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Abstract This article presents the thermal stability testing

results of five high-temperature phase change materials for

their potential use in latent thermal energy storage systems.

The tested materials are eutectic metal alloys [Zn84Al8.7

Mg7.3, Zn88.7Al11.3, Zn92.2Mg7.8, Zn72Mg28 and Mg70

Zn24.9Al5.1 (at.%)] with phase change temperatures in the

range of 340–380 �C. The five candidates have been

selected not only for their adequate melting temperature

and high fusion enthalpy, but also for the availability and

appropriate costs [2–3 $/kg (Rodrı́guez-Aseguinolaza in J

Therm Anal Calorim 117:93–99, 2014)] of Zn, Al, and Mg

primary metals. As it is well known and demonstrated in

previous works, the use of metal alloys presents noticeable

benefits on the TES solutions based on their implementa-

tion. The particular advantages introduced by the Zn–Mg–

Al system in terms of maximization of the storage capacity

and appropriate operation temperature justify a deeper

analysis of these alloys, previously studied, for a complete

thermal performance. In this work, with the aim of repro-

ducing a realistic thermal cycling behaviour in real heat

storage applications, the selected candidates have been

subjected to short- and long-term thermal cycling tests by

100 and 500 melting/solidification cycles, respectively.

These experiments permitted to detect any potential evo-

lution of the thermodynamic and structural properties of

the investigated materials that could be sign of an

undesirable chemical decomposition or phase segregation.

As a conclusion, the Zn84Al8.7Mg7.3, Zn88.7Al11.3, Mg72

Zn28 and Mg70Zn24.9Al5.1 alloys have been identified as

very promising latent heat storage materials due to their

long-term thermal stability.
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Eutectic metallic alloys � Phase change material � Long-
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Introduction

Latent heat storage (LHS) using phase change material

(PCM) has attracted considerable attention during the last

four decades, and many types of low-temperature PCMs,

mainly with melting temperature below 100 �C, have been

extensively studied [2, 3]. However, the potentiality of

latent heat thermal storage is not reduced to applications of

low operation temperature ranges. The incorporation of

thermal energy storage (TES) can improve significantly the

thermal efficiency of concentrating solar power (CSP)

plants and numerous industrial processes. As consequence,

during the last decade the interest in high-temperature LHS

has experimented an increase. Michels et al. [4] report

experimental and numerical results from the investigation

of cascade LHS using nitrate, chloride and hydroxide salts

with melting temperature in the range of 306–380 �C for

solar power plant application. Seeniraj et al. [5] describe

theoretically and numerically charging and discharging

characteristics of different types of PCMs with melting

temperature in the range of 120–1000 �C for Compact

Linear Fresnel Reflector (CLFR) application and Multi-

Tower Solar Array (MTSA) technologies. Nomura et al. [6]

investigate the feasibility to recover waste heat at
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temperature over 300 �C in steelworks by sodium

hydroxide (NaOH) and to supply it to a benzene, toluene

and xylem (BTX) production plant. Kenisarin [7] summa-

rizes the investigation and developments of PCMs with

melting temperature from 120 to 1000 �C. Liu et al. [8]

review PCMs with melting temperature in the range of

300–550 �C for their potential implementation in the cur-

rent and under construction CSP plants. Liu et al. [9]

combine sensible and latent storage by using concrete

composite (maximum operational temperature of 400 �C)

and sodium nitrate (NaNO3) (melting temperature of

306 �C) for TES in direct steam generation (DSG) plants.

Currently, the under study high-temperature PCMs are

inorganic salts, eutectic and non-eutectic inorganic salt

mixtures, metals and eutectic and non-eutectic metallic

alloys. The salts as high-temperature PCMs have been

more extensively investigated than metals, where chlo-

rides, hydroxides and nitrates have reached the greatest

interest [7]. However, metal alloys have not been seriously

considered as PCMs due to their higher costs compared to

the ones of the inorganic salts. Nevertheless, the high

volumetric energy density of metal alloys can play an

important role when the volume is an important criterion in

the thermal storage unit design. Some works [7, 10, 11]

consider that the use of metal alloys as PCMs has been

underestimated by researchers, although their properties,

such as high thermal conductivity, low corrosivity, small

volume change and no subcooling, overcome the draw-

backs of the salts. Khare et al. [12] use a materials selection

software to identify potential PCMs for high-temperature

solar energy application ([420 �C). They found that metals

such as Al, Mg, Si and Zn and their eutectics are more

suitable PCMs than traditional molten salts. The results of

this analysis demonstrate that KOH and Zn are the most

cost-effective materials. Liu et al. [8] and Hoshi et al. [13]

investigate the suitability of high-temperature PCMs for

their use in large-scale solar thermal electricity plants.

Among their conclusions, it is indicated that Zn may be a

cost-effective option for parabolic trough systems using

higher boiler temperatures.

To identify potential PCMs, it is essential to study their

thermophysical properties, such as phase change tempera-

ture, phase-transition latent heat, thermal conductivity or

specific heat among others. However, the selection of

PCMs must be also performed on basis of their long-term

thermal stability. A PCM should be not only thermally,

chemically and physically stable, but also should be con-

gruent, which means that no phase segregation or chemical

degradation should be happen. In addition, the phase

change temperatures should not present great changes and

the phase-transition heats should be constant without pre-

senting any decreases in their values. To evaluate the long-

term performance of the storage unit, the changes in the

thermophysical properties should be analysed after a

repeated number of thermal cycles. In this frame, repeated

thermal cycles process performed under controlled condi-

tions in the laboratory is aimed to understand the behaviour

of the material under real conditions [14].

Although there are numerous studies of thermal stability

for low-temperature PCMs [14–26], investigations for

high-temperature PCMs are scarce. Shin et al. [27] analyse

the long-term performance of a carbonate eutectic salt with

melting temperatures in the range of 395–400 �C up to 50

melting/solidification thermal cycles. Sun et al. [28]

determine the thermal stability of Al–34%Mg–6%Zn alloy

with meting temperature of 454 �C for 1000 thermal

cycles. Kuravi et al. [29] summarize the evaluated PCMs in

terms of cycle life and stability. Alam et al. [30] evaluate

the thermal stability of encapsulated nitrate salts with

melting temperatures in the range of 122–334 �C up to

2200 cycles. Liu et al. [31] determine the thermal stability

of carbonate and chloride salts mixtures with melting

temperature in the range of 300–600 �C up to 500 thermal

cycles.

In this frame, accelerated thermal cycling tests of five

PCM candidates [(A) Zn84Al8.7Mg7.3, (B) Zn88.7Al11.3,

(D) Zn92.2Mg7.8, (E) Zn72Mg28 and (F) Mg70Zn24.9Al5.1

(at.%)] have been performed. In this work, the changes on

theirs melting temperatures and heat of fusion values have

been analysed after large number of melting/solidification

thermal cycles. The main objective is to determine the

long-term thermal stability of these PCM candidates to

demonstrate their potentiality to be used in real application,

where long-term life cycle of storage material is required.

In this way, melting temperature and heat of fusion are key

properties to be studied and analysed after the cycling

process. Their stability, or not, will determine the suit-

ability of the alloy for being used as latent heat TES

material.

Methodology

Material synthesis

Table 1 provides the composition of the selected five

PCMs, which are eutectic mixtures of Mg, Zn and Al

metals. For ease of reading the Zn84Al8.7Mg7.3, Zn88.7

Al11.3, Zn92.2Mg7.8, Mg72Zn28 and Mg70Zn24.9Al5.1, metal

alloys have been called A, B, C, D and E, respectively.

Ingots of Mg and Zn, supplied by Alealsa S.A., and pellets

of 3–12 mm of Al, delivered by Sigma-Aldrich, with purity

level higher than 99.99% were used. Around 60 g of alloy

samples were prepared by stoichiometric proportions of

small pieces of the primary metals according to each alloy

theoretical composition. The compounds were placed into
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open alumina crucibles located inside small stainless steel

reactors, which were later closed hermetically in a glove

box under argon inert atmosphere to avoid any possible

oxidation. The melting process was performed in a muffle

furnace during 6 h at 450 �C for Mg72Zn28 and Mg70

Zn24.9Al5.1 alloys and at 500 �C for Zn84Al8.7Mg7.3,

Zn88.7Al11.3, Zn92.2Mg7.8 compositions. To increase the

homogeneity of the sample, every 30 min the steel reactors

were briefly taken out from the furnace and stirred by

circular movements in the horizontal axis. After the cool-

ing process, the samples were turned upside down and were

melted again. This last process was repeated three times to

ensure the homogeneity of the samples. The last cooling

process to room temperature was carried out at cooling rate

of 10 �C min-1.

Accelerated thermal stability test

To analyse the thermal stability of the studied PCMs, an

accelerated cycling behaviour has been studied, by using an

increased heating/cooling rate compared to the rate used in

real applications. For this purpose, two kinds of cycling

methodologies have been followed. On the first stage, a

short-term test was carried out by using differential scan-

ning calorimeter (DSC) up to 100 cycles. On the second

stage, a long-term test by using a high-temperature elec-

trical furnace was performed up to 500 cycles.

Short-term thermal stability: thermal cycling test using

a differential scanning calorimeter (DSC)

The five PCM candidates were subjected to consecutive

melting/solidification cycles by using a differential scan-

ning calorimeter (DSC) (TA Q2000 calorimeter). For this

purpose, small pieces of around 100 mg were cut by dia-

mond saw from the synthesized samples. Then, the samples

were subjected to 100 melting/solidification thermal cycles

from 300 to 450 �C inside open alumina crucibles, with

heating/cooling rates of 10 �C min-1 and under protective

argon flow (100 mL min-1). The phase change tempera-

ture and the latent heat of each cycle were continuously

recorded with an experimental error of ±0.01 �C and

±0.1%, respectively.

Long-term thermal stability: thermal cycling test

by electrical furnace

The thermal cycling tests of binary and ternary eutectic

alloys, in particular, D and E compositions, were also

performed by a tubular muffle electrical furnace. The

synthesized samples of around 100 g were put in alumina

open crucibles, and then, the systems (crucible and sample)

were introduced inside of a quartz tube in order to conduct

the experiments under a protective argon flux

(100 mL min-1) to avoid any oxidation process. In each

melting/solidification cycle, heating/cooling rate of

10 �C min-1 was applied between 300 and 450 �C, with

isothermal steps of 10 min at minimum and maximum

temperatures (300 and 450 �C). The samples of both

materials were subjected to a total of 500 melting/solidi-

fication cycles. During the experiments, the cycling was

interrupted after 50, 100, 300 and 500 thermal cycles, and

small pieces of around 5 g were cut from the bulk by a

diamond saw in order to analyse any changes in the ther-

mophysical properties and the microstructure of the

materials.

In this way, the phase change temperature and latent

heat were determined by DSC analysis. For this purpose,

pieces of around 100 mg of the samples were cycled 3

times in open alumina crucibles between 200 and 450 �C,

with heating/cooling rates of 10 �C min-1 and under pro-

tective argon flow of 100 mL min-1.

Scanning electron microscopy analysis

The microstructure investigation of the samples subjected

to long-term tests was performed by scanning electron

microscopy (SEM), using a Quanta FEG 250 microscope

operated at high vacuum mode at 30 kV and with a back-

scattered electron detector (BSED). For these analyses,

smooth surfaces of untreated samples and samples after 50,

100, 300 and 500 thermal cycles were prepared by using

Table 1 Theoretical melting temperature and composition, in atomic and mass percentages, of the selected PCM candidates

Candidate Theoretical melting temperature/�C Eutectic composition/at.% mass%

A 345 Zn84Al8.7Mg7.3 93.9Zn–3.7Al–2.4Mg

B 380 Zn88.7Al11.3 95Zn–5Al

C 370 Zn92.2Mg7.8 97Zn–3Mg

D 340 Mg72Zn28 49Mg–51Zn

E 338 Mg70Zn24.9Al5.1 49Mg–47Zn–4Al
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diamond paste down to 3 lm grain size and then cleaned

by an acetone ultrasonic bath at room temperature during

10 min.

Results and discussion

Short-term thermal stability tests

The five candidate samples have been cycled for 100 times,

and their phase change temperatures and heat of fusion

have been continuously recorded. The phase change tem-

peratures, heat of fusion and their relative percentage dif-

ference (RPD), with respect to first reference cycle of

Zn84Al8.7Mg7.3 (A), Zn88.7Al11.3 (B), Zn92.2Mg7.8 (C),

Zn72Mg28 (D) and Mg70Zn24.9Al5.1 (E), are shown in

Tables 2–6, respectively. For the sake of simplicity, only

one set after each 10 successive cycles was presented. The

RPD between each property i of the material at any number

of cycle n and the first cycle can be defined as:

RPD ¼ xn;i � x1;i

x1;i
� 100ð%Þ ð1Þ

where xn,i is the value of the given property after n cycles,

and x1,i is the value of this property at first cycle.

The first column of the tables shows the number of the

cycle. The second and third columns show the melting

onset temperature and its RPD (%) with respect to the first

cycle. The fourth and fifth columns present the melting

peak temperature with its RPD (%) value. The sixth col-

umn indicates the melting range temperature used as limits

to calculate the heat of fusion. It has to be noted that this

range from DSC comes from the dynamic nature of the

experiment. Due to the eutectic nature of the alloys, the

melting process takes place at isothermal temperature, but

the range is expected in dynamic measurements. The sev-

enth and eighth columns show the calculated heat of fusion

and its RPD (%) value. Finally, the last column presents the

thermal hysteresis observed in the solidification process.

The results obtained after analysis of sample A are

presented in Table 2, from which it can be seen that the

first cycle has a melting onset temperature of 343.69 �C,

and no remarkable variations were observed after 100

cycles of testing. Thereby, the maximum RPD value cal-

culated was 0.16% for the tenth cycle, which it can be

evaluated as negligible in the frame of a possible appli-

cation of this alloy as latent heat storage material.

Regarding the peak temperature, no relevant variations can

be observed up to 90th cycle, where the peak temperature

is reduced in a 0.6%.

The average melting temperature range has been taken

from 336.40 to 384.61 �C. On the other hand, the heat of

fusion for sample A was calculated for the melting tem-

perature ranges obtained in each cycle, being 131.5 J g-1

as it is indicated in the first cycle. Regarding the RPD, its

value gradually decreases with the thermal cycling from

0.15% in the 20th cycle to 1.90% in the 100th cycle. So,

the heat of fusion of the eutectic phase transition in sample

A decreases 2.5 J g-1 after 100 cycles. Finally, the thermal

hysteresis values are almost constant and present an aver-

age value of 12.45 �C.

Sample B presented similar results to sample A after

thermal cycling, as may be observed in Table 3. The

melting onset temperature and peak temperature were

measured before cycling, obtaining values of 381.71 and

394.64 �C, respectively. After 100 cycles, the calculated

RPD values were under 0.01% for onset temperature and

under 0.76% for peak temperature, which can be

Table 2 Latent heat of fusion, melting onset temperature and undercooling degrees of candidate A (Zn84Al8.7Mg7.3) at different numbers of

thermal cycles measured by DSC

No. of cycles Onset temperature/�C Peak temperature/�C Melting range/�C Heat of fusion/J g-1 Undercooling/�C

RPD/% RPD/% RPD/%

1 343.69 – 354.72 – 336.91–379.88 131.5 – 11.39

10 344.25 0.16 354.93 0.06 335.79–387.45 131.5 0 12.97

20 343.84 0.04 355.04 0.09 338.69–380.10 131.3 -0.15 12.41

30 343.87 0.05 354.98 0.07 336.68–390.34 131.6 0.08 12.57

40 343.82 0.04 354.74 0.01 337.80–383.22 131.2 -0.23 12.38

50 343.86 0.05 354.78 0.02 334.01–384.78 130.8 -0.53 12.57

60 343.85 0.05 354.76 0.01 335.13–382.55 130.8 -0.53 12.41

70 343.89 0.06 354.78 0.02 336.02–387.23 130.2 -0.99 12.54

80 343.91 0.06 354.79 0.02 336.24–385.67 129.5 -1.52 12.60

90 343.89 0.06 352.66 -0.58 334.22–386.72 129.3 -1.67 12.66

100 343.88 0.06 352.62 -0.59 338.91–382.77 129.0 -1.90 12.41
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considered an almost negligible variation when the mate-

rial is evaluated as PCM candidate in a TES application.

The average melting range to calculate the heat of fusion

is 376.07–416.12 �C. In this case, the heat of fusion for the

first cycle is 118.4 J g-1 and it increases up to 119.9 J g-1

after 100 cycles. Finally, the thermal hysteresis, which is

apparently very small, experiences almost negligible vari-

ations during the thermal cycling, being in a range between

4.68 and 6.52 �C, taking an average value of 5.12 �C.

Thermal cycling results of the sample C are shown in

Table 4. The melting onset temperature of 370.36 �C and

the peak temperature of 382.52 �C are obtained and

maintained constant during the thermal cycling, where the

maximum RPD values are 0.21 and 0.80%, respectively.

For the average melting range of 362.88–411.40 �C, with

RPD values \0.73 and 0.63%, respectively, the heat of

fusion of sample C decreases after 100 thermal cycles from

106.4 to 85.39 J g-1. The heat of fusion shows a pro-

gressive decrease with the thermal cycling and a RDP

value of around 19.75% after 100 thermal cycles. On the

other hand, the subcooling increases from 4.53 �C in the

first cycle up to 9.53 �C in the tenth. Afterwards, its value

remains constant, with an average value of 9.30 �C.

The results of sample D are shown in Table 5, and this

material presents similar behaviour to sample A. The

melting onset temperature of 341.07 �C and the peak

temperature of 349.57 �C are constant during the thermal

cycling, where the RPD values are \0.28 and 1.15%,

respectively. The heat of fusion has been calculated in the

average melting range of 337.63–381.19 �C. Its value

Table 3 Latent heat of fusion, melting onset temperature and undercooling degrees of candidate B (Zn88.7Al11.3) at different numbers of thermal

cycles measured by DSC

No. of cycles Onset temperature/�C Peak temperature/�C Melting range/�C Heat of fusion/J g-1 Undercooling/�C

RPD/% RPD/% RPD/%

1 381.72 – 394.64 – 374.49–420.89 118.4 – 4.75

10 381.69 -0.01 394.89 -0.69 376.88–415.17 119.2 0.68 4.68

20 381.70 -0.01 394.84 -0.70 376.28–416.05 119.1 0.59 4.75

30 381.71 0.00 394.74 -0.73 377.01–416.05 119.5 0.93 5.24

40 381.71 0.00 394.71 -0.74 377.01–417.79 119.5 0.93 4.96

50 381.71 0.00 394.70 -0.74 376.76–417.66 119.7 1.10 4.93

60 381.73 0.003 394.68 -0.74 376.51–420.77 119.9 1.27 4.85

70 381.72 0.00 394.64 -0.75 376.39–415.42 119.7 1.10 4.91

80 381.70 -0.01 394.63 -0.76 377.26–414.80 119.7 1.10 4.89

90 381.73 0.00 394.62 -0.76 377.63–415.05 119.7 1.10 5.84

100 381.72 0.00 394.60 -0.76 376.14–415.30 119.9 1.27 6.52

Table 4 Latent heat of fusion, melting onset temperature and undercooling degrees of candidate C (Zn92.2Mg7.8) at different numbers of thermal

cycles measured by DSC

No. of cycles Onset temperature/�C Peak temperature/�C Melting range/�C Heat of fusion/J g-1 Undercooling/�C

RPD/% RPD/% RPD/%

1 370.36 – 382.52 – 362.94–418.44 106.4 – 4.53

10 370.74 0.10 382.51 0.00 362.73–409.67 105.3 -1.03 9.17

20 370.50 0.04 382.50 -0.01 365.73–408.92 102.3 -3.85 9.07

30 370.94 0.16 381.13 -0.36 364.21–409.05 101.7 -4.42 9.53

40 370.54 0.05 379.47 -0.80 362.65–410.16 98.51 -7.42 9.17

50 370.59 0.06 379.59 -0.77 362.65–411.27 96.39 -9.41 9.19

60 370.65 0.08 381.10 -0.37 365.09–410.16 93.99 -11.66 9.15

70 371.14 0.21 381.14 -0.36 362.21–411.27 91.59 -13.92 9.71

80 371.05 0.19 381.32 -0.31 360.65–409.49 89.61 -15.78 9.58

90 370.52 0.04 381.43 -0.28 362.65–411.03 87.03 -18.20 9.07

100 370.48 0.03 380.01 -0.66 362.87–411.71 85.39 -19.75 8.98
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decreases slightly from 152.7 to 150.1 J g-1, representing

a progressive decrease of around 1.70% after 100 thermal

cycles. On the other hand, the thermal hysteresis increases

from 7.17 �C in the first cycle up to 9.01 �C in the 30th

cycle and then its value remains approximately constant

after 100 cycles, with an average value of 8.53 �C.

Finally, the results of sample E are presented in Table 6,

showing a constant melting onset temperature and peak

temperatures of around 339.98 and 348.30 �C, with RPD

values \0.11 and 0.40%, respectively. As in results of

samples A and D, it can be observed a slight and pro-

gressive decrease in the heat of fusion with cycling.

Regarding the enthalpy, sample E shows a slight decrease

from 159.6 to 158.9 J g-1, corresponding to a reduction of

0.44% after 100 thermal cycles, which can be considered

negligible. The thermal hysteresis degrees are approxi-

mately constant with an average value of 9.05 �C.

Figures 1 and 2 display the melting and solidification

curves, obtained by DSC, corresponding to the 1st, 25th,

50th 75th and 100th cycles of samples B and C. As it may

be observed, the form of first cycle curve in each sample

differs from the rest of the cycles, which can be attributed

to the change of the contact surface between the sample

and the bottom of the alumina crucible. However, the

sample B shows consistent repeatability, whereas in the

case of sample C, it can be clearly observed a progressive

formation of a secondary peak before the main peak,

indicated by arrow in the solidification curves, for the 50th,

75th and 100th cycles, which corresponds to a solidifica-

tion of another phase. However, this fact may be explained

Table 5 Latent heat of fusion, melting onset temperature and undercooling degrees of candidate D (Mg72Zn28) at different numbers of thermal

cycles measured by DSC

No. of cycles Onset temperature/�C Peak temperature/�C Melting range/�C Heat of fusion/J g-1 Undercooling/�C

RPD/% RPD/% RPD/%

1 341.07 – 349.57 – 337.48–380.11 152.7 – 7.17

10 341.84 0.23 351.34 0.51 336.95–384.80 152.8 0.07 7.75

20 341.93 0.25 352.98 0.98 338.65–382.98 152.5 -0.13 7.64

30 341.97 0.26 353.14 1.02 337.08–381.49 151.8 -0.59 9.01

40 342.00 0.27 353.31 1.07 337.70–382.88 151.5 -0.79 9.04

50 341.98 0.27 353.37 1.09 336.84–383.62 151.5 -0.79 9.04

60 341.98 0.27 353.59 1.15 337.91–381.60 151.3 -0.92 9.05

70 342.03 0.28 353.44 1.11 338.12–380.32 151.2 -0.98 9.17

80 342.00 0.27 353.42 1.10 337.38–378.83 150.8 -1.24 9.15

90 341.24 0.05 353.32 1.07 337.70–379.25 150.5 -1.44 8.42

100 341.22 0.04 353.28 1.06 338.12–377.55 150.1 -1.70 8.38

Table 6 Latent heat of fusion, melting onset temperature and undercooling degrees of candidate E (Mg70Zn24.9Al5.1) at different numbers of

thermal cycles measured by DSC

No. of cycles Onset temperature/�C Peak temperature/�C Melting range/�C Heat of fusion/J g-1 Undercooling/�C

RPD/% RPD/% RPD/%

1 339.98 – 348.30 – 337.48–379.66 159.6 – 8.79

10 340.00 0.01 348.98 0.20 336.31–379.87 159.5 -0.06 8.61

20 340.34 0.11 348.38 0.02 337.27–379.56 159.4 -0.13 8.19

30 340.32 0.10 349.00 0.20 336.18–379.88 159.0 -0.38 9.11

40 340.13 0.04 348.51 0.06 336.95–379.57 159.2 -0.25 8.71

50 340.31 0.10 349.03 0.21 336.10–379.34 158.8 -0.50 9.65

60 340.10 0.04 349.09 0.23 335.78–379.45 158.8 -0.50 9.38

70 340.21 0.07 349.06 0.22 337.27–380.30 158.9 -0.44 8.81

80 340.20 0.06 349.12 0.24 337.59–380.30 158.8 -0.50 9.28

90 340.26 0.08 349.08 0.22 336.42–380.73 158.8 -0.50 9.44

100 340.37 0.11 349.69 0.40 337.16–380.41 158.9 -0.44 9.54
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by the competitive growth between a Zn–MgZn2

metastable phase and Zn–Mg2Zn11 stable phase observed

for Zn92.2Mg7.8 by Akdepniz et al. [32]. Nevertheless,

further investigations are ongoing in our laboratory to

confirm this hypothesis. In any case, the formation of this

secondary peak indicates that the phase transition of the C

sample is not totally congruent.

In summary, all the studied materials show some

changes in melting and solidification temperatures

accompanied with some changes of the heat of fusion. In

this way, A, B, D and E candidates show negligible

changes in their heat of fusion of 1.90, 1.27, 1.70 and

0.44%, respectively. In the case of sample C, the sub-

stantial fusion heat reduction of 19.75% is due to non-

congruent phase transition as it can be seen by the pro-

gressive secondary peak formation before the eutectic

solidification peak in Fig. 2. Furthermore, it can be con-

cluded that A, B, D and E alloys show a congruent phase

transition despite the slight enthalpy reduction, which can

be attributed to slight oxidations produced during

the experiments.

Long-term thermal stability tests

The melting/solidification DSC curves of samples D and E

after 1, 50, 100, 300 and 500 thermal cycles are shown in

Figs. 3 and 4. By simple comparison of the curves of each

sample, a good thermal stability of the materials can be

observed. The melting peaks of sample D in Fig. 3 show a

secondary peak before the eutectic melting process. This

peak corresponds to a solid ? solid phase transition

(Mgt7Zn3 ? Mg ? Mg21Zn25). This phase transition is

predicted by Mg-Zn phase diagram and has been experi-

mentally confirmed in [1]. Due to the overlapping of the

secondary and the melting peaks, the heat of fusion listed

in Table 7 has been calculated from both transformations.

Table 7 shows the long-term thermal stability results of

sample D. No changes are observed in the melting onset

temperature of 340.38 �C and peak temperature of 347.22 �C
after the 500 thermal cycles, where their RPD values are

\0.21 and 1.79%, respectively. The thermal hysteresis

changes between 7.82 and 9.59 �C, with and average value of

8.55 �C. The value of the heat of fusion oscillates during the

thermal cycling around the value of untreated sample, i.e. no
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Fig. 1 Melting and solidification DSC curves after 1, 25, 75 and 100

thermal cycles of the candidate B (Zn88.7Al11.3)
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Fig. 3 Melting and solidification DSC curves of candidate D

(Mg72Zn28) for after 0, 50, 100, 300 and 500 thermal cycles
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cycled sample (154.9 J g-1). However, no decreasing trend

with the increase in the number of cycles is observed.

Thereby, this oscillation may be due to the experimental error

coming from the use of different pieces of the sample. On the

other hand, the observed RPD value of 0.39% after 500 cycles

can be considered negligible. Thus, it can be considered that

alloy D presents a congruent phase transition after 500 ther-

mal cycles, maintaining practically constant its phase change

temperature and heat of fusion.

Finally, Table 8 shows the long-term thermal stability

results of candidate E. In the untreated sample, the melting

onset temperature is 341.09 �C. This temperature is repro-

ducible during the thermal cycling, where the RPD values

for onset and peak temperatures do not exceeded 0.53 and

1.10%, respectively. In this case, thermal hysteresis tem-

peratures show higher differences than in short-term thermal

cycling and fluctuate between 6.73 and 16.01 �C without

detecting any continuous increasing trend on the values with

the increase in the cycle number. The average melting range

used for the heat of fusion calculation is between 336.64 and

383.06 �C. After the first cycle, the heat of fusion increases

its value from 152.9 J g-1 (first cycle) to 155.2 J g-1 (50th

cycle), and then, it remains practically constant up to 500

cycles. So, it can be concluded that the alloy E also presents

a congruent phase transition after 500 cycles.

In order to analyse the microstructure evolution of the

candidate E, SEM analysis has been carried out for the
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lo

w
/a

.u
.

E (Mg70Zn24.9Al5.1)

Exo

50th cycle

300th cycle

100th cycle

500th cycle

Untreated

200 225 250 275 300 325 350 370 400 425 450

Fig. 4 Melting and solidification DSC curves of candidate E

(Mg70Zn24.9Al5.1) after 0, 50, 100, 300 and 500 thermal cycles

Table 7 Latent heat of fusion, melting onset temperature and undercooling degrees of candidate D (Mg72Zn28) cycled in electrical furnace

No. of cycles Onset temperature/�C Peak temperature/�C Melting range/�C Heat of fusion/J g-1 Undercooling/�C

RPD/% RPD/% RPD/%

1 340.38 – 347.22 – 337.38–381.70 154.9 – 7.98

50 340.84 0.14 349.59 0.68 336.99–386.47 153.3 -1.03 8.60

100 340.15 -0.07 348.32 0.32 337.61–386.48 155.4 0.32 7.82

300 341.09 0.21 353.43 1.79 336.50–380.38 153.6 -0.84 9.59

500 340.64 0.08 351.54 1.24 336.99–374.41 154.3 -0.39 8.78

Table 8 Latent heat of fusion, melting onset temperature and undercooling degrees of candidate E (Mg70Zn24.9Al5.1) cycled in electrical furnace

No. of cycles Onset temperature/�C Peak temperature/�C Melting range/�C Heat of fusion/J g-1 Undercooling/�C

RPD/% RPD/% RPD/%

1 341.09 – 349.38 – 336.88–386.50 152.9 – 8.18

50 340.28 -0.24 348.12 -0.36 337.74–382.35 155.2 0.84 11.97

100 339.29 -0.53 345.55 -1.10 336.85–387.96 156.8 1.88 10.80

300 340.80 -0.09 350.21 0.24 336.30–380.97 154.9 0.65 16.01

500 340.62 -0.14 348.60 -0.22 335.41–377.52 156.1 1.43 6.73

892 E. Risueño et al.

123



untreated sample and after 50, 100, 300 and 500 cycles.

Figure 5 shows at different magnifications the microstruc-

ture of untreated sample and after 300 and 500 cycles. The

microstructure of untreated sample is displayed in Fig. 5a–

c. The eutectic microstructure with Mg21Zn25 intermetallic

phase in light grey colour and the Mg solid solution in dark

grey colour can be observed. The eutectic microstructure of

samples after 300 and 500 cycles is displayed in Fig. 5d–i,

where the stability of their microstructures can be clearly

observed. Thus, from these results it can be concluded that

no chemical degradation or segregation in candidate E after

500 cycles has been detected.

Conclusions

The thermal stability of five eutectic metal alloys as

potential high-temperature PCMs has been evaluated in

this work. Short-term thermal cycling tests of 100 cycles

have been carried out for all the candidates, and long-term

cycling tests of 500 cycles for candidates D and E have

been performed. The changes on melting temperatures,

heat of fusion and thermal hysteresis have been analysed

using the DSC technique in all cases. The changes in

eutectic microstructure have been analysed by SEM for

candidate E.

Thereby, after short-term cycling tests of 100 cycles, no

variations on the onset melting and solidification temper-

atures of the five materials have been obtained. The heat of

fusion shows negligible changes, which in some cases may

be due to the small oxidation of the samples. An enthalpy

reduction accompanied with a progressive formation of a

secondary peak before solidification peak is observed for

sample C. Thus, in this case, the phase transition is not

totally congruent, probably caused by the solidification of

metastable phase.

After long-term thermal cycling tests of 500 cycles,

alloy D (Mg72Zn28) does not show changes in its meting

temperature of 340.38 �C. The heat of fusion value of

154.9 J g-1 oscillated during the thermal cycles; however,

no decreasing trend with the increase in the cycle number is

observed, where the RPD of 0.39% after 500 cycles can be

considered negligible. In the same way, candidate E

(Mg70Zn24.9Al5.1) presents no changes in its melting tem-

perature of 341.09 �C. The heat of fusion value of

152.9 J g-1 increases from first to tenth cycle and then

fluctuates, showing an increase of 1.43% after 500 cycles.

Besides, the SEM analysis performed in sample E after 300

and 500 cycles shows stable eutectic microstructure with-

out any chemical degradation or segregation of the phases.

Thus, based on these results, the phase transition can be

considered congruent for samples D and E after long-term

thermal cycling tests of 500 cycles.

Based on the performed thermal cycling test in this

work, it can be concluded that the A (Zn84Al8.7Mg7.3), B

(Zn88.7Al11.3), D (Mg72Zn28) and E (Mg70Zn24.9Al5.1)

eutectic alloys are thermally stable and can be used as

promising PCMs for TES systems.

Fig. 5 SEM images of

candidate E (Mg70Zn24.9Al5.1),

untreated and after 300 and 500

thermal cycles at 9300

(300 lm), 91500 (50 lm) and

93000 (30 lm) magnifications
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