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a b s t r a c t

In this paper the use of metallic alloys is proposed as high thermal conductivity phase change materials
(PCM) for thermal energy storage (TES). The high thermal conductivity of the proposed metallic PCMs is
around two orders of magnitude higher than the one of materials (molten salt) commonly used on TES
applications. This would present great benefits in several applications frames from the concentrated solar
power (CSP) to industrial heat recovery. In this work, three different alloys, with different Al content,
have been selected from the Mg-rich corner of Mg-Zn-Al ternary phase diagram with general formulas
Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6. The first and third materials correspond to quasi-
peritectic compositions and the second material corresponds to a eutectic composition. The eutectic
compositions, in general, are considered more suitable as PCMs for TES application due to their long-
term stability under charging discharging cycles. The two quasi-peritectic compositions have been
selected to investigate the influence of the chemical composition changes on the thermophysical
properties and consequently to study their potentiality regarding the energy storage density factor.

In this work, a complete structural and thermophysical characterization of the selected metal alloys
has been carried out in order to obtain the driving parameters for latent heat storage applications. In
general, the obtained results confirm the suitability of the investigated metals alloys as high thermal
conductivity phase change materials for latent heat energy storage.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Thermal energy storage (TES) systems have become a key issue
on an efficient management of the available energetic sources [1].
Their implementation in different applications, such as concen-
trated solar power (CSP) plants [2,3] and industrial waste heat and
industrial processes [4e6], has shown a very high potential in order
to increase the global efficiency of the involved processes and to
reduce the energy consumption. Thermal energy storage (TES)
technologies are predominantly based on molten salt mixtures as
sensible heat storage material [7e9]. This approach has extensively
been used in many concentrated solar power (CSP) plants imple-
menting the two-tank molten salt solution. As a consequence, this
storage system has become a developed and mature technology.
Currently, the latent heat storage (LHS) has attracted the attention
.

of the scientific and technologic community [10e12]. Several ad-
vantages are associated to this storage method, such as, the
isothermal operation behaviour and the large storage capacity
based on the high energy storage density. Up to now, in high
temperature range, different phase change materials (PCM), like
inorganic salts, have been proposed and investigated in different
applications [13,14]. Recently, the sodium nitrate (NaNO3), with
melting temperature 306 �C, thermal conductivity 0.6 W/m K and
latent heat 175 kJ/kg, was successfully tested in 1 MW test facility
for direct steam generation application [15]. However, the currently
proposed PCMs present several shortcomings like their low ther-
mal conductivity which need to be overcome in the next generation
of TES technologies. This leads to a poor heat transfer in the ma-
terial and to the need of using sophisticated heat exchanger devices
in order to reach an acceptable heat transfer between the storage
media and the heat transfer fluid [13,16,17].

In this work, the use of metallic alloys as LHS materials is pro-
posed as an innovative solution addressing the low thermal
conductivity limitation of the convectional PCMs. Among the
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advantages of these materials, derived from their high thermal
conductivity, are their fast thermal response and the consequent
high operation power level. The high thermal conductivity of these
materials could not only represent a breakthrough concept
regarding current storage technologies but also to protect some
components, as receivers, against thermal shocks and to reduce the
impact of solar fluctuations and received radiation transients.
Moreover, these materials present very high decomposition tem-
peratures whichmake themvery important for newgeneration CSP
plants where high operation temperature above 650 �C is predicted.
Although several research groups have suggested and investigated
the suitability ofmetals as storagematerials [18e25], a deep effort is
still needed at all levels, from the basic materials science to the final
application development in order to develop a satisfactory solution.

In this scope, recent investigations in our laboratories have
identified the Mg72Zn28 binary eutectic alloy as an appropriate LHS
material [26,27]. The selection of this binary eutectic composition
as potential PCM was performed due to its melting temperature in
the operational temperature range of CSP plants, as well as, due to
high fusion entropies, availability and low cost of Mg and Zn metals
[18,19]. In these works, it has been demonstrated the main advan-
tages of this material and its suitability as PCM for thermal energy
storage applications due to its good thermophysical properties. One
of the drawbacks regarding the material point of view is its sensi-
tivity to the melt-cooling rate. Two different phase compositions
are obtained: from one hand, the expected phases Mg21Zn25 and a-
Mg are achieved with controlled cooling rate of 0.1 �C/min. From
the other hand, the metastable compositions Mg51Zn20 and a-Mg
are established with no-controlled cooling rate (5e10 �C/min). A
high influence of themetastable behaviour of theMg72Zn28 alloy on
some thermophysical properties was observed. As an example, the
experimental values of the thermal diffusivity obtained for the
metastable phase are 40% much lower than the ones obtained for
the stable phase in temperature range of 50e250 �C. In the present
work, in order to overcome the meta-stability nature of the studied
binary alloy and to identify new metal alloys candidates, the
Mg70Zn24.9Al5.1 ternary eutectic alloy, with close composition and
similar melting temperature to the mentioned Mg72Zn28, has been
selected, where the Al metal selection was also performed ac-
cording to its high fusion entropy, availability and low cost. In
addition, two quasi-peritectic alloys, Mg71Zn28.9Al0.1 and
Mg70Zn24.4Al5.6, close to the selected ternary composition, have also
been studied. The main motivations of this experimental work are
to investigate the behaviour of different materials from the Mg-Zn-
Al ternary system and to study the possible influence of the
composition modifications on the structural stability of the mate-
rials and, consequently, on their driving thermophysical properties
for the thermal energy storage applications.

The three selected materials are located in the Mg-rich corner of
the Mg-Zn-Al system displayed in Fig. 1 [28]. Table 1 summarizes
the general formula, atomic and weight compositions and the
theoretical melting temperature of the investigated alloys. The
Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 ternary metal
alloys have been synthesized and an exhaustive structural and
thermophysical characterization has been conducted. The obtained
results are compared to the ones of the eutectic binary composition
in order to highlight their suitability as PCMs for thermal energy
storage application.

2. Materials and methods

2.1. Material synthesis

Total amounts of about 60 mg of the selected alloys,
Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6, were prepared
by the stoichiometric proportion of the primary metals (purity
higher than 99.99%), and then placed into an alumina crucible. To
avoid the possible oxidation during the synthesis process the
alumina crucibles were introduced inside small stainless steel re-
actors and closed hermetically in a glove box under argon inert
atmosphere. The synthesis process was performed in a muffle
furnace at 500 �C (heating rate of 10 �C/min) and maintained for
6 h. During the synthesis process an external mechanical move-
ment was applied every 30min in order to ensure the homogeneity
of the synthetized alloy. Two different cooling rates of 10 �C/min
and 0.1 �C/minwere applied to study the effect of this parameter on
obtainedmaterial microstructures. After the solidification, the alloy
samples were mechanized in order to obtain the appropriate shape
and size to subsequent characterization. Finally, in order to relax
the stresses due to machining process, a thermal treatment below
the melting temperature, at 300 �C, during 24 h was carried out.
The correct composition and the homogeneity of the investigated
alloys were confirmed by inductively coupled plasma (ICPe Ultima
2 Horiba) by analysing different parts of the prepared samples.

2.2. Characterization methods

2.2.1. X-ray powder diffractions (XRD) and scanning electron
microscopy (SEM)

In order to identify the present phases in the alloys and to
calculate their lattice parameters, X-ray powder diffraction analysis
(XRD) was performed by means of a Bruker D8 Advance Diffrac-
tometer in Bragg-Brentano geometry (qeq) using CuKa1,2 radiation.
The datawere collected between 5� and 80� in 2qwith a step size of
0.02� and 8 s per step. The treatment of the diffractograms was
performed using the WinPlotr/FullProf package [29,30].

Scanning electron microscopy (SEM) investigations were per-
formed using a Quanta FEG 250 microscope. Smooth surfaces of
specimens were prepared by using SiC papers and diamond pastes
down to 1 mm grain size. The samples were imaged in high vacuum
mode at 30 kV using back scattered electron detector (BSED). The
microscope is equipped with an Apollo 10 SSD energy-dispersive X-
ray spectrometer (EDX) for elemental analysis.

2.2.2. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) measurements were

performed by using a TA Q2000 calorimeter to determine the
melting/solidification temperatures, latent heat and specific heat of
the studied metallic alloys. For melting and solidification temper-
atures and enthalpies determination, around 50 mg of the samples
using alumina sample holders weremeasured. In order to check the
repeatability of the results three cycles between 200 �C and 450 �C
with heating and cooling rates of 10 �C/min and under argon flowof
100 ml/min have been carried out. The experimental error for the
temperature and enthalpy are ±0.01 �C and ±0.1%, respectively.

The specific heat of the alloys has been measured by modulated
quasi-isothermal DSC technique [26,31]. The selected experimental
parameters are: 1 h for the modulation time, ±1 �C for the temper-
ature amplitude and 120 s for the modulation period. The measure-
ment of the specific heat was limited up to 200 �C in order to avoid
possible corrosionmechanismsbetween the alloyand thealuminium
crucibles in the liquid state.Under these experimental conditions, the
experimental error of these measurements is lower than ±3%.

2.2.3. Thermal diffusivity by laser flash apparatus (LFA)
The thermal diffusivity of the alloys was determined by using a

laser flash apparatus (LFA 457, Netsch). Three cycles from 50 �C to
400 �C were carried out. The measurements were performed each
50 �C in the solid phase and each 20 �C in the liquid phase. Disk
shaped samples of 10mmof diameter and 1.5mmof thickness with



Fig. 1. Zn-Mg-Al liquidus projection [50].
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graphite surface coating were measured under argon flow (50 ml/
min). The estimated experimental error is lower than 5% [32,33].
The thermal conductivity was indirectly calculated using the
equation: (1) l ¼ a$r$Cp, where,l is the thermal conductivity (W/
m K), a is the thermal diffusivity (mm2/s), r is the density (kg/m3)
and Cp is the specific heat (J/g K).

3. Results and discussion

3.1. Structural analysis

Fig. 2 shows the X-ray diffractograms of Mg71Zn28.9Al0.1,
Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloys synthesized using a
cooling rate of 10 �C/min. The results of the refinements show the
presence of two phases in different proportions. The first one is an
isostructural composition of the trigonal Mg21Zn25 intermetallic
phase [34], and the second one is an isostructural composition of
the hexagonal Mg phase [35]. According Mg-Zn-Al phase diagram
[36], Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloys should present the
cubic Mg32(Al,Zn)49 intermetallic compound as a third phase
[37e39]. Ren et al. [40] suggested thatMg32(Al,Zn)49 is ametastable
phase and its presence depends on the preparation conditions.
Therefore, in order to study the effect of the cooling rate on the
phases formation other materials have been prepared under slow
Table 1
The compositions in atomic and weight portions, and the theoretical melting tem-
peratures of Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloys.

Alloy Atomic
percentage (%)

Weight
percentage (%)

Tm (theoretical) (�C) Ref.

Mg Zn Al Mg Zn Al

Mg71Zn28.9Al0.1 71 28.9 0.1 47.7 52.2 0.1 340.48 [28]
Mg70Zn24.9Al5.1 70 24.9 5.1 49 47.1 3.9 338.36 [28]
Mg70Zn24.4Al5.6 70 24.4 5.7 49.4 46.2 4.4 340.07 [28]
cooling rate of 0.1 �C/min. The analysis of the diffractograms shows
the presence of the same phases established under the previous
cooling rate of 10 �C/min. From the one hand, this results shows
that the Mg32(Al,Zn)49 has not been established under various
cooling rates which is aligned with the result in Ref. [40]. From the
other hand, this analysis demonstrates the stable behaviour of
these ternary alloys independently of the applied cooling rates
which is different to the metastable behaviour obtained for the
Mg72Zn28 binary eutectic alloy where a random formation of two
intermetallic phases (stable andmetastable) was obtained [27]. The
addition of Al metal (even a small amount of 0.1 at.%) to the Mg-Zn
binary system leads to stabilise the system forming stable Mg21Zn25
intermetallic phase and Mg solid solution at room temperature.

Table 2 shows the lattice parameters of the Mg21Zn25 and Mg
isostructural phases obtained from the refinements in comparison
to the lattice parameters of the pure phases obtained from ICSD
database [34,35]. The refined lattice parameters are different to the
ones of the pure Mg21Zn25 and Mg phases and these variations are
related to the Zn and Al solubility in both structures.

In the case of Mg71Zn28.9Al0.1 alloy, the calculated lattice pa-
rameters of both phases, Mg21Zn25 and Mg, are smaller than the
ones of the pure reference phases. Considering the atomic radius of
Mg (1.60 Å), Zn (1.42 Å) and Al (1.43 Å), the decrease of the lattice
parameters indicates the substitution of the Mg atoms in both
isostructural phases by the Zn and Al atoms which have smaller
atomic radius.

In the case of Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloys two
different effects in the lattice parameters are observed. As in
Mg71Zn28.9Al0.1 alloy, the lattice parameters of Mg solid solution
decrease with the addition of Al due to the substitution of Mg by
smaller Zn and Al atoms. However, the Mg21Zn25 phase lattice pa-
rameters increase with the addition of Al. This result suggests that
the Al, present in these alloys, could be contained in the Mg21Zn25
intermetallic phase deforming its cell unit.



Fig. 2. Experimental (–) and calculated (oo) X-ray diffraction patterns for the refinements of Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloy samples. The bars in the lower
part of the graphics represent the Bragg peak positions that correspond to Mg (bottom) and Mg21Zn25 (top) isotropic phases.
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To confirm the results observed by XRD measurements, scan-
ning electron microscopy (SEM) experiments were performed. The
images of three alloys are shown in Fig. 3 where each row of images
corresponds to an alloy composition. In general, the observed
structures by SEM confirm the eutectic and quasi-peritectic nature
of the investigated alloys [41e43]. It can be observed that the
crystal size of the phases increases with higher Al content in the
material. However, in the case of theMg71Zn28.9Al0.1 alloy (Fig. 3 a, b
and c), the small amount of the Al which actuates as an impurity,
increases the number of germination nucleus. As a consequence,
the crystal size is smaller and the structure is more refined. In the
first column of Fig. 3, images at low magnification of the three
samples cooled at 10 �C/min confirm the homogeneity of the pre-
pared samples. Finally, in the second and third columns, images at
high magnification of the samples cooled at 10 �C/min and 0.1 �C/
min demonstrate that the decreasing of the cooling rate leads to
larger crystal sizes.
Table 2
The refined lattice parameters of the Mg21Zn25 and Mg isotopic phases obtained
from the refinements of the X-ray diffractograms of Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1
and Mg70Zn24.4Al5.6 alloys. The lattice parameters of the pure phases are given for
comparison.

Alloy Mg lattice parameters(Å) Mg21Zn25 lattice
parameters (Å)

a(Å) c(Å) V(Å3) a(Å) c(Å) V(Å3)

Mg 3.2093 5.2103 46.47 e e e

Mg21Zn25 e e e 25.7758 8.7624 5041.72
Mg71Zn28.9Al0.1 3.2014 5.2004 46.16 25.7092 8.7281 4996.03
Mg70Zn24.9Al5.1 3.1972 5.1901 45.95 25.8318 8.7296 5044.70
Mg70Zn24.4Al5.6 3.1948 5.1909 45.90 25.8770 8.7302 5061.77
Additionally, the images provide a strong experimental confir-
mation of the existence of only two phases after the solidification
processes. The black coloured microstructures correspond to the
Mg isostructural phase and the white coloured ones to the
Mg21Zn25 isostructural phase. An exhaustive microstructural in-
spection of the sample surfaces also confirms the absence of the
cubic Mg32(Al,Zn)49 intermetallic phase in Mg70Zn24.9Al5.1 and
Mg70Zn24.4Al5.6 alloys.

In order to determine the experimental compositions of the
intermetallic phases present in each alloy EDX analysis was per-
formed. Table 3 summarizes the observed phase compositions and
their proportions compared to the theoretical ones obtained from
the ternary phase diagram at room temperature [35]. Regarding the
Mg isotopic phase compositions, it can be observed that Mg is
substituted by Zn and Al. Moreover, it can be noted that increasing
the Al proportion in the alloys, the Zn solubility in Mg phase also
increases. It can also be remarked that the increasing of the Al
proportion in the alloy leads to an increase of the Zn solubility in
the composition of Mg phase, as Ren et al. observed in Ref. [44]. For
the case of the experimental Mg21Zn25 isostructural phase
composition of, around 8 at.% and 10 at.% Al solution have been
found in Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloys, respectively.
The Mg-Zn-Al phase diagram at room temperature indicates a
maximum Al solubility around 2.5 at.% in Mg21Zn25 phase [36]. This
discrepancy between experimental and theoretical values might be
related to the absence of the Mg32(Al,Zn)49 phase in these alloys. As
a consequence, the Al amount associated to the ternary phase was
dissolved mainly in the Mg21Zn25 phase. Another consequence, of
this anomalous Al distribution in this intermetallic phase, is the
increase of the lattice parameter values, as indicated by the
experimental XRD analysis. So, the extension of the Al solubility in



Fig. 3. SEM images of Mg71Zn28.9Al0.1 (a, b and c), Mg70Zn24.9Al5.1 (d, e and f) and Mg70Zn24.4Al5.6 (g, h and i) alloys. In the first column (a, d and g), lowmagnification ( � 400) images
of the alloys cooled at 10 �C/min rate are showed. In the second (b, e and h) and third columns (c, f and i), high magnification ( � 1200) images of samples cooled at 10 �C/min and
0.1 �C/min rate are showed, respectively.
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the Mg21Zn25 phase causes some deformation in its structure and
gets bigger its lattice parameters. Similar extension solubility re-
sults were observed in previous study of Sn-Bi alloy systemwith an
extension of solid solubility up to 35 at.% Bi content [45,46]. Overall,
the SEM-EDX results are in agreement with the XRD analysis and
confirm the presence of only two phases Mg21Zn25 and Mg in the
studied materials.
Table 3
Results of the phase compositions and their proportions for Mg71Zn28.9Al0.1, Mg70Zn24.9A

Material Composition of expected
phases

Proportion of expected phases
(at.%)

Co
an

Mg71Zn28.9Al0.1 Mg 46 M
Mg21Zn25 54 M

Mg70Zn24.9Al5.1 Mg 46 M
Mg21Zn25 36 M
Mg32(Al, Zn)49 18 e

Mg70Zn24.4Al5.6 Mg 46 M
Mg21Zn25 32 M
Mg32(Al, Zn)49 22 e
3.2. Thermophysical characterization

3.2.1. Density
The determination of the density (r) is an important data not

only to determine compaction of obtained samples but also to
calculate the storage energy density of TES materials. Two tech-
niques are used to determine the density of the materials:
l5.1 and Mg70Zn24.4Al5.6 alloys.

mposition of observed phases by EDX
alysis

Proportion of observed phases
(at.%)

g0.95Zn0.04Al0.01 43
g24.4Zn21.6 57
g0.91Zn0.08Al0.01 52
g21.6Zn20.7Al3.7 48

g0.89Zn0.09Al0.02 56
g21.2Zn20.2Al4.6 44



Table 4
Theoretical, calculated and experimental density values at room temperature of
Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloys.

Material Density (g/cm3)

Theoretical Experimental
(pycnometer)

Experimental
(archimedes
method)

Mg71Zn28.9Al0.1 3.09 3.00 2.89
Mg70Zn24.9Al5.1 3.02 2.82 2.76
Mg70Zn24.4Al5.6 3.01 2.79 2.73
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Archimedes technique and helium pycnometer (AccuPyc-II 1340
from Micromeritics), which is an accurate technique for measuring
the density of alloys [47]. Table 4 summarizes different density
values for each alloy, the theoretical value calculated from the pure
expected phases obtained from the ternary phase diagram, and the
experimental values obtained by helium pycnometer and Archi-
medes techniques measurements. As it can be observed, the den-
sity decreases with the decrease of Zn proportion in the alloys. This
effect is due to the higher Zn density compared to Mg and Al ones.
In the investigated alloys, the experimental density values
measured by the Archimedes technique are smaller than the ones
obtained by helium pycnometer. The deviation is less than 4% and
corresponds to the open pores in the materials. The experimental
helium pycnometer densities are smaller than the calculated ones
and the difference is less than 3% which corresponds to the closed
pores in the samples. So, this slight reduction in density values
confirms the compactness of the materials. The total amounts of
the open and close pores are less than 6%.
3.2.2. Calorimetric analysis
Fig. 4 shows the heating and cooling curves of DSC measure-

ments for Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 al-
loys. The three alloys show similar behaviour with similar melting
and solidification temperatures and enthalpies. Hysteresis values
between 8 �C and 11 �C are observed. However, the slight compo-
sitional differences between the investigated alloys lead to
different phase transition mechanisms.

Fig. 4 (a) shows the heating and cooling curves ofMg71Zn28.9Al0.1
quasi-peritectic alloy. Its behaviour is similar to the binary eutectic
Mg72Zn28 alloy due to their close compositions. On the heating run,
two partially overlapped transformation processes are found. The
first peak at 335 �C corresponds to the eutectoid solid-solid phase
transformationMg0.95Zn0.04Al0.01þMg24.4Zn21.6/ (Mg51Zn20). The
second one at 343 �C is associated to the solid-liquid phase
Fig. 4. Melting and solidification temperatures and enthalpies obtained from DSC results a
alloy, in (b) the values for Mg70Zn24.9Al5.1 eutectic alloy and (c) the values for Mg70Zn24.4Al
transition (Mg51Zn20)þMg24.4Zn21.6 / L. Due to the overlapping
between both transformation processes it is difficult to obtain ac-
curate individual transformation enthalpy values. However, the
overall enthalpy associated to both transitions is 153 J/g. On the
cooling run, both transformation processes are totally overlapped
and a single calorimetric peak is obtained at 332 �Cwith a transition
enthalpy of 154 J/g. Fig. 4 (b) displays the heating and cooling
curves of Mg70Zn24.9Al5.1 eutectic alloy. On the heating
Mg0.91Zn0.08Al0.01 þ Mg21.6Zn20.7Al3.7 4 L eutectic phase transition
occurs at 340 �Cwith an enthalpy value of 157 J/g. On the cooling run
the solidification process occurs at 330 �C with an enthalpy of 157 J/
g. Fig. 4 (c) displays theheating and cooling curves ofMg70Zn24.4Al5.6
quasi-peritectic alloy. According to phase diagram, two trans-
formation processes are expected; the first one corresponds to
eutectic phase transition and the second one, due to quasi-peritectic
nature of the alloy, is associated to themelting of primary crystal. As
it can be seen from the curve, only a single large peak is obtained at
341 �Cand is related to the overlappingof both transformationswith
an overall enthalpy of 157 J/g. During the cooling run two partially
overlapped transformation processes are found. A first peak at
359 �C corresponds to solidification of the mentioned
primary crystals and the second one corresponds to
L/ Mg0.89Zn0.09Al0.02 þ Mg21.2Zn20.2Al4.6 eutectic phase transition
at 333 �C.

It has to be noted that the three alloys show stable phase
transitions unlike observed metastable nature in the Mg72Zn28
binary eutectic alloy [26]. On the other hand, the absence of
Mg32(Al, Zn)49 intermetallic compound does not affect the phase
transition behaviour of the Mg70Zn24.9Al5.1 eutectic alloy, which
shows a single and narrow peak in phase transition process,
which ensures the eutectic and homogeneous nature of alloy
sample. In contrast, the other two investigated alloys show the
contribution of secondary peaks due to their chemical composi-
tion. In this way, a eutectoid reaction in Mg71Zn28.9Al0.1 quasi-
peritectic composition and primary crystals melting and solidifi-
cation processes in Mg70Zn24.4Al5.6 quasi-peritectic alloy have
been observed.

The observed behaviours of DSC curves of the investigated alloys
are in agreement with the expected reactions sequences and also
with the theoretical and experimental melting temperatures and
transition enthalpies values reported by several authors [48e50].

3.2.3. Specific heat
The specific heat (Cp) of the alloys has been measured by means

of the modulated DSC method from �80 �C to 200 �C for
Mg71Zn28.9Al0.1 and Mg70Zn24.4Al5.6 alloys. The specific heat data of
t 10 �C/min heating/cooling rates. In (a) the values for Mg71Zn28.9Al0.1 quasi-peritectic
5.6 quasi-peritectic alloy.



Fig. 5. The experimental and calculated Cp data for (blue) Mg71Zn28.9Al0.1 and (green) Mg70Zn24.4Al5.6 alloys. The calculated Cp data for (red) Mg70Zn24.9Al5.1 alloy. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Mg70Zn24.4Al5.6 alloy are not presented due to their similarity of Cp
values of Mg70Zn24.8Al5.1. As it was explained recently in Ref. [27]
the Cp of metal alloys can be calculated in the complete tempera-
ture range through a theoretical approach. This thermodynamic
calculation has been used to determine the Cp of the three inves-
tigated alloys. The experimental and calculated data show good
agreements as can be clearly observed in Fig. 5. Then, three alloys
show similar Cp values with a difference around 1e4% at 300 �C. On
the other hand, Mg71Zn28.9Al0.1 alloy presents the lower Cp values
due to its lower content of Al. The obtained values at 25 �C is around
0.70 J/g$K, 0.72 J/g K and 0.73 J/g K for Mg71Zn28.9Al0.1,
Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloys, respectively.
Fig. 6. Thermal diffusivity and conductivity of (circle) Mg71Zn28.9Al0.1, (diamond) Mg70Zn
indicated by open symbols and the thermal conductivity by solid symbols. Dotted line is a
3.2.4. Thermal diffusivity and thermal conductivity
The high thermal conductivity (l) of metals and alloys is the

main advantage when compared with current heat storage mate-
rials, such as molten salts. Fig. 6 shows the thermal diffusivity (a)
curves of the three investigated materials obtained bymeans of the
laser flash technique. The measurements are obtained in the tem-
perature range from 50 �C to 400 �C covering the solid and liquid
phases. The obtained thermal diffusivities at room temperature of
Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 materials are
26.2 mm2/s, 22.5 mm2/s and 20.4 mm2/s, respectively. In the solid
phase range, up to around 320 �C, the curves are approximately
constant and then, after the melting process, the measured values
24.9Al5.1 and (triangle) Mg70Zn24.4Al5.6 alloy compositions. The thermal diffusivity is
guide for the eyes.
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decrease around the half, 11.0 mm2/s, 14.9 mm2/s and 11.4 mm2/s at
350 �C for Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 al-
loys, respectively.

According to Equation (1), the thermal conductivity (l) was
calculated in a temperature range from 50 �C to 400 �C using the
following parameters: (i) The experimental thermal diffusivity (ii)
the density, which has been approximated to a constant value equal
to the one measured at room temperature (iii) the calculated Cp
values due to the lack of experimental data in the complete tem-
perature range. Fig. 6 shows the obtained l values for the investi-
gated alloys. The thermal conductivities at 50 �C are 56.5 W/m K,
46.8W/m K and 40.8W/m K for theMg71Zn28.9Al0.1, Mg70Zn24.9Al5.1
and Mg70Zn24.4Al5.6 alloys, respectively. Similar behaviour to the
thermal diffusivity curves is observed due to the quasi linear
behaviour of the specific heat and the constant value of the density
in this range of temperature. Thereby, the thermal conductivity
curves are approximately constant in the solid phase and decrease
up to half in liquid phase. However, the three investigated alloys
present high thermal conductivity values, being the lowest value in
liquid phase 26.6 W/m K, 34.7 W/m K and 25.7 W/m K for
Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and Mg70Zn24.4Al5.6 alloys,
respectively.

The obtained thermal conductivity values for the three alloys
are smaller than the obtained for theMg72Zn28 binary eutectic alloy
[26]. This result is due to the periodicity reduction of unit cells of
Mg and Mg21Zn25 phases due to Al presence in them, As an
example, theMg70Zn24.9Al5.1 eutectic alloy with around 5 at.% of the
Al content shows a value of thermal conductivity 30% lower than
the obtained for theMg72Zn28 alloy at 50 �C and the Mg71Zn28.9Al0.1
alloy with a small amount of 0.1 at.% Al shows 15.6% lower thermal
conductivity than the eutectic Mg-Zn binary alloy.

4. Conclusions

In this work, Mg71Zn28.9Al0.1 (quasi-peritectic), Mg70Zn24.9Al5.1
(eutectic) and Mg70Zn24.4Al5.6 (quasi-peritectic) alloys have been
selected as potential PCMs. The structural and thermophysical
characterization of the selected alloys confirms that the three
compositions are suitable to be used as high thermal conductivity
phase change materials for thermal energy storage applications.
The studied metal alloys have shown high structural stabilities in
comparison to the binary eutectic Mg72Zn28 metal alloy which has
shown a random formation of stable and metastable phases. In this
work, independently of the cooling rate only the stable phase
compositions, even in Mg71Zn28.9Al0.1 metal alloy where a small
amount 0.1 at.% of Al content is present, have been established at
room temperature. The experimental values of the thermophysical
properties obtained for Mg71Zn28.9Al0.1, Mg70Zn24.9Al5.1 and
Mg70Zn24.4Al5.6 alloys are similar. A large difference was obtained
for the thermal diffusivity and conductivity properties. In this re-
gard, a small variation of around 5% in the Al content in the alloy
lead to a difference of around 29% in the measured thermal con-
ductivity. Their thermal conductivity values are also smaller than
the obtained for the Mg72Zn28 binary eutectic alloy. These thermal
conductivity reductions are due to Al presence in Mg and Mg21Zn25
phases, which reduces the periodicity of their unit cells and as
consequence the mean free path of electrons in the crystalline
structures of phases. However, the obtained thermal conductivity
values for the studied alloys are still high, being the lower value
around 26W/m$K in liquid phase. The high thermal conductivity of
the investigated metallic PCMs will allow the design and con-
struction of TES devices with extremely fast charging/discharging
rates.

In general, this investigation has shown the high potential of
Mg-Zn-Al ternary system in thermal energy storage area. Within
the studied compositions, the Mg70Zn24.9Al5.1 eutectic alloy could
be the best candidate for this kind of application due to its eutectic
nature which will display better its long term thermal stability.
However, in order to highlight this point, further experimental
works are on-going in our laboratory to study the long-term sta-
bility of these materials, as well as, the possible oxidation during
long term thermal cycling. So, some preliminary results have been
published in Refs. [51], where Mg70Zn24.9Al5.1 eutectic alloy has
shown very good stability after 700 thermal cycles.
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