat, as well as
thermal diffusivity and thermal expansion.

2 Experimental

2.1 Alloy design

The design process of metallic C-PCM based
on multiphase immiscible alloys will consider the
following requirements: (1) Passive phase and
active phase should be completely immiscible in the
whole application temperature range; therefore, a
“safe” composition range should be selected.
(2) Each component (passive phase or active phase)
can be an alloy itself, as long as there are not
interactions between elements belonging to the
passive phase and the active phase, respectively. An
alloy-based active phase can potentially undergo
more than one transition in the temperature/
composition range of immiscibility. (3) The storable
energy should be maximized, balancing this
requirement with the ones for other properties (e.g.,
high thermal conductivity and low density). (4) The
quantity of active phase should be suitable to avoid
percolation and keep form stability even when the
active phase is molten (e.g., forming isolated
particles or allowing enough surface interaction).

The first three requirements can be evaluated
through thermodynamic calculations, which in the
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present study were performed with Thermo-Calc
[31,32]. Phase diagrams the
immiscibility range, both in terms of composition
and temperature. Then, thermodynamic properties,
as transition temperature, latent heat of transition,
enthalpy of the system, specific heat capacity and
specific volume as function of temperature, can be
calculated in the range of interest with a one-axis
calculation. Additional properties can be calculated
from thermodynamic properties, e.g., density
(inverse of specific volume), or applying models to
literature data, as for thermal conductivity (e.g.,
rule of mixtures [33], Maxwell-type models [34],
Bruggeman model [35] and Progelhof model [36]).
Once calculations are completed for some reference
compositions, the trend of each property with
composition is known, allowing a more focused
selection of optimal active/passive phase ratio. The
fourth requirement, regarding compositional and
shape stability, could be faced with a percolation
study. This can be complex, especially for the
present case since the embedded phase usually has
an irregular shape. In the first stage, considering
also literature works about percolation by
RAWSON et al [37], a conservative limit for active
phase volume fraction can be 40%.

In the present study, four binary systems
(Al-Sn, Al-In, Al-Bi and Cu—Bi) and two ternary
systems (Al-In—Sn and Al-Bi—Sn) with Al or Cu as
high-melting phase were selected as candidates
based on the preliminary literature review presented
in the introduction. Useful reference properties for
each element are reported in Table 1. In the two
proposed ternary systems, the active phase consists

software show

Table 1 Properties of pure elements behaving as passive or active phase in proposed PCM alloys

Passive phase Active phase
Property
Al Cu Sn In Bi
Density at RT/(g-cm®) 2.699 [38] 8.96[38] 7.298[38] 7.29[39] 9.8 [39]
Melting temperature/°C 660.3 [38] 1084.6 [38] 231.9[38] 156.3[39] 271.3[39]
Latent heat of melting per unit mass/(kJ-kg™") 397[38] 209 [38] 60 [38] 28 [39] 50 [39]
Latent heat of melting per unit volume/(J-cm™) 1071 187 438 207 492
Thermal conductivity at RT/(W-m -K™!) 237 [38] 401 [38] 67 [38] 82 [40] 10 [41]
Thermal diffusivity at RT/(cm?-s™!) 0.972 1.162 0.399 0.480 0.082
Coefficient of thermal expansion (0—100 °C)/10° K 23 [38] 16 [38] 21 [38] 33 [42] 13 [41]
Specific heat capacity at RT/(J-g""-K™") 0.903 [38] 0.385[38] 0.229[38] 0.234[39] 0.124 [39]

Latent heat of melting per unit volume was calculated through multiplying latent heat of melting per unit mass by density. Thermal

diffusivity at room temperature (RT) was calculated through dividing thermal conductivity by specific heat capacity and density
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of two elements which are mutually miscible, and
both immiscible with Al passive phase. The binary
In—Sn and Bi—Sn systems, chosen as active phase,
undergo a eutectic transformation. If eutectic
composition is chosen, the phase transition will
occur at constant temperature, i.e., solidus and
liquidus temperatures coincide throughout the
transition.

Thermo-Calc database for Al-based alloys was
used [32]. Calculation parameters were ambient
pressure and temperature range of 20—300 °C with
steps of 5 °C. For each binary system, calculations
were performed on five alloys, with 5%, 10%, 20%,
30% and 40% in volume fraction of active phase.
Since mass fraction is more convenient for
production purposes, the alloy compositions were
converted from volume fraction to mass fraction
according to Eq. (1):

W= PaPa (1)
(PA _pp)q’A +Pp

where wy is the mass fraction and @4 is the volume
fraction of low-melting active phase, while pa and
pr are densities for active phase and passive
phase, respectively. For ternary systems, the active
phases with eutectic composition (In—51%Sn and
Bi—55%Sn in mass fraction) were combined with
Al; as done with binary systems, the active phase
volume fractions were 5%, 10% and 20%. In
addition, the binary active phase mass fraction was
fixed to 40% and calculations were repeated for
different compositions of the active phase itself, i.e.,
in correspondence of eutectic composition as well
as below and above it. Thermal conductivity range
of the composite materials was estimated with the
mixture rule for upper (kcu, Eq. (2)) boundary and
lower boundary (&, Eq. (3)) [33]:

kc,u =kppp +hkppn =k, +(kP _kA)‘/’P (2)
_ kpk _ kpka
kpopthapp  kpt(ky —kp)op

where kp and ka are the thermal conductivities of
passive and active phases, respectively, and ¢p is
the volume fraction of passive phase. Thermal
conductivity values for pure elements are reported
in Table 1. Average thermal diffusivity was
calculated through dividing thermal conductivity by
the product of specific heat capacity and density.
This method will give consistent values of thermal
conductivity resulting from the phase distribution

(3)

c,l

that can be achieved experimentally with powder
metallurgy. In fact, the composite materials in this
study consist of a homogeneous dispersion of a
significant volume of particles in another phase,
with differences in their thermal conductivity not
higher than one order of magnitude. In this case and
for inclusion volume fraction lower than 40%, the
approximation of the actual thermal conductivity to
the average of the two equations is not far from
the actual one, also for different arrangements of
inclusions [43]. This approach is also supported
by a previous study regarding an Al—Sn alloy [28],
where thermal conductivity values, calculated
by lattice Monte—Carlo method from real
microstructures, were close to the average between
the two boundaries.

2.2 Alloy production

Samples were produced from powders of pure
elements: Al (99.7% in mass fraction, size <45 um,
ECKA Granules Germany GmbH), Cu (99.95% in
mass fraction, particle size distribution of
0.5—11 um with an average size of 3.4 um, mdp
material solutions GmbH), Sn (99.85% in mass
fraction, 100 mesh, Thermo Fisher (Kandel) GmbH,
Alfa Aesar), In (99.99% in mass fraction, Merck
Life Science Srl), and Bi (99.85% in mass fraction,
150 um, Thermo Fisher (Kandel) GmbH, Alfa
Aesar). Before the mixing processes, powders were
sifted with a 63 um sieve, to remove coarse
particles and agglomerates. For all the alloys, the
active phase was blended with the passive phase
(Al or Cu) through simple mixing in a tumbler
mixer at room temperature and 25 r/min for 1 h. In
the cases of ternary systems, the active phases with
eutectic composition (In—51%Sn and Bi—55%Sn, in
mass fraction) were produced by ball-milling the
powders of the active phase elements, to obtain
mechanical alloying before simple mixing with Al.
Ball milling was performed using a planetary mill
(Retsch PM 400 Planetary Ball Mill) with hardened
steel balls with a diameter of 20 mm (material-to-
ball mass ratio 1:4) for 90 min, alternating 20 min
of milling and 10 min of pause. Atmosphere in the
ball milling jar was argon, and ethanol (7% in mass
fraction) was added as a lubricant.

Then, blended powders were compressed in
three steps at room temperature with the maximum
pressure of 300 MPa held for about 1 min, as in an
earlier study [27]. Finally, samples were sintered in
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pure Ar atmosphere to prevent oxidation. Samples
containing Al with Sn, Bi or Bi—Sn were sintered at
500 °C for 1h, with an intermediate holding at
200 °C for 30 min to promote the relaxation of the
high-melting phase. All the other samples were
sintered at 350 °C for 1h, with intermediate
holding at 140 °C for In-containing alloys and at
240 °C for Cu—Bi alloys. Production process steps
and their parameters are summarized in Table 2.

2.3 Alloy characterization

Analyses with scanning electron microscope
(SEM, Zeiss Sigma 500) on mounted and polished
samples aimed at studying microstructural features,
detecting backscattered electrons (BSE), and
determining composition with energy dispersive
X-ray spectrometry (EDS).

Density was measured using Archimedes’
method (Analytical balance ME204 with density
kit standard and advanced, Mettler Toledo). The
instrument resolution was 0.001 g/cm® and the
measurement was repeated three times.

Transition temperature and latent heat were
evaluated with differential scanning calorimetry
(DSC, Setaram TG/DSC Labsys 1600) on samples
of 50 mg (Al-based) or 100 mg (Cu-based); the
mass difference for Al and Cu alloys is due to the
difference in density and the need of having
samples with similar volume to fit alumina
crucibles. DSC tests consisted of two cycles
between room temperature and 320 °C at 10 °C/min
in argon atmosphere. The measurement of
activation energy was calibrated using In, Sn and
Zn reference standards.

Thermal expansion was evaluated with a
vertical dilatometer (Linseis L75 VERT) in vacuum
performing four thermal cycles at 10 °C/min from
room temperature. The highest temperature for this
test was selected according to the active phase
material to reduce the risk of leakage, holding it
above melting temperature for an excessively long
time: In 200 °C, Sn and In—Sn 270 °C, and Bi
320 °C. The instrument error on sample length
variation depends on the actual sample length and
can be considered less than 0.03 um. Coefficient of
thermal expansion (CTE) between the ambient
temperature (7o, 20 °C) and the temperature (7))
was calculated with the definition given in ASTM
E228 specification [44]:

(CTE), _ 1 AL 1 L-L 4)

L, AT L, T-T,
where Ly is the initial length of the sample and L, is
the sample length at temperature 7;. To evaluate the
effect of active phase transition on CTE, the
average of CTE values between room temperature
and transition temperature was compared with the
average of CTE values above transition temperature
during heating part of test cycle. The presented
values are the average of all cycle repetitions for
each alloy.

Thermal diffusivity was measured during a
single thermal cycle between room temperature
and 320 °C using laser flash analysis method in
vacuum (Linseis LFA 1000/1600). The error on the
measurement is about 5% for alloys without phase
transitions; close to phase transitions, the margin of
error is expected to be slightly higher.

Table 2 Summary of powder metallurgy process steps and parameters for each PCM system (The melting temperature

of each phase is reported as reference with respect to process temperatures)

System composition
(Transition temperature)*

High-melting Low-melting phase

Powder mixing

Heat treatment temperature/°C

Compression

Intermediate Sintering

phase (PCM) holding (30 min) (1 h)
Room temperature,

Cu (1085 °C) Bi (271 °C) Simple mixing maximum pressure: 240 350

300 MPa

Sn (232 °C) Room temperature, 200 500

Al (660 °C) Bi (271 °C) Simple mixing maximum pressure: 200 500

In (156 °C) 300 MPa 140 350

Bi—Sn (141 °C) Room temperature, 200 500

In—Sn (117 °C) simple mixing

Ball milling on PCM +

maximum pressure:

300 MPa 140 350

* Pure element melting temperatures are the same literature values in Table 1; values for Bi—Sn and In—Sn refer to eutectic composition and

were determined in thermodynamic calculations
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A preliminary evaluation of mechanical composed.
properties was done by means of Vickers micro- To evaluate the thermal energy storage
hardness (Future-tech FM—700 microhardness performance of the six systems, it is useful to
tester), repeating 5 measurements with a load analyze the storable energy in a common
of 491N and a dwell time of 15s on a temperature interval. This definition of storable
metallographically prepared surface parallel to energy includes both the latent heat associated to

compression direction. transition and the sensible heat due to temperature
variation, depending on specific heat capacity as

3 Results well. This approach allows to compare systems that
undergo transition at different temperatures, and

3.1 Properties calculation it is also more practical to select a material for
3.1.1 Binary systems and ternary systems with industrial applications in devices for thermal
eutectic active phase energy storage or management. The considered

Calculated transition temperatures are reported temperature range is between 100 and 300 °C,
in Table 3 for the binary systems and the ternary which includes all the transition temperatures of the

systems with ratio between active phase elements studied systems. Storable energy values per unit
corresponding to eutectic composition, i.e., In— volume and per unit mass as function of transition
51%Sn and Bi—46%Sn in mass fraction. temperature are shown in Fig. 1(a).

Transition temperatures for binary alloys are For all the investigated alloys, the storable

almost equal to melting temperatures of pure active energy per unit volume is higher than the
phases (Table 1), with a little reduction for Sn and corresponding storable energy per unit mass. Values
Bi alloys. As expected, active phases with eutectic of storable energy per unit mass are close for
composition have a lower transition temperature Al-based alloys with different active phases, but the
with respect to the pure elements of which they are same volume fraction. On the other hand, as active

Table 3 Calculated transition temperatures with Thermo—Calc software
System Al-In Al-Sn Al-Bi Cu—Bi Al-(In—Sn)cy Al=(Bi—Sn)cy
Transition temperature/°C 156.40 229.45 270.18 270.40 116.76 141.40

For ternary systems of Al-In—Sn and Al-Bi—Sn, the ratio between active phase elements corresponds to eutectic composition (In—51%Sn
and Bi—46%3Sn in mass fraction, respectively)

e Al-Sn Al-In Al-Bi Cu-Bi % Al-(In-Sn), < Al-(Bi-Sn),
* eutectic composition
860 860 860
(a) @ Per unit volume (b) Active phase volume fraction

T, 760F o Per unit mass g 1760 ~ T giol 40% 5%
g i g
? El
= 660F 1660 = = |
E I S § 3 E 760 s .

560 1560 & o
5 5 o
= W g . f E = 710t
Z 460t 40% 4460 § 2 X
g ; 5 g 660
; 360 Active phgse 1360 & s A X °
g volume fraction n & 610 R ’
% 260F 5% 42605 & | o
E X m E A )
G 1601 B {160 & S60F A, o

4 Ex g ¥ se,
60 . . . 60 510 . . . . T
100 150 200 250 300 04 05 06 07 08 09 1.0
Transition temperature/°C Thermal diffusivity at RT/(cm?+s™")

Fig. 1 Storable energy in temperature range of 100—300 °C, including both sensible and latent heat contributions for all
investigated systems (For ternary ones the active phase has eutectic composition. Each point represents an alloy
with different active phase volume fractions increasing as indicated by the arrows (5%, 10%, 20%, 30%, and 40%)):
(a) Storable energy per unit volume (colored marker) and per unit mass (white marker) as function of transition
temperature; (b) Storable energy per unit volume as function of thermal diffusivity at RT
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phase content changes, the variation of energy
storage per unit volume is wider for Al-Sn, Al-Bi
and Al—(Bi—Sn)., than for Al-In and Al—(In—Sn)ey.
Comparing the alloys with Bi as active phase, the
system with Al as passive phase can store higher
energy per unit mass, but lower energy per unit
volume with respect to the one with Cu as passive
phase.

Focusing on ternary systems, besides lower
transition temperature with respect to the binary
systems with the same elements, the addition of a
third element changes the storable energies as well.
In terms of energy per unit mass, variations are
quite limited, while they are more evident for
energy per unit volume with different behaviors
between Al—(In—Sn) and Al—(Bi—Sn). Storable
energy per unit volume in Al—(In—Sn) is slightly
higher than that of Al-In (about 2%), and it varies
in a narrow range with the active phase volume
faction, as for Al-In. On the other hand, with
respect to Al—Sn, storable energy per unit volume is
lower from 2% up to 17% as active phase volume
fraction increases from 5% to 40%. Considering
Al—(Bi—Sn) system, storable energy per unit
volume is higher in the ternary system with respect
to Al-Sn and Al-Bi systems (which can store
almost the same energy with the same active
phase content), with variations from 5% to 10%
depending on active phase quantity.

In Fig. 1(b), storable energy per unit volume
between 100 and 300 °C is shown as function of
thermal diffusivity at room temperature. For the
same system, thermal diffusivity increases as the
active phase volume fraction decreases. Comparing
different systems, the ones containing Bi show the
lowest values of thermal diffusivity, but at the same
time alloys with Bi, Sn or Bi—Sn can store more
energy per unit volume with respect to In and In—Sn
alloys with the same active phase volume fraction.
Alloys with low quantity of active phase are an
exception, since values of storable energy are close
for Al-based alloys with In, Bi, Sn and In—Sn;
further, excluding AI-Bi, they have also close
values of thermal diffusivity.

The enthalpy of the system per unit volume as
function of temperature shows how energy is stored
as temperature increases; curves in Fig. 2 refer to
20% (volume fraction) of active phase in binary
systems and ternary systems with eutectic active
phase. The jump discontinuities correspond to

phase transitions. For all the systems, the slope
of the curves, i.e., the specific heat capacity
(derivative of enthalpy with respect to temperature)
multiplied by density, does not change significantly.
Al-based systems have almost parallel curves.
Comparing curves of Al-Sn, Al-Bi and Al—(Bi—Sn),
it is possible to notice that before and after
transitions they tend to overlap. On the other hand,
curve of Al-(In—Sn) is always above Al-In curve,
while it crosses Al-Sn curve during Sn phase
transition at 229 °C being higher at low temperatures
and lower at high temperatures. Cu—Bi alloy shows
a completely different slope with respect to Al
alloys, and it is above all the other curves at any
temperature.

1000

Al-20%Sn

g 900f ......... Al-20%In
Al-20%Bi

2 800¢ Cu—20%Bi

S 700l = — — AlF20%(Bi-Sn),,

g [ =---- Al-20%(In-Sn),,

S 600

£ 500t

& 400 2225

> 29

i /" P

% 300 | 2 'A

=200 ?‘é

100 150 200 250 300

Temperature/°C

Fig. 2 Enthalpy of system per unit volume as function of
temperature for all systems with 20% (volume fraction)
of active phase (Ternary systems have active phase with
eutectic composition; the jump discontinuities in the
curves correspond to phase transitions)

3.1.2 Ternary systems with different active phase
compositions

To study the effect of active phase composition
on energy storage when it is not eutectic, mass
fraction of active phase (In—Sn or Bi—Sn) in ternary
systems was fixed at 40% and alloys with
ipoeutectic, eutectic and ipereutectic compositions
of the binary phase were selected for calculations.
Thanks to the immiscibility of both elements of
the active phase in Al (see phase diagrams for
Al=In [45], Al-Bi [4] and Al—Sn [46]), the pseudo-
binary phase diagram of the ternary system with
fixed Al mass fraction (Figs. 3(a) and Fig. 4(a)), in
the composition range of active phase (0—40%, mass
fraction) and below active phase elements melting
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Fig. 3 Pseudo-binary phase diagram of ternary Al-Bi—Sn alloy with 40% (mass fraction of binary Bi—Sn active phase)
calculated by Thermo—Calc [32] with vertical lines showing compositions of investigated alloys, with ipoeutectic
(yellow dashed-dotted line and green dotted line), eutectic (orange solid line) and ipereutectic (blue dashed line and
black dashed-double dotted line) active phase compositions (a), enthalpy per unit volume as function of temperature (b)
(The legend of (b) is the same as that of (a)), and storable energy per unit volume or mass (c) for each alloy with the
same color code (from left to right: two ipoeutectic, one eutectic and two ipereutectic active phase compositions)
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temperature, resembles the binary phase diagram of
the active phase elements (shown in [47]). Therefore,
if the ternary system is considered, it is more
precise to use the term “eutectoid”, instead of
“eutectic”, since the Al phase is already solid.
Nevertheless, since these ternary alloys are seen as
two-phase composite materials based on Al and a
binary alloy, throughout the paper the term “eutectic”
is used with reference to the active phase binary
system composition, even when ternary systems are
discussed.

For the AlI-Bi—Sn systems, an ipoeutectic alloy
and an ipereutectic alloy were selected close to the
eutectic composition, with 20% and 24% Bi in mass
fraction, respectively. Comparing their enthalpy per

unit volume in the transition temperature range
(Fig. 3(b)), both curves almost overlap that of the
alloy with eutectic active phase, and most of the
transition occurs at constant temperature. For these
non-eutectic compositions, the completion of
transformation in heating occurs within 10 °C
range above it. Moving away from the eutectic
composition, both increasing and decreasing Bi
content, the steep increase of enthalpy at transition
onset reduces and enthalpy increases smoothly until
curves overlap again, even with a higher slope. In
terms of storable energy per unit volume during
transition (Fig. 3(c)), the alloy with eutectic active
phase has the lowest value, while storable energy
increases as the composition moves away from
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eutectic one. On the other hand, the storable energy
in a wider temperature range (100—300 °C), is the
almost the same for each alloy (Fig. 3(c)). The
storable energy per unit mass (Fig. 3(c)) shows the
same trends, but with lower values.

For Al-In—Sn system (Fig.4(a)), the alloy
with ipoeutectic composition of active phase shows
the same behaviour observed for Al-Bi—Sn alloys
far from eutectic composition, with smooth increase
of enthalpy per unit volume with temperature
(Fig. 4(b)) and higher energy can be stored during
transition with respect to eutectic composition. On
the other hand, as In mass fraction increases above
eutectic composition value, solidus and liquidus
lines for the active phase overlap (Fig. 4(a)). The
corresponding curve of enthalpy (Fig. 4(b)) shows a
steep increase upon phase transition, which is not
perfectly vertical, but it has a remarkably high slope.
Transition temperature (133 °C) is higher than that
of eutectic composition (117 °C), but transition
range is about 1 °C. Storable energy is thus quite
the same as the energy of the alloy with eutectic
composition. Considering the temperature range of
100-300 °C, the three alloys can store almost the
same energy per unit volume or mass, as observed
for AI-Bi—Sn system (Fig. 4(c)).

3.2 Alloy characterization

Every proposed system was produced in
various compositions. For ternary systems, the
alloys selected for production have the binary active
phase with the nominal eutectic composition. During
sample preparation for testing, Al-based alloys
containing Bi showed an unexpected reaction with
water, causing a strong heat release, the formation
of bubbles in water and decomposition of the
material. Therefore, it was not possible to prepare
specimens for any of the planned tests. The
manufacturing and use of Al-Bi-based C-PCM
should be thus carefully considered for practical
applications.
3.2.1 Microstructure

Microstructure was analyzed through SEM
micrographs, taken from the core part of specimens.
The lightest areas correspond to the active phase (In,
Sn, In—Sn or Bi), the grey areas consist of the
passive phase (Al or Cu), and the darkest areas are
pores. SEM images of Al-based alloys are shown in
Fig. 5. For all the alloys, active phase particles
appeared quite isolated one another and pores,

which were observed in every sample, and did not
form a network as well. Some of the Al particles
kept their spherical shape from powder form, as
clearly visible especially in Al-Sn alloys by Sn and
porosity at Al particle boundaries.

EDS measurements on Al-based alloys showed
that they have only the elements of the nominal
composition, sometimes with very little amounts of
oxygen. Further, negligible or null quantities of Al
were measured in active phase regions, and vice
versa. Assuming that area fraction measured on
micrographs corresponds to volume fraction, as
suggested by UNDERWOOD [48], it is possible to
evaluate the volume fractions of the three phases
(Al active phase and porosity) in the analyzed areas.
As shown in the diagrams of Fig. 5, porosity ranges
from 1% to 12%, without clear dependence on
active phase volume fraction. The ratio of volume
fraction between Al and active phase,
removing the contribution of porosity, is not always
matching the nominal composition of the alloy,
having higher or lower active phase content.

Focusing on the ternary Al-In—Sn alloy, a high
magnification micrograph of an In—Sn particle is
shown in Fig. 6. Light Sn-rich areas, with an
approximately circular shape, can be observed,
while regions at their boundaries are richer in In
with still a significant amount of Sn. In both areas
the fraction of Al is negligible.

Micrographs of Cu—Bi alloys are shown in
Fig. 7. Although it is possible to clearly distinguish
Bi-rich and Cu-rich regions, differently from
Al-based alloys, Bi particles are not completely
isolated, forming both Bi particles and a fine
network around Cu particles. Dark areas are pores.
EDS measurements confirmed the absence of
diffusion of Cu in Bi, and vice versa. Phase volume
fractions measured from images show porosity
ranging from 2% to 13%, independently of the
active phase volume fraction as in Al alloys. Active
phase volume fraction is higher with respect to
nominal composition for low Bi content and
slightly lower for high Bi content.

3.2.2 Density

The density values for the studied materials
experimentally measured with Archimedes’ method
are reported in Fig. 8 as a function of nominal
active phase volume fraction. The theoretical
(bulk) density values calculated with Thermo—Calc
are indicated with dashed lines in the same plot.

cven
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Fig. 5 SEM micrographs of Al-based alloys with different active phases (In, In—Sn and Sn) and nominal compositions
(5%, 10% and 20% in volume fraction of active phase), and diagrams showing volume factions of phases (Al, active
phase and porosity) measured from micrographs and percentage of active phase with respect to Al neglecting porosity

In: 56.1%

Sn: 43.3% l:l

Al: 0.6%

In: 22.2%
|:| Sn: 77.2%
Al: 0.7%

Fig. 6 High magnification SEM micrograph of In—Sn-
rich particle, with EDS measurements in mass fraction

Standard deviation for experimental results is equal
or lower than 1%, so it would not be visible on the
plot.

Both theoretical and experimental curves for
Al-based alloys (Al-Sn, Al-In and Al-In—Sn)
overlap, with a positive trend as active phase
volume fraction increases. Experimental values are
7%—16% lower than theoretical ones. Cu—Bi alloys
have, as expected, higher densities with respect to
Al-based ones (Fig. 8). Cu—Bi alloys also show an
increase of density with active phase volume;
however, the variation is less significant with
respect to Al-based alloys since density values of
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Fig. 8 Densities of different alloys as function of
nominal active phase volume fraction (Solid lines
indicate experimental results obtained with Archimedes’
method and dashed lines represent theoretical values
calculated with Thermo—Calc (TC))

the two elements are closer. Experimental values
are 12%—14% lower than theoretical ones. For all
the systems, Al-based as well as Cu—Bi alloys,
the experimental density is always lower than
theoretical density without a regular trend as
function of active phase volume fraction.
3.2.3 Latent heat from DSC testing

Latent heat was evaluated with DSC tests in
terms of onset temperature and energy. The curves
of heat flow per unit mass as function of the
temperature have V-shaped peaks in correspondence
of melting during heating (upward) and
solidification during cooling (downward) (Fig. 9).
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Fig. 9 Heat flow per unit mass as function of temperature
for four produced systems (For each system, the quantity
of active phase increases as the curve color becomes
darker. For each alloy, curves corresponding to the two
thermal cycles performed during the DSC test up to
temperatures above melting are shown)
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The onset of melting peaks corresponds to the
expected temperatures for each system, while
solidification peaks can show a certain degree on
undercooling from a few degrees to 20—30 °C in the
case of Cu—Bi. Curves of the first and second
cycles performed during the test overlap quite well
for all alloys. Focusing on Al-In—Sn curves
corresponding to nominal 5% and 10% (volume
fraction) of active phase (the ones in the lightest
colors), they have a peak at about 120 °C, close to
In—Sn eutectic temperature (117 °C) and a small
second one at 229 °C, i.e., Sn melting temperature;
on the other hand, the curve for 20% (volume
fraction) nominal active phase has a single peak at
about 120 °C. In cooling, all the Al-In—Sn alloys
show peaks only close to 120 °C.

Comparing the measured latent heat with
the calculated values obtained from Thermo—Calc
(Fig. 10), experimental results are lower than those
expected for their nominal composition.

35
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Fig. 10 Latent heat measured with DSC test (solid lines)
and calculated with Thermo—Calc (TC, dashed lines) as
function of nominal active phase volume fraction
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3.2.4 Thermal expansion

The expansion per unit length measured with
dilatometry tests is plotted as a function of
temperature for some representative alloys in
Fig. 11. The maximum expansion of Al-based alloys
(Figs. 11(a, b)) was less than 1% (0.5%—0.6%) and,
after the thermal cycle, the length of alloys returned
to the initial length, or it was reduced by 0.1% or
less; this reduction of specimen length was
generally observed during the first thermal cycle,
probably due to some adjustments of the phases and
pores within the sample or of the sample itself
within the machine, since a minimal compression
load acted during the test. In the Al-Sn curves
(Fig. 11(a)), it is also possible to see a little
discontinuity in correspondence of the transition
at 232°C. Cu-Bi alloys (Fig.11(c)) show a
completely different behavior, with maximum
expansion from 0.7% to 1.5%, and residual
expansion from 0.3% to 1.1% after cycle.

The average values of the coefficient of
thermal expansion (CTE) below and above
transition temperature are compared in Fig. 12, as
well as the CTE calculated by applying the mixture
rule to the literature values available for the interval
0—-100 °C (Table 1). For Al-based alloys, the
experimental values below transition temperature
are generally close to the expected values, i.e.,
23-25 pm/(m-°C). Comparing the average CTE
of Al-based alloys below and above transition
temperature, they show negligible variations.
Cu—Bi alloys have lower CTE with respect to Al-
based ones, i.e., about 15 pm/(m-°C). The values
below transition temperature match with calculated
ones. On the other hand, above transition temperature,
the CTE derived from experimental data increases
significantly and has a much wider variation between
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Fig. 11 Expansion per unit length as function of temperature for Al-10%Sn (a), Al-10%(In—Sn) (b) and Cu—10%Bi (c)
measured with dilatometry test (Each specimen underwent four thermal cycles)
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different thermal cycle repetitions.
3.2.5 Thermal diffusivity

The thermal

diffusivity values measured

with laser flash analysis (LFA) as a function of

1405

temperature for the four produced systems are
shown in Fig. 13. Considering the overall trend,
there is a good overlap of the curves in heating and
cooling. In correspondence of or just before phase
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Fig. 12 CTE values of different alloys calculated from literature data and average CTE values measured below and

above transition temperature
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Fig. 13 Thermal diffusivity measured with LFA as function of temperature for four produced systems
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transitions, there are step discontinuities in the
curves. They are more evident for Al-based alloys,
with a significant reduction of diffusivity after
transition. Cu—Bi alloys, on the other hand, show a
continuous and smooth decrease of diffusivity with
increasing temperature, and a little upward step
after transition. In addition, one or some points
out of trend can be observed close to transition
temperature. They can be correlated to the fact that,
close to transition temperature the laser flash heat
input on the sample causes its partial phase
transition, so that the material is no longer
homogeneous as initially assumed. The onset of
phase transition changes heat transport conditions
within the sample, resulting in a trend of the
temperature increment on the opposite side of the
sample not as expected (longer in heating
conditions), thus reducing the indirectly measured
thermal diffusivity according to LFA method. This
phenomenon is related to the nature of PCM and
will not be considered in further analysis.

Considering the diffusivity values as a function
of nominal composition (volume fraction), a
reduction of diffusivity with the active phase
increase is expected for these systems, having the
passive phase with higher diffusivity with respect
to the active phase. While for Cu—Bi alloys,
experimental thermal diffusivity is relatively close
to expected values (Fig. 14), values for Al-based
alloys are much lower and no trends are observed
with the increase of the active phase nominal
quantity.
3.2.6 Hardness

Vickers hardness values for all the tested
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Fig. 14 Experimental

as function of nominal active phase volume fraction

alloys are shown in Fig. 15 as a function of nominal
active phase volume fraction. Hardness of Cu—Bi
alloys has a decreasing trend, from HV 70 to HV 43,
as active phase volume fraction increases from 5%
to 30%. Al-based alloys have lower hardness values
with respect to Cu—Bi, which are between HV 20
and HV 30 with little variations for different
contents of active phase. Contrary to Cu—Bi alloys,
hardness values for Al-based alloys do not follow a
clear trend and, considering also the standard
variation indicated by the error bars, the measured
hardness can be deemed as almost constant.
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Fig. 15 Vickers hardness as function of nominal active
phase volume fraction

4 Discussion

4.1 Calculated properties

Based on thermodynamic calculations, the
proposed method for composite PCM design allows
to compute several properties of interest in the full
temperature range expected for service. The result
is a detailed map of properties for many systems
(Al-Bi, Al-In, Al-Sn, Cu-Bi, Al-In—Sn and
Al-Bi—Sn) and compositions. Enthalpy-based
calculations directly consider both contributions of
latent heat and sensible heat to temperature-
dependent storable energy. Storable energy in the
full range of application temperature is closer to the
behavior of a real component. Further, it allows
comparisons among alloys with different transition
temperatures working in the same temperature
range. Applying this observation to the alloys
studied in the present work, Al-based systems with
different active phases show a quite similar heat
storage per unit mass in temperature range of
100-300 °C (100—190 J/g, depending on the active
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phase volume fraction) thanks to the high specific
heat storable in Al. Thus, according to this analysis,
it is possible to store the same overall amount of
heat with the freedom to choose the active phase
according to other specific application requirements,
i.e., the transition temperature and the associated

latent heat, but also, for example, thermal
diffusivity or density.
Calculations with different active/passive

phase ratios show that properties can vary with
composition more or less significantly depending
on the elements involved and their individual
properties. For example, diffusivity at room
temperature of Al-Bi and Al—Sn based alloys
reduces more greatly than that of Al-In based
alloys as active phase volume fraction decreases,
thanks to the higher thermal diffusivity value for In
with respect to the other two elements. The analysis
of these trends can be important also in the
definition of the production process, since it allows

to evaluate how much local compositional
variations are critical for the final material
performance.

Calculations are particularly important when
ternary alloys are considered; while properties of
binary immiscible systems can be inferred quite
precisely from pure element features, and the
availability of suitable literature data for ternary
immiscible alloys with specific composition is far
more limited. Storable energy during transition is
minimum for eutectic composition of active
phase since it occurs at a constant temperature.
Phase transitions at ipoeutectic and ipereutectic
compositions  also specific  heat
contribution due to temperature change, so in these
conditions the energy storage upon transition is
more gradual as temperature increases and the
storable heat is higher. This feature is less
significant with compositions close to eutectic one
(as shown for Al-Bi—Sn alloys) and if solidus and
liquidus curves are close, as for Al-In—Sn system;
this implies that small local wvariations of
composition in the material can have only slight
effects on the overall properties. Nevertheless, the
overall storable energy in the temperature range of
interest (100—300 °C) is the same for ternary alloys
with the same passive/active phase volume fraction
ratio, so the change in active phase composition
only affects the heat storage mode.

involve a

4.2 Experimental results

The material characterization carried out in the
present research displayed no interactions between
active and passive phases for each selected system,
as shown directly by EDS analyses and indirectly
by DSC analysis, where peaks associated to active
phase transitions occurred at expected temperatures.
In the present study, chemical stability after few
thermal cycles can be inferred from the overlapping
of DSC curves in multiple cycle tests, since this
confirms the absence of interactions that can change
the curve shape in terms of shape, number and
position of peaks. The overlapping of thermal
diffusivity curves in heating and cooling in a
temperature range assuring complete active phase
melting is another point in favor of the
compositional stability and the repeatability of
material behavior over thermal cycles, which is the
thermal stability of PCMs.

The unpredicted reaction observed between
Al-Bi based alloys and water is attributed to the
thermite reaction between Al, Bi;Os; and water,
which uses hydrogen as intermediate product
(causing the bubbles in water) [49]. In the
preliminary literature analysis of the investigated
systems, reactions of each single element oxides
were not considered. Further, the papers specifically
considered for Al-Bi based systems [4,50,51] did
not report this problem, probably because they used
casting processes and the bulk materials for casting
were less affected by oxidation than powders. In the
production method used in the present study,
powder oxidation could occur and also, if powders
are not completely compacted, they are more prone
to react. This event will be considered as a lesson
learnt about the preliminary analysis of possible
chemical reactions, which will take into account
more carefully the starting material and the
environment of production process and service of
C-PCMs. Nevertheless, Al-Bi based alloys will be
still considered as promising C-PCMs, provided
this potential issue is prevented in production
process and application.

Comparing results of different tests, like
density, phase quantities in micrographs, transition
energy in DSC tests and thermal diffusivity,
variations with respect to nominal compositions
were directly or indirectly measured. These
variations could be at least partially attributed
to the presence of porosity. In addition, powder
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metallurgy processes applied to a composite
material could cause some inhomogeneity in
sample composition affecting properties measured
on small sample volumes, while the overall
performance of the material follows the behaviour
expected from nominal composition. In the present
study, density measured on relatively big material
volumes has values closer to the expected trends for
each composition with respect to other properties
measured on smaller volumes. Although production
process will be carefully optimized to improve
material homogeneity, the microstructure of
metallic C-PCMs produced by powder metallurgy is
anyway fine enough to be tested with the proposed
methods and the obtained results can be analyzed to
understand better material behavior despite the
mismatches with nominal compositions.

Considering the active phase composition in
the Al-In—Sn ternary alloy, micrographs and EDS
analysis show a structure consisting of Sn primary
grains with a eutectic or quasi-eutectic structure at
grain boundaries. DSC curves show that the main
transition peak is the one occurring at eutectic
temperature, proving the capability of applied ball
milling process to produce mechanical alloying of
In and Sn. As an alternative, also atomization of
powders directly from a master alloy of In—Sn
eutectic composition could lead to homogeneous
powder composition and microstructure. In addition,
a peak at Sn melting temperature is observed as
well in some curves. These results suggest the
possibility of designing of a material with more
than one active phase melting at different
temperatures, which could be obtained by mixing
powders with different compositions.

Focusing on microstructure, the presence of
porosity was observed in all the alloys. According
to micrographic analysis and density measurements,
porosity variation with active phase quantity does
not follow a regular trend. A regular trend could be
expected considering that, reducing active phase
volume fraction, the powder blend has higher
quantities of hard particles (Al and Cu), which are
less prone to plastically deform, thus leading to a
less compact material. Also, the ambient conditions
during compression, like temperature and especially
humidity, can play a role in particle flow [52,53].
Finally, porosity can be related to molten phase
motion due to capillary forces, as discussed for
Cu—Bi. The root cause for porosity in the studied

materials is probably a combination of all these
phenomena. Porosity affects properties that depends
on material volume, like density, thermal diffusivity
and mechanical properties, generally reducing their
values. Further, it can be useful to reduce tensions
upon active phase expansion during melting,
providing empty volume to be filled.

Microstructural analysis showed differences in
phase arrangement among the alloys. This can be
attributed to the different wettability features of the
molten active phase on solid passive phase during
sintering. When wettability is low, as in the case of
the Al-based alloys, the powder metallurgy process
results in the active phase embedded in the passive
phase, without interconnections between active
phase particles. On the other hand, the high
wettability of Bi on Cu leads to continuous active
phase network, where Bi-rich areas (reasonably
former Bi powder particles) are surrounded by a
network of Bi at Cu particles boundaries. Focusing
on material properties, the most significant impact
of molten phase wettability and phase arrangement
was observed on thermal expansion evaluated in the
dilatometric tests. Al-based alloys (about 0.6%)
expand less than Cu—Bi alloys (1.5%) during a
thermal cycle overcoming their melting range and
their length is almost unchanged even after a few
cycles, while Cu—Bi alloys keep a residual
expansion (0.3%—1.1%). SINGH et al [54] attributed
the expansion of Cu—Bi alloys before regular
compressive creep behaviour to the penetration of
liquid Bi in crevices of Cu particles, even breaking
agglomerates, due to the capillary force enhanced
by high wettability. These liquid motions also cause
the formation of voids at the original location of Bi,
thus explaining the porosity observed in as-sintered
materials as well. These results suggest that
continuous matrix of Al-based alloys and the low
wettability of molten active phase on Al can keep
the overall shape of the material even in the
presence of loads without motion of liquid active
phase in the solid structure. On the contrary, Cu—Bi
alloys undergo more significant deformation even
with a small load as in dilatometry tests (i.e., about
12 kPa); this behavior does not prevent the use of
Cu—Bi system, but it should be taken into account
in design step.

The presented analysis focused on heat storage
and form-stability, but there is an additional
function related to the phase transition, i.c., the
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steep change of thermal diffusivity. Al-based alloys
have a clear reduction after phase transition, while
Cu—Bi alloys show a little increase. The difference
between the two groups of alloys depends on the
variation of thermal diffusivity of active phase with
transition: In and Sn have a significant reduction of
thermal conductivity upon solid—liquid transition,
but Bi has a little increase [55,56]. In practical
applications, this is an additional function of the
material, since the change of thermal diffusivity
affects the heat transfer rate in the material.
Therefore, it is possible to use a metallic C-PCM
to reduce or enhance heat transfer when the
temperature of transition is reached.

5 Conclusions

(1) The calculations allowed to compare
several systems with the freedom of choosing the
desired composition, which includes not only the
PCM, but the passive phase as well. Especially for
ternary systems, this approach was useful to
understand how different compositions affect the
thermal behavior of a metallic C-PCM.

(2) The experimental testing of selected alloys
showed that not all the features of interest can be
simulated with these calculations, in particular the
effect of microstructure and stability over thermal
cycles. These two aspects are related to the phase
distribution and the presence of porosity, which
depend on production process, 1i.e., powder
metallurgy for the investigated materials. The
wettability of the molten active phase on the
passive one plays a fundamental role in defining
phase arrangement during production and properties
in service conditions. Especially, both mechanical
behavior and thermal conductivity are severely
affected by the distribution of the low melting and
low diffusivity active phase.

(3) The coupling of the theoretical and
experimental approaches can ease and accelerate
the development of metallic C-PCM, testing only
the alloys with potentially suitable properties to
evaluate experimentally the material features which
cannot be simulated.

(4) This combination of approaches allows to
analyze properties of C-PCMs from different
perspectives, thus suggesting more ways to use
these materials and how to control their performance
in view of a tailored application to real components.
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