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Abstract The eutectic Mg49–Zn51 (mass%) alloy has

been identified as a suitable material for latent heat thermal

energy storage. Within this scope, the exhibited solid–solid

and solid–liquid phase transitions have been carefully

characterized. A detailed thermodynamic study focused on

the specific heat of the investigated alloy is also provided.

The Cp behaviour, very important in the thermal energy

storage frame, is theoretically modelled and experimentally

validated by quasi-isothermal modulated differential

scanning calorimetry measurements. Different intermetal-

lic phases of the Mg–Zn binary system have also been

successfully described within this approach in the complete

temperature range.

Keywords Differential scanning calorimetry (DSC) �
Specific heat � Phase transformations � Thermal energy

storage � Mg–Zn binary alloys � Thermodynamics

Introduction

Thermal energy storage [1–3] has been revealed as a key

factor in the efficient use of the energy sources and the

different heat production processes [4–6]. Several sensible

and latent heat-based storage methods have been widely

explored in the last years [1, 2, 7, 8]. The second one,

which presents important advantages, consists on the sup-

ply and recovery of the latent heat (DH) of a first-order

phase transition (usually solid–liquid) of a suitable mate-

rial, which occurs at a constant temperature.

A wide variety of materials with potential use in the

latent heat storage frame have been considered according

to their latent heat or transformation temperature [3, 9–13].

Salt solutions have been studied for the low-temperature

range (243–273 K) with a transformation enthalpy between

230 and 330 J g-1 [12], and paraffins, fatty acids or salt

hydrates for the middle-temperature range (273–373 K)

with enthalpy values between 130 and 260 J g-1 [12, 14–16].

At higher temperatures a few available phase change

materials (PCM) are found [17]. The main shortcoming of

most of these compounds is their low thermal conductivity,

between 0.4 and 5 W m-1 K-1 [10, 12, 18, 19], which

limits considerably the heat transfer in the material.

In order to overcome this drawback, metallic materials

have been proposed as latent heat storage materials

[10, 20–22]. Previous works have shown the capabilities of

metallic pure elements (Al, Zn, Na, Cu, Mg or Ca) or alloys

(Al–Mg, Al–Si, Al–Cu–Mg, Mg–Si, …), whose melting

temperatures are found between 613 and 1,218 K and

transformation enthalpies are between 140 and 775 J g-1

approximately [23, 24]. In this work, the Mg–Zn binary

system has been identified to be of particular interest as it

presents an eutectic composition, Mg49–Zn51 (mass%),

which matches the requirements concerning melting–

solidification temperature and storage energy density [23]

for direct steam generation in a concentrated solar power

plant.

The aim of this work, which is part of a systematic

investigation of Mg–Zn and Mg–Zn–Al alloys in our lab-

oratories, is to provide a complete thermodynamic analysis
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of the eutectic Mg49–Zn51 alloy as PCM for thermal energy

storage.

Experimental

Eutectic Mg49–Zn51 alloy synthesis

The alloy was synthesized by mixing both metals in the

proportions associated to the eutectic composition, 49 % of

Mg and 51 % Zn (mass%) according to the Mg–Zn phase

diagram [25] and confirmed by later assessments [26, 27].

Zn and Mg were obtained from 99.995 to 99.94 % purity

ingots, respectively. The pieces were placed in an alumina

crucible inside a stainless steel container hermetically

closed under argon atmosphere using a copper sealing

plate. The container was heated up to 923 K and was iso-

thermally maintained for 12 h ensuring an appropriate

diffusion time. A rotatory movement was also applied to

favour the homogeneity of the alloy. After cooling down to

room temperature at slow rate (around 0.1 K min-1), a

solid ingot of eutectic Mg49–Zn51 alloy was obtained.

X-ray experiments confirmed that there was no diffusion

between the alloy and the crucible. This procedure guar-

antees the presence of the expected equilibrium phases at

room temperature, according to the mentioned phase dia-

gram of the alloy and avoids the formation of metastable

phases. In addition, no mass loss has been observed during

the alloy synthesis process. The correct composition of the

synthesized samples has been confirmed by calorimetric

measurements which show the peaks associated to the

transformation events according to the phase diagram of

the alloy.

Calorimetric measurements

The phase transitions present in the synthesized eutectic

Mg49–Zn51 alloy have been investigated between 473 and

723 K at different heating/cooling rates using a thermal

analysis (TA) Q2000 differential scanning calorimeter. The

experimental error for the temperature and the enthalpy are

around ±0.01 K and ±0.1 % in each case. Alumina sample

holders were used in the melting/solidification experi-

ments, avoiding corrosion phenomena in the liquid phase.

All the runs were carried out under argon inert atmosphere

preventing the alloy from oxidation.

The specific heat of the eutectic Mg49–Zn51 alloy has

been measured using the modulated quasi-isothermal DSC

technique, described in references [28, 29]. In our experi-

ments the modulation time, amplitude and period have

been fixed to 1 h, 1 K and 120 s, respectively. The sample

has been polished to ensure a good contact with the highly

conductive aluminium pan. The thickness of the sample

was around 1.5 mm to avoid temperature gradients. The

mass of the Mg49–Zn51 alloy was 23.829 mg, which pro-

vided a good calorimetric signal. Using this procedure, in

this work, the specific heat is measured every 4 K from 193

to 473 K with an experimental error lower than ±3 %.

X-ray diffraction experiments confirm that there is no

diffusion between the eutectic Mg49–Zn51 alloy and the

aluminium pans in the measured temperature range (solid

phase). Moreover, after the measurements, no mass change

or oxidation has been found in the alloy.

Experimental results

Various standard DSC experiments at different heating/

cooling rates have been performed. At 5 and 10 K min-1

rates two partially overlapped transformation peaks have

been found on heating and cooling. At 1 K min-1 rate,

Fig. 1 shows two clear separate transformation peaks on

the heating run, which permits to analyse each transfor-

mation event separately. According to the Mg–Zn phase

diagram [25, 26], the first peak, with Th
1 ¼ 608:3 K onset

temperature and DHh
1 ¼ 24:8 J g�1 enthalpy, corresponds

to the eutectoid reaction of the MgZn intermetallic phase

(also identified as Mg12Zn13 [30] and Mg21Zn25 with tri-

gonal structure, space group R�3c [31]) and Mg. This leads

to the formation of the Mg51.04Zn19.80 (orthorhombic

structure, space group Immm [32]) intermetallic com-

pound. The second peak at Th
2 ¼ 614:5 K corresponds to

the melting process of the eutectic alloy with a latent heat

of DHh
2 ¼ 130:2 J g�1. Overall, the total enthalpy value of

both transformation processes is DHh
T ¼ 155:0 J g�1, in

agreement with [23].

On cooling, both peaks are partially overlapped, even at

0.5 K min-1 cooling rate. The onset temperature of the

solidification process is found at Tc
2 ¼ 606:6 K while the

eutectoid reaction onset temperature cannot be accurately

determined. However, Tc
1 ¼ 605:4 K approximated value

is obtained by extrapolation of the DSC peak. Based on the

onset temperatures of the melting–solidification process

and the eutectoid reaction the thermal hysteresis values are

DT2 ¼ 7:9 K and DT1 ¼ 2:9 K, respectively. The deter-

mination of the individual transformation enthalpies is

difficult in this case, but the total value of both processes is

DHc
T ¼ 153:0 J g�1.

When heating at 5 and 10 K min-1, the obtained eu-

tectoid reaction temperatures are Th
1 ¼ 605:6 K and

Th
1 ¼ 606:5 K, respectively. The melting temperatures are

similar to the value found at 1 K min-1. On cooling, the

measured solidification temperatures are Tc
2 ¼ 604:3 K at

5 K min-1 and Tc
2 ¼ 603:6 K at 10 K min-1. In the three

investigated rates no changes on the total enthalpy value

have been found.
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The differences on the solidification process, shown in

Fig. 1, which are dependent on the cooling rate, might

influence the nucleation process of the alloy. In addition, due

to the different thermal hysteresis values, both transforma-

tion processes are closer in temperature on the cooling run.

As no thermal equilibrium is attained during the measure-

ment, the eutectoid reaction could start before the solidifi-

cation process is completed. Overall, these phenomena

might influence the nucleation process of the solid phases

and the subsequent eutectoid reaction on consecutive ther-

mal cycles. As a consequence, different eutectoid reaction

behaviours and temperatures can be expected. This may

explain the discrepancy on the eutectoid reaction tempera-

tures between the value obtained in this work and the ones

given by [26] and [27], Th
1 ¼ 598:2 K and Th

1 ¼ 594 K,

respectively. The small difference of the total enthalpy value

measured on heating and cooling, around 1 %, which is

larger than the experimental error, might also be related to

similar mechanisms. Anyway, further investigation is nee-

ded to clarify this behaviour.

Theoretical lattice specific heat calculation of the Mg49–

Zn51 alloy

The thermodynamic functions, such as the enthalpy,

entropy or Gibbs energy, determine the thermal behaviour

of a material. For this reason, when a sensible or latent heat

storage device is designed, HðTÞ; SðTÞ and GðTÞ are usu-

ally required. All these functions can be numerically

obtained from the specific heat data. As a consequence, the

knowledge of the specific heat of the storage material

becomes of great importance. The lattice specific heat of a

compound can be determined in the complete temperature

range using a theoretical model based on the addition of the

harmonic, electronic and anharmonic contributions. How-

ever, due to the lack of complete experimental data about

the investigated alloy, the specific heat has to be calculated

within an approximated frame.

Harmonic contribution

The harmonic lattice specific heat (Ch), which in general

can be assumed to be the specific heat at constant volume

(Cv) can be directly obtained from the Debye model using

Eq. (1). For both metals, Mg and Zn, this model assumes a

parabolic distribution of the phonon density of states

(DOS) given by Eq. (2) where mD is the Debye’s cut-off

frequency:

Ch ¼ Cv ¼ 3nkB

T

hD

� �3 ZhD=T

0

x4ex

ðex � 1Þ2
dx ð1Þ

g mð Þ / m2 0� m� mDð Þ ð2Þ

In Eq. (1), n is the number of atoms per unit mass, hD is

the empirical Debye temperature, kB is the Boltzmann

constant and h is the Planck constant. The Debye’s cut-off

frequency (mD) and the variable (x) of Eq. (1) are given by

Eqs. (3) and (4), respectively.

mD ¼
kBhD

h
ð3Þ

x ¼ hmD

kBT
ð4Þ

In order to obtain accurate numerical results, the Debye

integral (Eq. 1) has been expanded by means of a poly-

nomial fitting as a function of the coefficient hD

T

� �
in two

separate temperature ranges, as shown in Eq. (5). Con-

ventionally, the high and low temperature limit between

both ranges has been established in T ¼ hD

25

� �
.

Ch ¼ Cv ¼
P20

n¼0

an
hD

T

� �n
if T � hD

25

� �
b

hD
Tð Þ

3 if T\ hD

25

� �
8><
>: ð5Þ

Using this procedure the harmonic specific heat of each

individual metallic component of the alloy, Mg and Zn, has

been calculated. In the literature different characteristic

Debye temperatures (hD) of both metals can be found

[33–36]. However, the best results are obtained selecting
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Fig. 1 DSC results for the eutectic Mg49–Zn51 alloy at 10, 5 and

1 K min-1 heating/cooling rates. Exception made for the 1 K min-1

heating run, two overlapped transformations peaks have been found in

the performed DSC experiments
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hMg
D ¼ 318 K and hZn

D ¼ 234 K [34]. The harmonic lattice

specific heats averaged by the mass percentage of each

component of the alloy, 49 % Mg and 51 % Zn, respec-

tively, are shown in Fig. 2 (C
Mg
h and CZn

h ). The addition of

both contributions as shown in Eq. (6) gives the total

harmonic specific heat of the Mg49–Zn51 eutectic alloy

(curve 1 in Fig. 2).

C
alloy
h ¼ Calloy

v ¼ 0:49C
Mg
h þ 0:51CZn

h ð6Þ

Electronic contribution

Within the free electron model, which is valid to describe

most of the metallic elements, this contribution to the total

lattice specific heat is given by Eq. (7). Except at low tem-

peratures, it is usually very small when compared with the

harmonic contribution of the lattice. Its value at room tem-

perature represents around a 0.5 % of the total specific heat.

Ce ¼
p2k2

Bn

2eF

T ð7Þ

In Eq. (7) kB is the Boltzmann constant, n is the number

of electrons in the conduction band and eF is the Fermi

energy.

In the Mg49–Zn51 eutectic alloy each metal contributes

with two electrons to the conduction band. As a conse-

quence, the electron number per unit mass in the

conduction band is given by Eq. (8) as a function of the

Avogadro’s number (NA = 6.022 9 1023) and the atomic

mass of each element (A).

n ¼ 2NA

A
ð8Þ

Taking into account that Fermi’s energy values are

eF = 7,08 eV for Mg and eF = 9,47 eV for Zn [37], the

electronic contribution to the specific heat of the eutectic

alloy as a function of temperature is given by Eq. (9) in

terms of the averaged individual contribution (mass%).

Calloy
e ¼ 0:49CMg

e þ 0:51CZn
e

¼ 0:49 � 4:11� 10�5 T þ 0:51 � 1:14� 10�5 T ð9Þ

At room temperature (T = 298.15 K), the electronic

contribution is Calloy
e ¼ 0:0077 J g�1K�1, which represents

around 1 % of the harmonic lattice contribution to Cp. This

is a noticeably high value compared with other metallic

elements or alloys. However, this behaviour might be

explained by the electronic band structure of the transition

metals like Zn which usually leads to high electronic spe-

cific heat [33]. The addition of the harmonic and electronic

contributions, C
alloy
h þ Calloy

e , leads to the curve 2 of Fig. 2.

As can be seen, both contributions clearly underestimate

the experimental value of the Cp baseline of the eutectic

alloy (circled line in Fig. 2). This difference can be asso-

ciated to the anharmonic contribution to the total lattice Cp.

Anharmonic contribution

For isotropic materials, it can be shown that the anhar-

monic contribution is given by Eq. (10).

Canh ¼ Cp � Cv ¼ TV
a2

kT

ð10Þ

where T is the absolute temperature, V is the specific vol-

ume, a is the volume thermal expansion coefficient and kT

is the isothermal compressibility.

For anisotropic materials this relation can be generalized

as a function of the elastic constant tensor (cijkl), as shown

in Eq. (11).

Canh ¼ Cp � Cv ¼ TV
X3

i;j;k;l¼1

cijklaijakl ð11Þ

Taking into account the symmetry of the crystal,

Eq. (11) can be simplified. However, this procedure implies

the knowledge of the elastic constant tensor which is not

available for the eutectic Mg49–Zn51 alloy. As a conse-

quence, in order to obtain the anharmonic contribution to

the lattice specific heat, a phenomenological model is

necessary. One alternative is the Nernst–Lindemann

semiempirical relation, shown in Eq. (12). It is based on
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Fig. 2 Circles represent the experimental Cp value of the eutectic

Mg49–Zn51 alloy obtained by modulated differential scanning calo-

rimetry. Curve 1 harmonic specific heat of the alloy (C
alloy
h );

2 harmonic?electronic specific heat (C
alloy
h þ C

alloy
elec ); 3 harmonic?

electronic?Nernst–Lindemann anharmonic specific heat (C
alloy
h þ

C
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Grüneisen equation and it states that the anharmonic

contribution is proportional to the product of the abso-

lute temperature and the squared total lattice specific heat

(Cp).

Canh ¼ Cp � Cv ¼ aTC2
p ð12Þ

In Eq. (12), a is an empirical parameter, given by

Eq. (13), which depends on the material. It has a nearly

constant value over a wide range of temperature.

a ¼ Va2

C2
pkT

ð13Þ

If any of the expansivity parameters is not known, one

alternative is to empirically fit the measured Cp baseline by

changing the value of the a constant. Using the harmonic

specific heat values of the alloy obtained from Eq. (6), the

anharmonic contribution can be calculated in the complete

temperature range by solving Eq. (12) for Cp and selecting

empirically a ¼ 3:4� 10�4 g J�1. It can be noted that the

value of this constant is similar to the one found for pure

Zn and it is close to the value corresponding to Cu

(3 9 10-4 g J-1).

Finally, curve 3 of Fig. 2 shows the theoretical specific

heat of the eutectic Mg49–Zn51 alloy C
alloy
h þ Calloy

e þ
�

C
alloy
anh Þ together with the experimental Cp values obtained

by modulated DSC (circles in Fig. 2). It can be noted that

the difference between theoretical and experimental values

is lower than 3 %.

For comparison, as an example, the experimentally

obtained Cp value of the eutectic Mg49–Zn51 alloy at room

temperature is Calloy
p ð298:15Þ ¼ 0:73 J g�1 K�1. Calculat-

ing the weighted average specific heat at the same tem-

perature from the experimental values of the individual

metallic elements (CMg
p ð298:15Þ ¼ 1:024 J g�1K�1 and

CZn
p ð298:15Þ ¼ 0:388 J g�1K�1 [37]), the obtained result is

Caverage
p ¼ 0:70 J g�1K�1. Finally, the Cp value predicted

by the thermodynamic model explained above is

Calloy
p ¼ 0:72 J g�1K�1. In all the three cases the data

dispersion is contained within a ±4 %.

This theoretical model provides an accurate specific

heat baseline in the complete temperature range. Its

direct numerical integration allows the calculation of the

thermodynamic functions of the eutectic alloy. Within

this frame, the transformation thermodynamic functions

can also be obtained. The thermodynamic equilibrium

temperature of the eutectoid reaction and melting/solidi-

fication process can be defined as the average tempera-

ture between the heating and cooling transformation

events: Teq1 ¼ 606:85 K and Teq2 ¼ 610:55 K, respec-

tively. Equation (14) gives the entropy change in both

cases.

DS ¼ DH

Teq

ð14Þ

The obtained values are DS1 Teq1

� �
¼ 0:04 J g�1 K�1

and DS2 Teq2

� �
¼ 0:21 J g�1 K�1, respectively. Finally, the

driving force of the melting and solidification process of

the alloy can be calculated from Eq. (15).

DGðTÞ ¼ GliquidðTÞ � GsolidðTÞ
�� �� ð15Þ

The respective values are DGmðTh
2 ¼ 614:5 KÞ �

DGsðTc
2 ¼ 606:6 KÞ � 0:84 J g�1.

Application to other Mg–Zn alloys

This thermodynamic model has also been applied to sev-

eral Mg–Zn intermetallic compounds. Morishita et al. [38]

have reported the specific heat values of the Mg25.55–

Zn74.45, Mg19.86–Zn80.14, Mg15.66–Zn84.34 and Mg6.34–

Zn93.66 (mass%) alloys in the 2–700 K temperature range.

As indicated in [38], Cp was measured using the so-called

‘relaxation technique’ for the 2–400 K range and by DSC

for the 400–700 K range.

For each alloy, the harmonic and electronic contribu-

tions to the total specific heat are directly obtained

selecting the individual metal compositions (mass%) on

each case. On the other hand, the anharmonic contribution

depends on the material. The thermophysical properties
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Fig. 3 Model predicted (continuous lines) and experimental specific

heat data (points) of the different Mg–Zn alloys. Respectively 1 and

times Mg25.55-Zn74.45; 2 and open diamond Mg19.86–Zn80.14; 3 and

open square Mg15.66–Zn84.34; 4 and open circle Mg6.34–Zn93.66
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that determine the anharmonic contribution associated to

different intermetallic compounds might show noticeable

changes leading to different Canh values. In this model, this

contribution is empirically determined selecting the a

constant in Eq. (12) for each different alloys. The selected

values have been a ¼ 2:7� 10�4; 2:9� 10�4; 2:4�
10�4 and 2:4� 10�4 g J�1 for Mg25.55–Zn74.45, Mg19.86–

Zn80.14, Mg15.66–Zn84.34 and Mg6.34–Zn93.66, respectively.

The comparison between the reported experimental Cp data

and that predicted by the model is shown in Fig. 3, where a

very good agreement is found at low temperatures in all

cases. However, the model overestimates the experimental

data around 3 % in the medium temperature range

(100–250 K). This behaviour might be due to the sim-

plicity of the phonon spectrum assumed by the Debye

model, used to determine the harmonic contribution. The

high-temperature range, where the anharmonic contribu-

tion is more relevant, is also successfully described.

Conclusions

To conclude, the phase transformation behaviour of the

Mg49–Zn51 eutectic alloy proposed as PCM for thermal

energy storage has been studied. A simple thermodynamic

model has been developed to calculate the lattice specific heat

of the eutectic Mg49–Zn51 (mass%) alloy and different

intermetallic phases of the Mg–Zn binary system in the

complete temperature range. In all cases, a very good agree-

ment has been found between the theoretical calculation and

the experimental Cp data. However, the knowledge of the

phonon spectra or the elastic constants could lead to even

more accurate results in the low-intermediate temperature

range. This model also allows calculating the thermodynamic

functions of the alloy. Finally, within the thermal energy

storage frame where Cp plays a capital role, this theoretical

calculation is a powerful predictive tool which can be gen-

eralized for other metallic alloys used as storage materials.
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