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Objective

Objective

The main objective of this thesis is to investigate new classes of materials, metal alloys, as
phase change materials (PCMs) for thermal energy storage (TES) application. In particular, this
work consists to analyze and characterize a set of binary and ternary metal alloys based on different
compositions of Mg-Al-Zn mixtures, in order to identify new eutectic and peritectic compositions
with adequate melting temperatures combined with appropriate thermophysical properties for their
use as PCM storage media at high temperature for concentrated solar power (CSP) and industrial
waste heat recovery applications among others.

The first stage of this experimental work consists of synthesis of the selected eutectic and
peritectic binary and ternary metal alloys by using different routes of preparation. When the
materials are synthesized a complete structural analysis is conducted by combining different
techniques such as X-ray diffraction (XRD) and scanning electron microscopy (SEM) in order to
confirm or to correct the theoretical compositions of the synthesised metal alloys. The second stage
of this work is to determine the most relevant thermophysical properties of these materials in this
field such as the melting temperature, the heat capacity, the latent heat, the thermal diffusivity and
conductivity, among others. The third stage is to investigate the long term thermal stability of the
studied PCM by implementing two kind of cycling methodologies, the first one based on the
thermal cycling of the material by means of differential scanning calorimeter (DSC) to determine its
short term stability; and the second one based on the use of a high temperature furnace to determine
the long term stability behaviour of the selected materials. The final stage of this work consists to
investigate the compatibility study between the selected alloys and different containment materials
in order to identify the most suitable stainless steels that can be used in the construction of thermal

energy storage unit for each specific composition of the investigated metal alloys.

15



16



1. State of the art and introduction

1. State of the art and introduction

1.1. Background

The current society is facing an unprecedented challenge: the advances in combating the
pollution and increasing the efficiency on natural resources use are not enough to balance the
pressure on the environment produced by the current world socioeconomic trend. Within this
context and in the frame of energy sector, the largest participation of renewable energies in the
global energy model and the increasing energy efficiency play key role to mitigate the CO,
emissions and alleviate the remarkable growing energy demand.

World Energy Outlook 2014 (WEO’14) released by International Energy Agency (IEA) [1]
estimates a growing of energy demand nearly of 37% between 2013 and 2040. The population
growth and rising living standards are the key drivers behind the growing demand of energy.
According to The Global Demographic Study released by United Nations (UN) in 2014 [2] the
current population of 7200 millions of person will be of 8100 millions on 2025 and will rise 9600
millions on 2050. This represents around 40% more than in 2000. On the other hand, according to
the WEO’15 the economy will growth one 150% for 2040 [3], which will imply an increasing
demand for energy. The Organization for Economic Co-operation and Development (OECD) [4] in
its report on environmental predictions due to inaction estimated that in 2050 will use 80% more
energy that nowadays, of which an 85% will be based on fossil fuels due to the lack of more
effective energetic policies. This report anticipated that global greenhouse gas (GHG) emissions to
rise by 50% in 2050, mainly due to 70% increase in CO, emissions related to power generation,
which would imply an increase of average global temperature of between 3 — 6 °C by the end of the

century.

Regarding this increasing in energy demand, a growing concern about the environmental
sustainability on the global energy model has been produced. The World Energy Council (WEC)
[5] has developed the concept of “energy trilemma” to define the triple challenge of obtaining

energy in a safe, affordable and respectful with the environment as is shown in Figure 1. Currently,
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the agents responsible for energy policies and energy producers have to face a huge challenge:
Energy must be accessible and affordable at all levels of society, but the impact of energy

production and energy use on the environment must be minimized.

Numerous sustainable energy scenarios for climate change mitigation are proposed by different
international organizations and institutions, such as Current Policies Scenario (CPS), New Policies
Scenario (NPS) and 450 Scenario (450S) of International Energy Agency (IEA). CPS takes in
consideration the real energetic policies adopted until 2010; NPS is based on the accomplishment of
the current committed energy policies even if they are not still implemented, and 450S is the desired
scenario to limit the average global temperature rise up to 2°C at the end of the century. These
scenarios differ on the severity or permissiveness of the proposed measures to reduce in more or
less degree GHG emissions. However, all of them show a combination of the same action measures,
among which the largest participation of renewable energy in the global energy model and the

increasing energy efficiency are fundamental [6,7].

(ﬁ
Energy Security ENERGY SUPPLY, RELIABILITY OF
ENERGY INFRASTRUCTURE,

AND ABILITY TO MEET CURRENT
AND FUTURE DEMAND

SUPPLY AND DEMAND-SIDE
ENERGY EFFICIENCIES AND
DEVELOPMENT OF RENEWABL
THE POPULATION AND LOW-CARBON ENERGY

Energy Equity Environmental Sustainability

Figure 1. Balancing of three core dimensions of the concept of “energy trilemma” defined by the World Energy
Council (WEC) [5].

ACCESSIBILITY AND
AFFORDABILITY OF
ENERGY SUPPLY ACROSS

Figure 2 and Figure 3 shows, respectively, a comparison of the CO, emissions trend between
450S-CPS and 450S-NPS in base of the technologies to be applied. As it may be observed from the
figures, in both cases energetic efficiency and renewable energies represent the largest percentage

of CO, emissions reduction.
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As it is know the renewable energy is defined as energy that is collected from theoretically
inexhaustible natural source such as sunlight, wind, rain, tides, waves, and geothermal heat. In this
way, different renewable energy technologies exist such as bioenergy, wind power, solar energy,
hydropower or geothermal energy. Traditionally the sustainable development model is composed of
three pillars; the economy, ecology and society. The interest of renewable energy sources is based
on the fact that it contributes to the achievement of important objectives in the three pillars,
allowing: The social and economic development, access to energy, energy security and mitigation
of climate change and reducing its effects on the environment and health [6]. In other words,
renewable energies can reduce on large scale GHG emissions without thereby being a threat to the
lifestyle and economic growth. For the success of strategies against climate change through a
largest use of renewable energies the innovation and technological advancement are fundamental,
inasmuch as these technologies must become economically and technically viable alternatives to

fossil energy sources.

Current Policies

i 42.6 Gt Efficiency 53%
40 Renewables 2%
Biofuels 3%
3 - Nuclear 9%
209Gt W CCS 15%
30 -
15 4
450 Scenario 217 Gt
20 | : | _

2008 2015 2020 2025 2030 2035

Figure 2. Comparison of the CO, emissions between 450S and CPS in base of the technologies to be applied [8].
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Figure 3. Comparison of the CO, emissions between 450S and NPS in base of the technologies to be applied [8].

One of the drawbacks of renewable energies is the intermittency of its production, which have
directly repercussions on the competitiveness against conventional energy sources. In order to
overcome this limitation and increase its global efficiency, energy storage (ES) strategies are a key

issue.

All forms of energy are potentially storable with an appropriate method or technology. The

Figure 4 shows energy storage systems under development [9], among which is found the thermal

energy storage (TES).
ENERGY STORAGE SYSTEMS
Mechanical Energy Chemical Energy Storage Biological Magnetic Thermal Energy Storage
Storage Energy Energy
Storage Storage
- Hydrostorage - Electrochemical batteries - Sensible heat storage
- Compressed air storage - Organic molecular storage - Latent heat storage
- Flywheels - Chemical heat storage

Figure 4. Classification of energy storage systems under development [9].
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1.2. Thermal energy storage (TES)

The thermal energy storage (TES) includes different technologies that encompass a wide range
of needs. It allows storage the excess of thermal energy for its posterior use, which can be given
after hours, days or months. As examples, the stored energy of daytime can be used in nighttime,
the summer heat can be stored for winter or the cold of winter can be used to provide air
conditioning in summer, being the first example the most deployed one. In particular, daily TES
technology has shown a very high potential in order to increase the global efficiency in
concentrated solar power (CSP) plants [10,11], industrial waste heat recovery [12,13], industrial

processes [14] or building applications [15,16] among others.

TES can be carried out by technologies based on sensible heat storage (SHS), latent heat storage

(LHS), and thermochemical energy storage (TCES):

e In SHS technologies the thermal energy is stored when material temperature increases and is
released when material temperature decreases. In these systems the working temperature range
of the system and the specific heat capacity of the storage material determine the thermal energy
storage density. As SHS materials water, heat transfer oils, molten salts and liquid sodium

among others are commonly used [17].

e In LHS technologies the thermal energy storage is based on phase change transition of a given
material, which is called phase change material (PCM). The thermal energy storage/release
takes place when PCMs adsorb/release heat during their phase transition process. LHS shows
advantages addressing to SHS due to its higher energy storage density and quasi-isothermal
nature of thermal energy charge/discharge process. The phase transitions can be classified into

solid—solid, solid-liquid and liquid-gas types:

o Solid-solid transition adsorbs/releases heat during the crystal transition, where,
the typical materials used as PCMs include polyalcohols, macromolecules and
inorganic salts [18,19].

o Solid-liquid transition is more extended than solid-solid transition due to its
higher energy involved in its phase change. The commonly used PCMs in this
case can be divided into organic and inorganic materials, where mainly, organic
solid-liquid PCMs include paraffin and fatty acids [20] and inorganic materials

include salt hydrates, metals, and inorganic salts [21,22].

o Liquid-gas transition has even higher entropy changes and, as a consequence,

higher latent heat value. However, phase transitions involving the gas state are
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usually impractical due to the large volume change between the two involved

phases.

e In TcES technologies are based on endothermic/exothermic chemical reaction heat for thermal
energy storage/release. Among the most promising materials are calcium and iron carbonates,
hydroxides and sulphates [23]. The main advantage of these thermochemical materials is their
highest energy densities. However, currently, more research is required before commercial

implementation can occur.

Early 80s SHS systems started to work in the field of solar energy by implementation of the
two-tank molten salt technology [24], which since to present is extensively used in many
concentrated solar power (CSP) plants. As a consequence, this storage system has become a

developed and mature technology.

Then, the interest of PCMs growth due to their high storage densities and isothermal natures of
the storage processes. Since the lasts four decades, many types of low temperature PCMs, with
mainly melting temperature below 100°C, were extensively studied for a wide range of applications
[17,21,25-28].

However, since the last decade the latent heat energy storage (LHES) in high-temperature (HT)
(>300°C) [22] has become an interest focus due to its utilization can improved significantly the
thermal efficiency of CSP plants and numerous industrial processes. As a consequence, in the last

years numerous researches have been carried out in this scope [29-39].

HT-PCMs under study are inorganic salts, eutectic and non-eutectic inorganic salt mixtures,
metals and eutectic and non-eutectic metallic alloys. The inorganic salts and their mixtures include
fluorides, chlorides, bromides, hydroxides, sulphates, nitrates, carbonates and other salts [40]. The
metals and their alloys are based on Pb, Al, Zn, Cu, Si, Mg metals and on Ca, Sb and P alloying
elements [22]. However, inorganic salts have been more extensively investigated than metals,
where chlorides, hydroxides, and nitrates have aroused the greatest interest.

According to A. Sharma et al. [17] materials to be used for LHES should satisfy following

requirements:

e Thermal properties: Suitable phase-transition temperature, high latent heat of fusion and

high thermal conductivity.

e Physical properties: Congruent phase-transition, stable phase equilibrium, high density,

small volume change and low vapour pressure.
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e Kinetic properties: No sub-cooling and sufficient crystallization rate.

e Chemical properties: Long-term chemical stability, compatibility with containments

materials, no toxic and no fire hazard.

e Economics: Abundant, available and low cost.

However, any material satisfies completely all the requirements. In this way, the principal
limitation of inorganic salts are their poor thermal conductivity, followed of other common
limitation such as incongruent phase-transition, considerable thermal hysteresis, corrosion
problems, high volume change during the melting and high cost of some salts [22]. Regarding
metals their main limitation is the high cost, which led to a not serious consideration as PCMs in
last decades. However, M. M. Kenisarin et al. [40] concluded that the use of metals as PCMs have
being underestimated by researchers although their properties such as high thermal conductivity,
small volume change and no thermal hysteresis overcome the set of drawbacks of the salts. In fact,
metals despite their lower heat of fusion per weight unit, in some cases can compete with salts as it
has been demonstrated by several investigations:

J. Yagi et al. [41] investigated inorganic salts (NaCl, KNO3-47NaNQ3) and metals (Pb, Al, Al-
12.6Si, AIl-25.1Si) as high-temperature phase change materials (HT-PCM) with melting
temperatures in the range of 220-750 °C and in a single encapsulated configuration for waste heat
recovery above 220 °C from iron and steel-making industries. After the fundamental studies of heat
transfer, it was found that metals are more profitable than salts due to their almost uniform

temperature distribution addressing the large temperature gradient observed in salts.

S. Khare et al. [42] used a materials selection software to identify potential PCMs for solar
energy high temperature application (>420 °C). It was found that metals such as Al, Mg, Si and Zn

and their eutectics are highly suitable PCMs than conventional molten salts.

As shown Figure 5 M. Liu et al. [22] compared the heat capacity and media cost against the
melting point of PCMs (NaOH, NaNO3;, KNO3, KOH, LiCl, Pb and Zn) with melting temperature
in the range of 300-550 °C for solar power generation application. The results of this analysis

demonstrated that KOH and Zn are the most cost effective materials.
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Figure 5. Heat capacity (a) and media cost (b) of HT-PCMs [22].

A. Hoshi et al. [43] investigated the suitability of HT-PCMs for use in large scale solar thermal
electricity plants. Among their conclusions, it was indicated that Zn may be a cost effective option

for parabolic trough systems using higher boiler temperatures.

The most important shortcomings of inorganic salts are their low thermal conductivity values,
between 0.4 and 5 W/mK [28,40]. These low thermal conductivities limit dramatically the heat

transfer in the storage material and make difficult their use in thermal storage applications which
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usually require a high release ratio of the stored energy. Many attempts have been done to enhance
the heat transfer coefficient in TES systems based on HT-PCMs as is shown in Figure 6 [22].

High temperature PCM
Storage Systems - Thermal
Performance Enhancement

Methods
| | | | |
Composite material Extended heat Intermediate heat
withincreased thermal ¢ Heat pipes Multiple PCMs
.. transfer surface transfer medium
conductivity

Fins Capsules

Figure 6. Investigated heat transfer enhancement methods for HT-PCM storage systems [22].

Another alternative to improve the thermal conductivity is the use of metals as PCMs instead of
inorganic salts. In fact, the thermal conductivity values of metals, around two orders of magnitude

higher than the one of materials commonly used, inorganic salts, on TES applications.
On the other hand, the high thermal conductivity of metals allows reaching higher power ratio
and consequently opens the range of applications in both solar and industrial fields. As examples:
e In the industrial sector:

0 The use of high-power TES systems is the only storage possibility when very
high power levels and very fast thermal response are required.

e In solar power plants, it could:
0 Reduce the complexity, size and cost of the heat exchanger.

o Provide appropriate protection against thermal shocks on different components

of the plant mainly the receiver.

0 Reduce the impact of solar fluctuations on the production turbine work regime,
which it is currently done by burning natural gas, which its use depends on the

regulation of each country where CSP plant is constructed. This solution implies
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the elimination of back-up fuel consumption include the gas fired back-up boiler

integration into the CSP plant

0 Reduce the start-up times in the morning in order to shorter the time to arrive to

the base load turbine production.
1.3. Metal alloys as phase change materials

In this thesis the use of eutectic metal alloys as LHES materials is proposed as an innovative
solution addressing the limitations of inorganic salts as mentioned previously.

Metal alloys as PCMs by means of binary and ternary eutectic alloy systems of Al, Mg, Zn, Cu,
Si P and Ca elements were proposed more than three decades ago [44-46]. However, during last
decades several experimental studies about the use of metals and metal alloys as PCMs were
performed, where Al-Si alloys [34,47,48], Al-Mg-Zn [49], Cu-based encapsulated PCMs [50,51],
isolated metals [35] or miscibility gap alloys [52] have been mainly investigated. Nevertheless, a
deep effort is still needed in order to demonstrate the potentiality of metal alloys in heat energy

storage frame.

Within the metallic material family, the main criteria to select a competitive PCM are a high
fusion entropy, availability and low cost [44,45]. On the other hand, [43] indicated the high
suitability of Al, Mg and Zn metals as PCM and [22,42] pointed the Zn metal as a cost effective
option as PCM. According to these conclusions Zn, Al and Mg metal alloys have being selected as
potential LHS materials to be investigated by our group. The Zn-Al-Mg, Zn-Al and Zn-Mg phase
diagrams are shown in Figures 7, 8 and 9, respectively [53-55]. Few references about Mg-Zn-Al
binary and ternary alloys systems as potential PCMs have been found in the literature [46,49,56]. In
addition, none of these publications present a complete study to cover the main relevant criteria to
select the most suitable PCM materials to be used in the TES field. As it is very known (see Figure
10), to identify potential PCMs the study of thermophysical properties such as phase change
temperatures, phase-transition latent heats or the thermal conductivity among other, are essential.
However, the selection must be also performed in basis to the long-term thermal stability of
thermophysical properties. In addition, the realization of compatibility study between the potential
PCMs and containment materials are also required in order to select the adequate materials for
containment unit constructions and ensure long term stability of the storage materials and

containers.

In this way, in this thesis, a complete research study of the selected metal alloys as PCMs has
been carried out from the synthesis of samples to pilot plant scale testing. The experimental results
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obtained in this work for each aspect are presented in separated chapters according to the following
scheme. The selection of the candidates, as well as, the experimental procedure followed to
synthesis the metal alloys are described in Chapter 3. The structural characterization and
thermophysical properties determination of the obtained metal alloys are presented in Chapter 4.1.
The evaluation of the accelerated thermal cycling tests to evaluate the long-term thermal stability of
the investigated PCMs is discussed in Chapter 4.2. Some results regarding the development of a
semi-empirical mathematical model to predict specific heat of metals and the testing of one of the
studied eutectic alloys in a laboratory scale TES unit, obtained in collaboration with other CIC
Energigune groups, are described in Chapter 5. Finally, the work developed during the research stay
at 12M — CNRS - TREFLE, University of Bordeaux (France) is described in Chapter 7.4.
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Figure 7. Mg-Zn-Al ternary liquidus projection [53].
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Figure 10. The steps in the development of a latent heat storage system [40].
1.4. Scientific publications as result of this thesis work:

As result of the research work carried out in this thesis several scientific papers were
published and under review in high impact factor journal. It has to be noted that the sections of
chapter (4) are based on papers resulting of this thesis and the sections of chapter (5) are based on

collaboration papers, related but not resulting of this thesis.

e Chapter 4: Papers resulting of this thesis

o Section (4.1.1): E. Risuefio, S. Doppiu, J. Rodriguez-Aseguinolaza, P. Blanco,
A. Gil, M. J. Tello, A. Faik and B. D'Aguanno, “Experimental investigation of
Mg-Zn-Al metal alloys for latent heat storage application”. Journal of Alloys and
Compounds, 685 (2016)724-732.

Published
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o Section (4.1.2): E. Risuefio, A. Faik, A. Gil, J. Rodriguez-Aseguinolaza, M. J.
Tello and B. D’Aguanno “Zinc-rich eutectic alloys for high energy density latent

heat storage applications”.
Submitted to Journal of Alloy and Compound

0 Section (4.2.1): E. Risuefio, A. Gil, J. Rodriguez-Aseguinolaza, M. J. Tello, A.
Faik and B. D’Aguanno “Thermal cycling testing of Zn-Mg-Al eutectic metal
alloys as potential high-temperature phase change materials for latent heat

storage”.
Submitted to Journal of Thermal Analysis and Calorimetry

o Section (4.3.1): E. Risuefio, A. Faik, J. Rodriguez-Aseguinolaza, A. Gil, M. J.
Tello, and B. D’Aguanno “Corrosion behaviour of stainless steels in Mg-Zn-Al

molten metal alloys for latent heat storage application”.

Submitted to Journal of Solar Energy

e Chapter 5: Collaboration papers, not resulting of this thesis

o0 Section 5.1: J. Rodriguez-Aseguinolaza, P. Blanco-Rodriguez, E. Risuefio, M. J.
Tello and S. Doppiu, “Thermodynamic study of the eutectic Mg49-Zn51 alloy
used for thermal energy storage”, Journal of Thermal Analysis and Calorimetry,
117 (1) (2014) 93-99.

Published

o0 Section 5.2: P. Blanco-Rodriguez, J. Rodriguez-Aseguinolaza, E. Risuefio and
M. J. Tello, “Thermophysical characterization of Mg-51%2Zn eutectic metal
alloy: A phase change material for thermal energy storage in direct steam
generation applications”. Energy, 72 (2014) 414-420. [Corrigendum: Energy 75
(2014) 630].

Published
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Material for Latent Heat Thermal Energy Storage”, Energy Procedia, 69 (2015)
1006-1013.

Published

T. Echaniz, R.B. Pérez-Saez, E. Risuefio, L. Gonzalez-Fernandez, A. Faik, J.
Rodriguez-Aseguinolaza, P. Blanco-Rodriguez, S. Doppiu and M. J. Tello
“Thermal emissivity spectra and structural phase transitions of the eutectic Mg-
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Published
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2. Experimental equipment

2.1. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDS)

Scanning Electron Microscopy (SEM)

The alloys microstructure and morphology investigations were performed using a Quanta FEG
250 Scanning electron microscopy (SEM). The scanning electron microscope (SEM) is a type of
electron microscope that produces high-resolution images of a sample by scanning a focused beam
of accelerated electrons. When the electron beam strikes the sample are produced several
interactions with the sample that result in the emission of electrons or photons. These emitted
particles are collected with the appropriate detector to provide information about the microstructure,

topography and composition of sample surface.

The optical resolution can be approximated as wavelength A/2NA (NA is the numerical aperture
of the lens, typically ~ 1.0). By accelerating electrons by a high voltage, its wavelength is reduced.
The acceleration takes place in the microscope column by a potential range from 1000 to 30000 V.
These voltages reduce the wavelength of the electrons from approximately 4 nm to 0.7 nm for
voltages 1000 V and 30000 V, respectively. Thus, by SEM higher resolutions of the order of 1 nm
can be obtained to observe details of the sample surface that are in this order of size. Samples can

be observed in a wide range of conditions; from high vacuum or humid conditions or cryogenic.

The accelerated electron beam from electron gun is focused and reduces along the column by
condenser lenses and objective, respectively. By deflector coils, the electron beam on the sample is
scanned point by point and line by line. The electrons interact with the atoms at various depths
within the sample. As a consequence of this interaction different types of signals are produced
secondary electrons (SE), reflected or back-scattered electrons (BSE) or photons of characteristic

X-rays among others.
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Secondary electrons are electrons stripped from the surface of the sample due to a process
ionization produced by the interaction with electron of beam (primary radiation). They occur when
an electron beam passes close to the nucleus of an atom in the sample, providing enough energy to
one or more of the inner electrons to jump out of the sample. These electrons are very close to the
surface and therefore, they provide topographical information displays at very high resolution (less

than 1 nm). It is the most common detection mode in SEM.

Back-scattered electrons (BSE) are beam electrons that are reflected from the sample by elastic
scattering due to a collision with the nucleus of an atom. Because the intensity of the BSE signal is
proportional to the atomic number (Z) of the atoms, their images can provide information about the
distribution of different elements in the sample. Back-scattered electrons emerge from deeper
locations of the sample than secondary electrons and consequently the resolution of BSE images is
usually poorer (5 to 10 nm). In analytical SEM, the BSE are often along used with the spectra made
from the characteristic X-rays.

Characteristic X-rays are produced when a secondary electron is removes from an inner shell
from the atom and another outermost electron can jump inside to fill this gap. In this way, the
excess energy of the electron that migrates to an inner shell to fill the newly created hole is emitted
as X-ray. The X-rays are characteristic of each element of the sample, which are used to obtain

information on the composition of the sample.
Energy Dispersive X-Ray Spectroscopy (EDS)

Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is an analytical technique used for the
elemental analysis or chemical characterization, which it is used in conjunction with SEM. The
EDS is used to analysis characteristic X-ray spectra. The number and energy of characteristic X-
rays emitted from the sample are detected by an energy-dispersive spectrometer. The EDS X-ray
detector measures the relative abundance of emitted X-rays versus their energy. The EDS detector
converts X-ray energy into voltage signals. Then this information is sent to a pulse processor, which

measures the signals and passes them onto an analyzer for their display and analysis.

As the energies of the X-rays are characteristic of the difference in energy between the two
shells and of the atomic structure of the emitting element, EDS allows know the elemental
composition of the sample. The qualitative analysis involves the identification of the lines in the X-

ray spectrum and the quantitative analysis. Quantitative analysis (determination of the
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concentrations of the elements present) entails measuring line intensities for each element and for

each element in a calibration Standard of known composition.

X-ray intensities are measured by counting photons and the precision obtainable is limited by
statistical error. The overall analytical accuracy is commonly + 2%, owing to factors such as
uncertainties in the compositions of the standards and errors in the various corrections which need
to be applied to the raw data. On the other hand, together with the characteristic X-ray lines, a
continuous X-ray spectrum is also emitted by the sample. This continuous spectrum gives rise to the
presence of "background™ which limits the observation of small peaks. This effect can be reduced

by using long counting times.
2.2. X-Ray Power Diffraction (XRPD)

The phase and cell parameter determination on alloy samples has been performed by X-ray
powder diffraction (XRPD) technique using a Bruker D-8 Advance Diffractometer. XRPD is based
on the study of X-rays diffracted by the sample (powder or bulk) where their geometry is strongly

linked to the geometry of the crystal structure.

Crystalline materials are characterized by the orderly periodic arrangements of atoms. The unit
cell is the basic repeating unit that defines a crystal and its possible shapes are defined by 7 crystal

systems, which are based on the relationship among a,b,c (unit cell dimensions along X, vy, z,
respectively) and o, B, y (angles between b,c (@); a,c (B); ab (3)). Parallel planes of atoms

intersecting the unit cell are defined by Miller index (hkl).

When the electromagnetic waves of an X-ray beam impact on atoms of the crystalline material,
the waves are scattered in all directions creating constructive or destructive interferences. When a
coherent dispersion occurs, the accuracy of the periodicity of the incident wave is preserved. Due to
the regular arrangement of crystals, their atoms are a periodic serie of coherent dispersers which can
diffract X-rays, where there is a strong geometrical relationship between the directions of the

diffracted waves and the crystal structure of material.

An X-ray diffracted beam is composed of a large number of scattered rays of different parallel
planes. The diffracted X-rays comply the following conditions: (i) The plane normal must be
parallel to the diffraction vector (the vector that bisects the angle between the incident and
diffracted beam). (ii) The angle of incidence (¢) on a plane's atom is equal to the scattering angle
(0. (iii) The angle of diffraction (26) is the sum of incidence and scattering angles. (iv) The
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difference in length of paths (2d sin 6) between two rays diffracted by atoms in two different
parallel planes is equal to an integer multiple (n) of the wavelength (1) of the incident beam. These

conditions are included in Bragg’s law by the equation (1):

nA=2d-sin@ @

Where d is the distance between parallel planes. For parallel planes of atoms, with a distance d
between the planes, constructive interference only occurs when Bragg’s law is satisfied. In a
diffractometer, the wavelength of X-rays is known and fixed. The sample is rotated so that the angle
of diffraction changes. Consequently, a family of planes produces a diffraction peak only when a
specific angle (0) is reached. Thereby, the space interplaner d is known. At the same time, a
relationship between d-value and the miller index and lattice constants of each crystallographic

system exists.

The diffracted rays produce dark dots on a detector plate. In a powder sample, due to the
random orientations of many crystals cone of diffraction, called Debye cone, are obtained. A
detector transforms these cones in a discrete diffraction peaks. A diffraction pattern shows the
position (26) and intensity of these peaks, where each one of which corresponds to a set of planes of
crystal, where the space dn between the planes determines peak positions and the peak intensity (1)
is determined by the amount of atoms presents in set of planes. By the study of diffraction patterns
can be obtained extensive information about the crystalline structure; qualitative and quantitative

information, unit cell lattice parameters, crystallite size or microstrain among another.

Powder diffractometers typically use the Bragg-Brentano geometry. The incident angle (6) is
defined between the X-ray source and the sample. The diffracted angle () is defined between the
incident beam and the detector angle. The X-ray tube is fixed whereas the sample rotates at £°/min
and the detector at 26°/min.

The X-ray tube is the source of the incident X-ray. The production of X-ray involves
bombarding a metallic target (anode) with electrons from a hot filament (catode), which are
strongly accelerated by a high potential. When electrons collide with the target can eject electrons
from the inner layers of its atoms. These vacancies are filled by electrons falling from higher levels,
with higher energy. That energy difference between levels (characteristic of the atom) is released by
the emission of a photon of X-ray with a wavelength (energy) determined. When the electron is

ejected from the K shell (n = 1) and the transition occurs from the level n = 2 to n = 1 the X-ray is
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called Ka, when produced from n = 3 to n = 1 is called Kg, and so on. In XPRD, K, X-rays are

normally used, from molybdenum or copper metal target.
Phase identification and unit cell parameter determination

Diffraction directions depend on crystal system and network parameters of the crystal, i.e., on
the shape and size of the unit cell. So, a given crystalline phase always produces a characteristic
diffraction pattern. In this made, the identification of crystalline phases is based. To qualitative
analysis the diffraction pattern is compared with established patterns of crystalline phases.
Diffraction patterns of each phase may be obtained from databases such as International Center
Diffraction Data (ICDD) database.

The unit cell parameters determination is performed by refinement. The refinement consists in
minimize the difference between the experimental diffractogram and a calculated diffractogram.

The function to minimize, Sy, is given in the equation (2):

Sy :Zwi "Yi(o)_Yi(Cjz (2)

Where yi(0) and y;i(c) are the observed and calculated intensity, respectively, of the i-th point of
the data set, and w; is the weight assigned to each data. The experimental profile contains two types
of contributions those caused by the physical and geometric aberrations of the diffractometer and
the corresponding to real profile. In this way, two types of data are needed to obtain the calculated
intensities, y;(c). The data that allow calculate the intensities of the different reflections, called
"atomic parameters™ and a group of parameters that affect the entire diffractogram, called "global
parameters”. When you do not have an adequate structural model (set of atomic positions) you can
make a preliminary step of refinement called the "whole pattern fitting or matching profile.” In this

case the calculated intensity, yi(c), is modelled as shown in the equation (3):

ka
Yi(c):ybi+Z|k’Qk(2‘9i_20k) (3)
k=ky
Where yp; is the background continuous intensity in measurement step i, Q(26; - 26,) describe
the shape of k peak in the Bragg angle 26; (the most common functions to define the peak shape are
Gaussian, Lorentzian, pseudo-Voigt among others.), I is the integrated intensity of the k-th peak of

the diffractogram that contributing to step of measured i.
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To minimize this expression should be obtained the derivatives with respect to the parameters,
p;, that depends the structural model, and equalize to zero, as is known in the equation (4):
@:Zwi .Ayi.ayi(c)zo
op; i op;
j=12,..n

(4)

In the refinement the function is approximated around a parameter, p;, value. In each cycle of
refinement is obtained a new set of parameters that described better the model and that they are the
starting point for a new cycle refinement. Refinement is continued until convergence is reached, i.e.

until no variation of parameters. The quality of the fit is measured by indices of disagreement [57].
2.3. Gas pycnometry

A gas pycnometer measures the volume and density of solid materials employing the
volume/pressure relationship known as Boyle's Law, which affirms that the absolute pressure
exerted by a given mass of an ideal gas is inversely proportional to the volume it occupies if the
temperature and amount of gas remain unchanged within a closed system as is shown by equation
(5) and (6):

1
P OCV (®)
or

P.V =k (6)

Where P is gas pressure, V is gas volume and k is a constant. The equation states that product of
pressure and volume is a constant for a given mass of confined gas as long as the temperature is
constant. For comparing the same substance under two different sets of condition, the law can be
usefully expressed as the equation (7):

PV, =PV, (7)

The equation shows that, as volume increases, the pressure of the gas decreases in proportion.
Similarly, as volume decreases, the pressure of the gas increases.

A gas pycnometer operates by detecting the pressure change resulting from displacement of gas
by a solid object. Expanding a quantity of gas at known pressure into an empty chamber and

measuring the pressure establishes a baseline. Then a sample is placed in the chamber and the
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chamber is resealed. The same quantity of gas at the same pressure is again expanded into the
sample chamber, and the pressure is measured. The difference in the two pressure combined with
the known volume of the empty sample chamber allows the volume of the sample to be determined
by way of the gas law. The accuracy and precision of the gas pycnometer in determining density is
good, but the method relies greatly on the cleanliness of the sample material and purity of the
analysis gas. Gas pycnometry is recognized as one of the most accurate and reproducible techniques
for obtaining true, absolute, skeletal, and apparent volume and density. Inert gases, such as helium

or nitrogen, are used as the displacement medium.
2.4. Dilatometry (DIL)

The linear coefficients of thermal expansion (CTE) of the alloys were determined by push-rod
dilatometer Netzsch Model 402C. Dilatometry (DIL) is a thermo-analytical technique for the
measurement of expansion or shrinkage of a material as a function of temperature when subjected
to a controlled temperature/time program in a specified atmosphere. Dilatometers can be used to
different application [58] where one the most common is the coefficient of thermal expansion
(CTE) determination, in which two physical quantities i.e. displacement and temperature are
measured on a sample, as it is shown in the equation (8):

1(0oV
r=ular), ©

Where £ is thermal expansion coefficient, V, is the sample volume at initial T, temperature
(usually room temperature), 4V is the volume increase between T, and T, temperatures and A7 is
the temperature increasing. The volume change of crystalline materials during heating happens for
two reasons [59]: The thermal expansion due to asymmetric thermal vibrations of the ions in the
crystalline lattice and the phase transformation connected with their rearrangement in the lattice.
For an isotropic material with cubic form, the material volume at the temperature T is
V=V,(1+8-At)=13(1+a-At)=I3(1+3a-At), where a is the linear CTE. So, f=3a

relationship is given. Consequently, it is sufficient to measure the change in length of a sample and

calculate the linear CTE by the follow equation (8):

o= —— 9)

Where Lo is the sample length at initial To temperature and AL is the length increase between

room Ty and T, temperatures.
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There are different dilatometer types; capacitance, connecting rod, high resolution — laser and
optical dilatometer, where connecting rod (push rod) dilatometer is the most commonly used. In
connecting rod (push rod) dilatometer a specimen is heated in a furnace and displacements of the
ends of the specimen are transmitted to a sensor by means of push rods. It employs the differential
principle, where the dilatometric cell which is parallel with the measured sample plays the role of
the reference sample. The dilatometric cell is usually alumina or silica, where their length changes
as function of temperature are known. The push-rod dilatometers use linear variable differential
transducer (LVDT) as linear displacement sensor. Due to they are differential systems, calibration
with a reference sample are needed. The push-rod dilatometers need 25 to 50 mm length samples.
The length samples contribute to the measurability and reliability of the data and, as a consequence,
to the overall accuracy of the measured value of AL/Lo,. The position of the sample in the
dilatometric cell can be different, where most push-rod dilatometers employ horizontal position of
the sample.

2.5. 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

alloys. DSC is a thermo analytical technique in which difference in the heat flow rate (q) to a

sample and to a reference sample are measured while they are subjected to a controlled temperature
program. DSC analysis is usually performed under a temperature increase as a function of time,
where the sample and reference are maintained at same temperature throughout the experiment and
the reference sample has a well-defined heat capacity over the range of temperatures. When the
sample experiments a physical transformation such as phase transition, a higher (or lower) heat flow
rate through the sample will be needed, compared to the reference, in order to maintain the
temperature constant on both. In this way, when endothermic phase transition occurs a higher heat
flow is required, as well as the sample undergoes exothermic processes less heat is required to raise
the sample temperature. The AT signal is converted to a heat flow rate using a temperature

dependent proportionality factor, as shown in the equation (10):
q=E(T) AT (10)

The proportionality factor E(T) depends upon the geometry and materials of construction of the
differential temperature sensor, which is determined by the manufacturer and is common to all
instruments of a given type. By the determination of the difference in heat flow, DSC is able to

measure the amount of heat absorbed or released during the phase transitions. In DSC experiment a
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curve of heat flux versus temperature or versus time is given. By the area of this curve the

enthalpies of transitions can be calculated using the following equation (11):

AH =K - A (11)

Where AH is the enthalpy of transition, K is the calorimetric constant determined by instrument,

and A is the area under the curve.

The specific heat of the alloys was measured by quasi-isothermal modulated DSC technique
(QIMTDSC). This technique involves the holding and modulation of a sample at a specific
temperature for extended periods of time. The temperature can be increased or decreased through a
transition, which eliminates the influence of scanning rate, while also allowing investigation of time
dependent processes. The quasi-isothermal method uses a heating rate of zero, hence the heat
capacity is measured as a function of time at any temperature. The general temperature program,
T(t), is given by the equation (12):

TA)=T,+ B, -t+A -sinw-t (12)

Where T, is the initial temperature, By is the underlying (average) heating rate, t is the time, At
is temperature amplitude and w is angular frequency, defined as 2z/P, where P is the period of the

sine wave.

The measured heat flow in response to this temperature program is also periodic. Using the

dynamic definition of the heat capacity, C,, of the equation (13):

P ot m-g,

_ 1 (13)

Where, 0Q/dt is the heat flow and m is the sample mass. In this way, the complex heat

capacity, C;, is calculated according to the equation (14):

Ay

Ay

1 (14)
m

Where, Aq and As denote the amplitudes of the modulated heat flow and heating rate.

2.6. Laser Flash Apparatus (LFA)

The laser flash Apparatus (LFA) (LFA 457 MicroFlashTM NETZSCH) is used to measure

thermal diffusivity (capacity to conducted the thermal energy) of the alloy samples. The procedure
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consists on the determination of the superficial temperature change of a plane solid sample heated
up from the opposite parallel surface by a high intensity and short duration laser pulse. Based on
this measurement, depending on the laser pulse time duration, sample thickness and heat diffusion
time through the sample, different mathematical models implemented in the experimental setup
provide accurate values of the thermal diffusivity. In a one-dimensional, adiabatic case the thermal
diffusivity, is calculated from this temperature rise as follow in the equation (15):
d 2
a=0.1388-— (15)

t1/2

Where a is the thermal diffusivity, d is the thickness of the sample and ty, is the time to the half

maximum.
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3. Experimental processes

3.1. Synthesis process

High purity ingots of Mg, Zn and Al metals were used as primary materials (99.94 mass%,
99.995 mass% and 99.7 mass% purity, respectively) for the alloys synthesis process. The Mg and
Zn were supplied by Alealsa S.A and Al was supplied by Sigma-Aldrich. The ZngsAlg;Mg73,
Zngg 7Al11 3 Zngp2Mg7.s Zn7oMgas and MgroZnas9Als; eutectic alloys and the Mgz1Zn,g9Alg1 and
Mg70Zn44Als s quasi-peritectic alloys, were prepared by the stoichiometric proportion of the
primary metals. Then, the pre-alloys, with around 60 g of weight, were placed into alumina conical
crucibles. To avoid the possible oxidation during the synthesis process the alumina crucibles were
hermetically closed inside AISI 316 stainless steel reactors in a glove box under argon inert
atmosphere as can be observed in Figure 11.

Figure 11. (a) Primary metals placed into alumina conical crucibles and stainless steel reactors. (b) Reactor places

on the furnace.
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The reactors were introduced in a muffle electrical furnace and were heated with a heating
rate of 10 K/min up to 450-500°C for 4-6 hours. Once the Zn was melted, Mg and Al were
gradually dissolved on it. During the synthesis process an external mechanical movement was
applied every 30 minutes in order to ensure the homogeneity of the alloys. After cooling down to
room temperature, the solid samples were turned upside down and were melted again. This process
was repeated three times in order to ensure the homogeneity of the samples. The final cooling down
of five eutectic alloys was conducted at 10 K/min rate to ensure their correct crystallisations without
the presence of any metastable phases. In the case of the MgrZn,49Als 1 eutectic alloy and the
Mg71Zn250Alp1, and MgzoZn,44Als s quasi-peritectic compositions cooling rates of 10 K/min and
0.1 K/min were applied to study the effect of this parameter on the microstructure of the obtained

samples. Table 1 summarizes the experimental conditions of the synthesis of the materials studied

in this thesis.
Numbers of
processes

(°C) (h) - (K/min)
Zng4Alg ;Mg; 3 eutectic 450 4 3 10
Zngg 7Aly4 5 eutectic 450 4 3 10
Zng, ,Mg; g eutectic 450 4 3 10
Zn7,Mg,g eutectic 450 4 1 10
Mg70Zn,4.0Als 1 eutectic 500 6 1 0.1, 10
Mg71Zn,5 ¢Alg 1 quasi-peritectic 500 6 1 0.1, 10
Mg70ZN,4.4Als ¢ quasi-peritectic 500 6 1 0.1, 10

Table 1. Summary of alloys synthesis process parameters.

Finally, to conduct the characterization of the alloys, different geometries (rectangular,
cylinder, tablet, etc.) of the samples were mechanized by different techniques. In this way, the
turning and grinding mechanizing processes were performed in Armeria Eskola whereas that the cut
and polished processes were carried out in CIC energiGUNE by a diamond saw (IsoMet 4000
BUEHLER) and a disc grinder (Saphir 520 ATA), respectively. Figure 12 shows samples with
tablet and cylinder shapes for LFA and DIL measurements, respectively.
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Figure 12. (a) and (b) tablet shape sample. (c) Cylinder shape sample.

3.2. Accelerated thermal cycling tests protocol

3.2.1. Short term thermal stability tests

For short term thermal stability determination alloy pieces of around 100 mg of weight were
subjected to consecutive melting/solidification cycles by DSC. The samples were introduced in
open alumina holders and heating/cooling rates of 10 K/min were applied under a 100 ml/min flow
of protective argon atmosphere. The alloys were subjected to 100 melting/solidification cycles from
300°C to 450°C. The phase change temperatures and the latent heat of fusion of each cycle were

continuously recorded with an experimental error of £0.01°C and +0.1 %, respectively.
3.2.2. Long term thermal stability test

The long term thermal stability tests were performed for the Zn;;Mgs and MgzoZnz49Als 1
alloys by a tubular muffle electrical furnace as it is shown in Figure 13. Samples around 100 g were
put in alumina crucibles inside of hermetically closed quartz tube under a protective argon flux (100
ml/min) in order to avoid any oxidation process. In each melting/solidification cycle,
heating/cooling rate of 10 K/min was applied between 300 and 450 °C with isothermal steps at
minimum and maximum temperatures (300 and 450°C) for 10 min. The samples of each material
were subjected to a 500 melting/solidification cycles. During the test small alloy pieces of around
20 g were cut after 50, 100, 300 and 500 cycles to detect any changes in the thermophysical

properties and the microstructure of the materials.
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(a) 400 °C 400 °c 400 °C 400 °C 400°C
10 min 10 min 10 min 1 min 1 min

300 cycles

25 o¢ 10 min 10 min 1 min 1 min 25 o

Alumina
= ' crucible with
=™ Tubular alloy sample
furnace -——

Figure 13. (a) Accelerated thermal cycling parameters. (b) Experimental setup. (c-f) Mg-oZny49Als 1 alloy sample
after 50, 100, 300 and 500 cycles, respectively.

In this way, the phase change temperature and heat of fusion were determined by DSC analysis.
Samples of around 100 mg were cycled 3 times in alumina open holders between 200°C and 450°C,

with heating/cooling rate of 10 K/min and under argon flow of 100 ml/min.

On the other hand, the microstructure investigation of the alloy pieces was performed by SEM.
For this propose, smooth surfaces of samples were prepared by using SiC papers and diamond

pastes down to 3 pm grain size.
3.3. Compatibility tests protocol

The compatibility of the investigated eutectic metallic alloys with stainless steels was performed
in two stages. In the first stage, the common stainless steels, i.e. AISI 304, 304L, 316 and 316L,
were selected to perform the corrosion tests. In the case that the four selected stainless steels are not
fully compatible with the metal alloys, in the second stage, special stainless steels, i.e. 321, 316Ti
and 430, were investigated to identify the highest corrosion resistant steel to the molten alloys. The

chemical compositions of the investigated stainless steels are shown in Table 2.
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Stainless Chemical composition (wt.%)
steels
AlSI C Mn Si Cr Ni P S Mo Ti

304 0.08 2 1 18-20 8.00-12.00 0.045 0.03 - -
304L 0.03 2 1 18-20 8.00-12.00 0.045 0.03 - -

316 0.08 2 1 16-18 10.00-14.00 0.045 0.03 2.00-3.00 -
316L 0.03 2 1 16-18 10.00-14.00 0.045 0.03 2.00-3.00 -
316Ti 0.08 2 1 16-18 10.00-14.00 0.045 0.03 2.00-3.00 (5 x C)-0.07

321 0.08 2 1 17-19 9.00-12.00 0.045 0.03 - 5x C min

430 0.12 1 1 16-18 - 0.04 0.03 - -

Table 2. Chemical composition of selected stainless steels in weight percentage.

For this purpose, rectangular sheets of stainless steels of around 10 mm of width, 20 mm of
height and 2 mm of thickness were cut. In parallel, alloy samples of around 5 g were placed in
alumina conical open crucibles. The alloys inside open crucibles were introduced in an electrical
chamber furnace and were heated up to 400°C under argon protective flow of 200 ml/min. Once the
temperature was stabilized the alloy samples was maintained at 400°C for 15 min in order to melt
them. In the next step, the molten alloys were removed consecutively from the furnace and sheets of
stainless steels were vertically immersed and were hold for few seconds up to the melted alloy
solidified. Then, the alloy-steel samples inside alumina crucibles were hermetically closed inside
stainless steels reactors in a glove box under argon inert atmosphere as can be observed in Figure 14
(a). Finally, the reactors were put in a chamber furnace and were heated at isothermal temperature
of 400°C for 360 hours and 720 hours. In this way, the Zng,Alg7;Mg73, Zngg7Al;13 and
Mg70Zn49Als 1 alloys were tested with AISI 304, 304L, 316 and 316L steels for 720 hours and
ZngyAlg7Mg7 3 and Zngg7Al 1 3 alloys with 321, 316Ti and 430 steels for 360 hours. The conditions

of the compatibility tests performed in this work are summarized in Table 3.

Metallic alloy Stainless steels Temperature Time
(at%) (AISI) (°C) (h)
Mg70Zn24 6Als5 ¢ 304 - 304L - 316 - 316L 400 720
304 - 304L - 316 - 316L 400 720

Zngg 7Al11 3 .
321 - 316Ti - 430 400 360
304 - 304L - 316 - 316L 400 720

Zng4Alg 7Mgy 3 .
321 - 316Ti - 430 400 360

Table 3. Summary of the performed compatibility tests conditions.

By metallographic investigations (SEM-EDX) the compatibility test results were analysed. So,

previously of this analysis the alloy-steel samples were transversely cut and smooth surfaces of
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alloy-steel samples were prepared by using SiC papers and diamond pastes down to 3 um grain size

as can be observed in Figures 14 (b) and (c).

b) c)

Stainless steel \—

e Metal alloys

Figure 14. (a) The hermetically closed stainless steel reactor, (b) small piece of stainless steels immersed in the

metal alloys after the compatibility test; and (c) sample cut and polished for SEM analysis.

3.4. Characterization methodology

3.4.1. Scanning Electron Microscopy (SEM)

The alloys microstructure and morphology investigations were performed using a Quanta FEG
250 SEM operated in high vacuum mode at 30 kVV and with a back-scattered electron detector
(BSED). In addition, an Apollo 10 SSD energy-dispersive X-ray spectrometer (EDX) equipped to
microscope was used for elemental analysis in order to obtain chemical composition maps of the
different observed sample zones. The error for quantitative standard less EDX analyses is estimated
around 5%. For this propose, smooth surfaces of alloy samples were prepared by using SiC papers
and diamond pastes down to 1 pm grain size.

3.4.2. X-Ray Power Diffraction (XRPD) and data analysis

X-ray powder diffraction technique was used for the structural analysis by means of a Bruker D-
8 Advance Diffractometer in Bragg-Brentano geometry (0-6), using CuK,;, radiation. The data
were collected between 20° and 80° in 28 with a step size of 0.02° and counting time of 8 second
per step. To XRPD samples preparation alloy pieces were crushed until obtaining powder with a

mortar.

The refinement of the diffractograms to determine the phases present in the alloys, as well as,
their lattice parameters was performed using the WinPlotr/FullProf package [60,61]. The peak
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shape was described by a Thompson-Cox-Hastings pseudo-Voigt function convoluted with axial
divergence asymmetry function, and the background level was fixed. The refined parameters were:

zero shift, lattice constants, peak profile and asymmetry parameters.
3.4.3. Gas pycnometry

To determine the density of the alloys a helium pycnometer AccuPyc Il 1340 from
Micromeritics was used. The densities at room temperature were measured using piece of samples

of around 5 g of weight.
3.4.4. Dilatometry (DIL)

The determination of linear coefficient of thermal expansion () of the alloys was conducted on
a push-rod dilatometer Netzsch Model 402C under inert argon atmosphere. For this proposed
cylindrical samples with 10 mm of diameter and between 10-25 mm of length were mechanized
through a lathe. Before the measurements, a calibration of the apparatus was done by using an
alumina rod of 6 mm diameter and 15 mm of length. Instrument control and data acquisition as well
as evaluation are carried out by a standard computer software package. The dilatometer used for this
work was equipped with an alumina sample holder and push rod. The temperature measurement
was done with a calibrated type S-thermocouple. The experiments were run in solid phase, from
room temperature up to around 50°C below to melting temperatures of the alloys with heating rate

of 1 K/min and under argon flow.
3.4.5. 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
alloys. For melting and solidification temperatures and latent heats determination, piece of samples
of around 50 mg were measured inside open alumina sample holders and under argon flow of 100
ml/min. In order to check the reproducibility of the results three cycles between approximately
200°C and 500°C with heating and cooling rates of 10 K/min have been carried out. The
experimental error in this technique for the phase transition temperature and latent heat are +0.01°C
and +0.1%, respectively.

The specific heat of the alloys was measured by modulated quasi-isothermal DSC technique. In
the experiments, the modulation amplitude and period have been fixed to £1 K and 120 seconds,

respectively. Before measurements the instrument was calibrated using sapphire as standard
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material. Alloy sample pieces of approximately 20 mg were placed inside aluminium hermetic pans
in a glove box under argon inert atmosphere. Finally, under argon controlled atmosphere, the
specific heat was measured from -80°C to 200°C with a step of 25 °C. In order to avoid possible
corrosion mechanisms between the alloy and the aluminium crucibles at high temperatures the
maximum measuring temperature was maintained to below melting temperature of the alloys. The

experimental error of this technique is below 3%.
3.4.6. Laser Flash Apparatus (LFA)

The thermal conductivity values are obtained in an indirect way from the thermal diffusivity,
density and specific heat, according to the equation (16):

A=a-p-C, (16)

Where, A is the thermal conductivity (W/m-K), « is the thermal diffusivity (mm?/s), p Is the
density (kg/m®) and C, is the specific heat (J/g-K). The thermal diffusivity of the studied materials

was obtained by using the laser flash apparatus (LFA).

For all the measurements carried out with the Laser Flash Apparatus, disc shaped samples with
a side length of 10 mm and a thickness of around 1.5 mm were used. The sample machining by
turning warranted parallel faces and smooth surfaces. In order to minimize the experimental error, a
graphite film prime was added over the alloy samples. In other to ensure the reproducibility of the
thermal diffusivity values three cycles from 50°C to around 450°C were carried out under argon
flow (50 ml/min). The measurements were performed each 50°C in the solid phase and each 20°C in

the liquid phase. The estimated experimental error of this technique is lower than 5% [62,63].
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4. Experimental results

4.1. Structural and thermophysical characterization

4.1.1. Experimental investigation of Mg-Zn-Al metal alloys for LHS
application

Introduction

In this study, 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 Mg71Zng9Alo a1,
Mg70Zn249Als1 and MgzoZna44Als 6. Table 4 summarizes the general formula, atomic and weight
compositions and the theoretical melting temperature of the investigated alloys. The first and third
materials correspond to quasi-peritectic compositions and the second material corresponds to a
eutectic composition. The eutectic composition is considered more suitable as PCMs for TES
application due to its constant phase transition temperature. 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. For this propose a complete structural and thermophysical characterization of the

selected metal alloys has been carried out in this section.

; ; T
Alloy Atomic percentage (%) Weight percentage (%) (theorgtical) Reference
Mg Zn Al Mg Zn Al )
Mg71ZN;5.9Al04 71 28.9 0.1 47.7 52.2 0.1 340.48 [53]
Mg70ZN24.0Al5 1 70 24.9 5.1 49.0 47.1 3.9 338.36 [53]
MQ70ZN4.4Al5 70 24.4 5.7 49.4 46.2 4.4 340.07 [53]

Table 4.The compositions in atomic and weight portions, and the theoretical melting temperatures of Mg7;Zn,g9Al 1,

Mg70ZN240Als 1 and Mg70Zn,4 4Al5 6 alloys.
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Results and Discussion

Structural analysis

Figure 15 shows the X-ray diffractograms of Mg71ZnogoAlo1, Mg70ZnoseAls;  and
MgroZn24.4Als 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 Mg1Zn,5 intermetallic phase [64], and the second one is an isostructural
composition of the hexagonal Mg phase [65]. According Mg-Zn-Al phase diagram [66],
Mg70Zn249Als1 and MgzoZn2s4Alse alloys should present the cubic Mgsx(Al,Zn)s intermetallic
compound as a third phase [67-69]. Ren et al. [70] suggested that Mgs,(Al,Zn)4g is a metastable
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 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 Mgs2(Al,Zn)49 has not been established under various cooling rates which is aligned with the
result in [70]. 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 Mg,Znys binary eutectic alloy where a random formation of two intermetallic
phases (stable and metastable) was obtained [71]. 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 Mg,1Zn,s
intermetallic phase and Mg solid solution at room temperature.
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Figure 15. Experimental (--) and calculated (00) X-ray diffraction patterns for the refinements of Mg,,Znyg9Alg 1,
Mg70ZN,4.9Als 1 and Mgr0Zn,, 4Als ¢ alloy samples. The bars in the lower part of the graphics represent the Bragg peak
positions that correspond to Mg (bottom) and Mg,;Znys (top) isotropic phases.
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Table 5 shows the lattice parameters of the Mg,;:Zn,s and Mg isostructural phases obtained from
the refinements in comparison to the lattice parameters of the pure phases obtained from ICSD
database [64,65]. The refined lattice parameters are different to the ones of the pure Mg,1Zn,s and

Mg phases and these variations are related to the Zn and Al solubility in both structures.

In the case of Mg71Znyg9Alg 1 alloy, the calculated lattice parameters of both phases, Mg21Znys
and Mg, are smaller than the ones of the pure reference phases. Considering the atomic radius of
Mg (1.60 A), Zn (1.42 A) and Al (1.43 A), 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.

Allo Mg lattice parameters(A) Mg Zn,s lattice parameters (A)
g a(A) c(A) V(A% a(A) c(A) V(A%
Mg 3.2093 5.2103 46.47 - - -
Mg,1ZNs5 - - - 25.7758 8.7624 5041.72
Mg71Zn 5 6Alo 1 3.2014 5.2004 46.16 25.7092 8.7281 4996.03
Mg70ZN24 0Als5 ¢ 3.1972 5.1901 45,95 25.8318 8.7296 5044.7
Mg70ZN24 4Al5 6 3.1948 5.1909 459 25.877 8.7302 5061.77

Table 5. The refined lattice parameters of the Mg,;Zn,s and Mg isotopic phases obtained from the refinements of the X-
ray diffractograms of Mg;;Zn,g9Alg.1, MQ70ZN24.9A151 and Mg7oZny4 4Als ¢ alloys. The lattice parameters of the pure

phases are given for comparison.

In the case of Mg@zZnas9Als1 and MgzoZnaa4Alse alloys two different effects in the lattice
parameters are observed. As in Mg71Zn,g9Alg ;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 Mgz1Znys phase lattice parameters increase with the addition of Al. This result
suggests that the Al, present in these alloys, could be contained in the Mg,;:Zn,s intermetallic phase

deforming its cell unit.

To confirm the results observed by XRD measurements, scanning electron microscopy (SEM)
experiments were performed. The images of three alloys are shown in Figure 16 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 [72-74]. It can be observed that the
crystal size of the phases increases with higher Al content in the material. However, in the case of
the Mg71Zn,59Alg 1 alloy (Figures 16 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 Figure 16, images at low magnification of

the three samples cooled at 10 °C/min confirm the homogeneity of the prepared samples. Finally, in
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the second and third columns, images at high magnification of the samples cooled at 10 K/min and
0.1 K/min demonstrate that the decreasing of the cooling rate leads to larger crystal sizes.

Additionally, the images provide a strong experimental confirmation 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 Mg,;1Zn,s isostructural phase. An
exhaustive microstructural inspection of the sample surfaces also confirms the absence of the cubic
Mgs2(Al,Zn),e intermetallic phase in Mg70Znz4.9Als 1 and MgzoZn,4 4Als 6 alloys.

Figure 16. SEM images of Mg7:Zn,g9Alg1 (@, b and ¢), Mgz0Zn,,0Als 1 (d, e and f) and Mg0Znas4Als6 (g, h and i)
alloys. In the first column (a, d and g), low magnification (x400) 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 (x1200) images of samples cooled
at 10 K/min and 0.1K/min rate are showed, respectively.
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In order to determine the experimental compositions of the intermetallic phases present in each
alloy EDX analysis was performed. Table 6 summarizes the observed phase compositions and their
proportions compared to the theoretical ones obtained from the ternary phase diagram at room
temperature [65]. 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 [75]. For the case of the experimental Mg,;Znys isostructural phase
composition of, around 8 at.% and 10 at.% Al solution have been found in Mg;0Zn240Als1 and
MgroZn24.4Als 6 alloys, respectively. The Mg-Zn-Al phase diagram at room temperature indicates a
maximum Al solubility around 2.5 at.% in Mg.1Znzs phase [66]. This discrepancy between
experimental and theoretical values might be related to the absence of the Mgs2(Al,Zn)49 phase in
these alloys. As a consequence, the Al amount associated to the ternary phase was dissolved mainly
in the Mgz1Zn,s 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 the Mg,;Zn,5 phase causes some deformation in its
structure and gets bigger its lattice parameters. Similar extension solubility results were observed in
previous study of Sn-Bi alloy system with an extension of solid solubility up to 35 at.% Bi content
[76,77]. Overall, the SEM-EDX results are in agreement with the XRD analysis and confirm the
presence of only two phases Mg,1Zn,s and Mg in the studied materials.

Proportion Composition of Proportion
. Composition of  of expected P of observed
Material observed phases
expected phases phases by EDX analvsis phases
(at.%) y y (at.%)
M 46 Mdo.05ZNg 02Al 43
Mgr:ZM5.5Al0 1 g 90.95£N0.04A 0,01
Mg21Zn;s 54 M01.6ZN24.4 57
Mg 46 MGo.91ZN0.08Al0 01 52
Mg70ZN24 9Al5 1 Mg21Zn,s 36 M(21.6ZN50.7Al37 48
Mgsz(Al, Zn)ag 18 -
Mg 46 Mdo.89ZN0.09Al0 02 56
M070ZNz4.4Als5 ¢ Mg21Znys 32 M021.2ZN202Al46 44
Mgsz(Al, Zn)gg 22 -

Table 6. Results of the phase compositions and their proportions for Mg;;Zn,g oAlo.1, Mg70ZNn240Als; and

Mg7OZn24,4Al5_6 a||0ys.
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Thermophysical characterization
Density

The determination of the density (p) is an important data not only to determine compaction of
obtained samples but also to calculate the storage energy density of TES materials. Two techniques
are used to determine the density of the materials: Archimedes technique and helium pycnometer
(AccuPyc-11 1340 from Micromeritics), which is an accurate technique for measuring the density of
alloys [78]. Table 7 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 Archimedes techniques measurements. As
it can be observed, the density 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%.

Density (g/cm®)
Alloy Theoretical Experimental %X?gr:nr:@gteﬂ
(pycnometer) method)
Mg71Znzs.6Alo, 3.09 3 2.89
Mg70ZN24.6Als 1 3.02 2.82 2.76
Mg7OZn24_4AI5,6 3.01 2.79 2.73

Table 7. Theoretical, calculated and experimental density values at room temperature of Mg;1Zn,g Al 1,
Mg70ZN24.9Al5 1 and Mgz0Znz4 4Als ¢ alloys.

Calorimetric analysis

Figure 17 shows the heating and cooling curves of DSC measurements for Mg71ZnzseAlg 1,
Mgr0Zn249Als1 and MgroZn,44Als6 alloys. 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 compositional differences between the investigated alloys lead to
different phase transition mechanisms.
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Figure 17. Melting and solidification temperatures and enthalpies obtained from DSC results at 10 °C/min
heating/cooling rates. In (a) the values for Mg717n28.9Al0.1 quasi-peritectic alloy, in (b) the values for
Mg70Zn24.9Al5.1 eutectic alloy and (c) the values for Mg70Zn24.4Al15.6 quasi-peritectic alloy.

Figure 17 (a) shows the heating and cooling curves of Mgr1Zn,s9Alg 1 quasi-peritectic alloy. Its
behaviour is similar to the binary eutectic Mgr,Zn,g 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 transformation Mgo.95ZNng.0sAloo1 + MQ2442ZN216 —
(Mgs1Zny). The second one at 343 °C is associated to the solid-liquid phase transition (Mgs1Zno) +
Mg24.42ZNn216 — L. Due to the overlapping between both transformation processes it is difficult to
obtain accurate 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 °C with a transition enthalpy of 154
J/g. Figure 17 (b) displays the heating and cooling curves of Mg7oZn.49Als 1 eutectic alloy. On the
heating Mgo.01Zno08Alp.01 + Mg21.6ZN207Al37 <> L eutectic phase transition occurs at 340 °C with 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. Figure 17 (c) displays the heating and cooling curves of MgzoZn,4.4Als ¢ quasi-
peritectic alloy. According to phase diagram, two transformation 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 the melting of primary crystal. As it can be seen from the curve, only a single
large peak is obtained at 341 °C and is related to the overlapping of both transformations with 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 — Mgp g9ZNg.09Alp.02 + M21.2ZN202Al4 6 €utectic phase
transition at 333 °C.
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It has to be noted that the three alloys show stable phase transitions unlike observed metastable
nature in the Mgz,Zn,g binary eutectic alloy [81]. On the other hand, the absence of Mgs,(Al, Zn)g
intermetallic compound does not affect the phase transition behaviour of the Mg70ZnasoAls 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 composition. In this way, a
eutectoid reaction in Mg71Zngs9Alg 1 quasi-peritectic composition and primary crystals melting and

solidification processes in Mg;0Zn,4.4Als s 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 [79-81].
Specific heat

The specific heat (C,) of the alloys has been measured by means of the modulated DSC method
from -80 °C to 200 °C for Mg71Znzg9Alo1 and Mgz0Znas4Alse alloys. The specific heat data of
MgroZnz4.4Als 6 alloy are not presented due to their similarity of Cp values of Mg7oZnz48Als1. As it
was explained recently in Ref. [71] the C, of metal alloys can be calculated in the complete
temperature range through a theoretical approach. This thermodynamic calculation has been used to
determine the C, of the three investigated alloys. The experimental and calculated data show good
agreements as can be clearly observed in Figure 18. Then, three alloys show similar C, values with
a difference around 1 to 4% at 300 °C. On the other hand, Mg71Zn,s9Alo ;1 alloy presents the lower
C, 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, Mg70ZN24.9Als 1 and MgroZn,s 4Als g alloys respectively.
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Figure 18. The experimental and calculated Cp data for (blue) Mg;1Zn,g9Alg 1 and (green) Mg70Znys 4Als ¢ alloys.
The calculated Cp data for (red) Mg70Zn,40Als 1 alloy.

Thermal diffusivity and thermal conductivity

The high thermal conductivity (A) of metals and alloys is the main advantage when compared
with current heat storage materials, such as molten salts. Figure 19 shows the thermal diffusivity (a)
curves of the three investigated materials obtained by means of the laser flash technique. The
measurements are obtained in the temperature range from 50 °C to 400 °C covering the solid and
liquid phases. The obtained thermal diffusivities at room temperature of Mg71Znsg0Alp 1,
Mg70Zn2a0Als1 and MgroZnossAlse materials are 26.2 mm?%s, 22.5 mm?s and 20.4 mm?/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 decrease around the half, 11.0 mm?/s, 14.9
mm?/s and 11.4 mm?/s at 350 °C for Mg7:1ZnsgeAlo1, Mg70ZnossAls: and MgzoZnassAlsg alloys,

respectively.

According to equation (16), the thermal conductivity (A1) 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 C, values due to the lack of experimental data in the complete
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temperature range. Figure 19 shows the obtained 4 values for the investigated alloys. The thermal
conductivities at 50 °C are 56.5 W/m-K, 46.8 W/m-K and 40.8 W/m-K for the Mg71Znzg9Alo1,
MgroZnza0Als; and MgroZnag4Alss 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 Mg71Znsg9Alo1, Mg70Znas0Als1 and
Mg70Zn24.4Als g alloys, respectively.

The obtained thermal conductivity values for the three alloys are smaller than the obtained for
the Mg7,Zn,g binary eutectic alloy [82]. This result is due to the periodicity reduction of unit cells of
Mg and Mg,1Zn,s phases due to Al presence in them, As an example, the Mg70Zn,49Als 1 eutectic
alloy with around 5 at.% of the Al content shows a value of thermal conductivity 30 % lower than
the obtained for the Mg72Zng alloy at 50 °C and the Mg71Zn,g9Alo 1 alloy with a small amount of
0.1 at.% Al shows 15.6 % lower thermal conductivity than the eutectic Mg-Zn binary alloy.
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Figure 19. Thermal diffusivity and conductivity of (circle) Mg;;Znyg0Alg 1, (diamond) Mg0Zn,s0Als, and
(triangle) Mg0Zn,4 4Als ¢ alloy compositions. The thermal diffusivity is indicated by open symbols and the thermal

conductivity by solid symbols. Dotted line is a guide for the eyes.
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Conclusions

In this work, Mg71Zn,g9Alg1 (quasi-peritectic), MgzoZnas9Als 1 (eutectic) and Mg70ZNn244Al56
(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
Mg2Zn,g 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 Mg71Zn,gAlg 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 Mgz1Zn,g oAl 1,
Mg70Znz49Als1 and Mgr0Zn244Als6 alloys are similar. A large difference was obtained for the
thermal diffusivity and conductivity properties. In this regard, a small variation of around 5 % in the
Al content in the alloy lead to a difference of around 29 % in the measured thermal conductivity.
Their thermal conductivity values are also smaller than the obtained for the Mg72Zn,g binary
eutectic alloy. These thermal conductivity reductions are due to Al presence in Mg and Mg,1Zn;s
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 26 W/m-K in liquid phase. The
high thermal conductivity of the investigated metallic PCMs will allow the design and construction
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 Mg7Zn249Als; 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.
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4.1.2. Zinc-rich eutectic alloys for latent heat storage applications

Introduction

In this section, the complete characterization of Zn-rich eutectic alloys as LHS materials is
carried out. In particular, ZngsAlg7Mg73, Znga7Al113 and Zng, 2Mgr s (at.%) eutectic alloys, with
melting point between 340 — 380 °C, have been evaluated. The calculated liquidus projection of Zn-
Al-Mg ternary phase diagram is shown in Figure 20 [81]. The main goal is to determine their
relevant thermophysical properties in the field of thermal energy storage in order to demonstrate
their suitability as storage media. Once the correct eutectic compositions of the synthesized alloys
are confirmed, the melting/solidification temperatures, phase transition latent heat, specific heat and
thermal conductivity have been carried out. On the other hand, several of current investigations

about high temperature phase change material for solar TES have been shown and discussed.

Mg, Al (p) Atomic Percent Magnesium

Figure 20. Mg-Zn-Al calculated liquidus projection [81].

62



4. Experimental results

Results and discussion

Structural analysis

After the synthesis processes described above, the correct eutectic compositions of
ZngyAlg7MQ7 6, ZNngs 7Al11 3 and Zng, 2Al7 g alloy samples have been checked by means of XRD and
SEM analysis. The identification of the phases present in each sample has been obtained by XRD
analysis and the results are shown in Figure 21. As can be seen, the diffractogram of Zng,Alg Mgz
sample exhibits a combination of the Mg,Zn;;-Al-Zn ternary eutectic structure. The diffractogram
of Zngg7Al113 Sample presents Al-Zn binary eutectic structure. And the Zng, ,Mg7g sample shows
Zn-MgZn, binary eutectic structure with traces of Mg,Zn;; intermetallic phase. The observed phase
combination in first and second samples are in agreement with equilibrium phase diagrams whereas
on the third sample the Zn-MgZn, metastable eutectic structure with traces of Mg,Zni; phase is
observed instead of Zn-Mg,Zn;; stable eutectic structure. However, as M. V Akdepniz et al. [83]
indicate the Zng,,Mg7g eutectic alloy exhibit competitive growth between these metastable and
stable eutectic systems, where the metastable Zn-MgZn, eutectic mixture are observed under
normal solidification conditions and the stable Zn-Mg,Zn;; eutectic mixtures after rapid
solidification. On the other hand, the MgZn, primary phase is involved in the subsequent Mg,Zn1;
phase formation through MgZn, + L — Mg,Zny; peritectic reaction. So, the observation of MgZn;;
phase traces in this sample is due to the incomplete peritectic transformation, which is consequence
of the metastable nature of MgZn, phase.
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Figure 21. X-ray diffraction patterns of the (2) Zng;Alg;Mg7¢, (b) Zngg;Al11 3 and () Zng, ,Al; g alloys. The bars in
the lower part of the graphics represent the Bragg peak positions that correspond to each detected phase.
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The lattice parameters, of phases presented in each alloy, have been obtained by profile machine
refinements. The Table 8 shows their values in comparison the lattice parameters of the pure phases
obtained from ICSD database.

Lattice parameters

Alloy Phases a(A) c (A) V (A%
Zng4Alg /My 3 Al 4.041 - 66.01
Zn 2.661 4.945 30.32
Mg,Zny, 8.525 - 619.55
Zngg 7Al11 3 Zn 2.665 4.95 30.46
Al 4.05 - 66.44
Zng; ,Mgy g Zn 2.664 4.946 30.39
Mg,Zny, 8.624 - 641.46
MgZn, 5.218 8.563 201.92
Lattice parameters from Al 4.05 - 66.41
ICSD data base Zn 2.664 4.957 30.39
Mg,Zny, 8.552 - 625.47
MgZn, 5.223 8.566 202.37

Table 8. The lattice parameters of the phases in alloy samples in comparison with their values from the ICSD database.
[ICSD codes: Al (10216), Zn (421014), Mg,Zny; (104898) and MgZn, (150576)].

In the Zng4Alg Mgy 3 alloy, the Al and Zn solid solution lattice parameters are similar to those of
Al and Zn pure phases, which indicate a high level of purity in the crystalline structures of these
phases. However, the Mg,Zn;; intermetallic phase shows a slight reduction, from 8.552 to 8.525.
Considering the atomic radius of Mg (1.60 A), zn (1.42 A) and Al (1.43 A), this decreasing
indicates the substitution of the Mg by the Zn and Al atoms. In the Zngg 7Al11 3 alloy, the Zn and Al
solid solution lattice parameters do not show any changes respect Al and Zn pure phase parameters.
This result notes the very high purity of Zn and Al solid solution. In the Zng, Mgy s alloy, the Zn
solid solution lattice parameters are similar to ones of Zn pure phases, confirming its high purity.
However, The MgZn, phase parameters are slightly lower than their values in MgZn, pure phase,
showing a reduction from 5.223 to 5.218. This reduction indicated the substitution of the Mg by the
Zn atoms. Conversely, the Mg,Zn;; phase lattice parameters are higher than those of pure Mg,Zni;
phases. They increase markedly from 8.552 to 8.624, which indicated the substitution of the Zn by

the Mg atoms in the crystalline structure of this intermetallic phase.

Sample surfaces have been analysed by SEM to ensure the homogeneity and the correct eutectic
microstructure of studied metal alloys. Figure 22 shows SEM images of the samples at three
different magnifications for each one. In general, the three samples show the expected lamellar
eutectic microstructures, where images at low magnification confirm the homogeneity of eutectic

structures on samples. Thereby, the microstructure of the eutectic Zng,Alg Mgy 6 alloy is composed
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of MgyZny1, (a-Al + 1-Zn)eytectoid aNd 7-Zn three phases, which are observed in grey, dark-grey and
light-grey, respectively. The regular Al-Zn lamellar structure of the eutectic Zngg;Al;1 3 alloy can be
clearly distinguished in Figure 22, where a-Al is in black colour and #-Zn in white. Finally, MgZn,
and n-Zn phases that composed the metastable eutectic microstructure of Zng,,Al;g alloy are in
grey and black, respectively. The traces of Mg,Zn;; phase identified in this sample form Mg,Zn;1-
Zn stable eutectic structure; however this microstructure has not been distinguished from the
metastable one due to the low amount of Mg,Zn;;.

Figure 22. SEM images of Zng,Alg;Mg76 (a-C), Zngg7Al11 3 (d-f) and Zng, ,Mg7 g (g-i) eutectic alloys at 300X (300
um), 800X (100 pm) and 1500X (50 um) magnifications.

Thermophysical characterization
Calorimetric analysis

Phase transition latent heats and melting/solidification temperatures were measured by

calorimetric analysis (DSC). After measurements, no weight variation was observed in alloy
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samples, confirming the absence of oxidation and evaporation reaction during measurements. The
stable phase equilibrium of three eutectic alloys was confirmed by the reproducibility of DSC
curves at different cycle’s number as shown in Figure 23. In general, three alloys show their melting
and solidification eutectic phase transition processes by narrow peaks on the bottom and top part of
each curve, respectively, whereas, the Zng,Alg;Mgrs and Zngg;Al;13 show also a second peak
corresponding to a eutectoid reaction. The observed reaction sequence and melting temperatures are

in agreement with the theoretical ones of the equilibrium phase diagrams [53-55].
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Figure 23. DSC curves of (a) Zng Alg;Mg76, (b) Zngg,Aly1 3 and () Zng, ,Al- g eutectic alloys.

On the heating run of Zng,Alg7Mgy 6 alloy two exothermic peaks can be observed in Figure 23
(@). The first peak at 281.78 °C corresponds to the transformation predicted in the phase diagram of
a-Al + n-Zn — S-Al (Zn-rich Al solid solution) solid — solid phase transition (eutectoid reaction).
The enthalpy value of this phase transition is around 4.03 J-g'l- Then, the g-Al + #-Zn + Mg,Zn;; —
L eutectic melting process occurs at temperature of 343.69 °C and with fusion heat of 131.5 J-g™.
On the cooling run, same phase transition occurs with temperatures of 332.30 °C. Moreover, the
phase transition temperatures show 11.39 °C of hysteresis. The Zngg7Al11 3 alloy in Figure 23 (b)
shows the same solid — solid phase transition a-Al + #-Zn < p-Al reaction, with melting
temperature and fusion heat of 285.28 °C and 4.82 J-g™*, respectively. In this case, the melting and
solidification temperatures are 381.72 and 376.97 °C, respectively, in the g-Al + #-Zn < L phase
transition, with heat of fusion of 118.4 J-g* And a small hysteresis of 4.75 °C. Regarding the
Zng, ,Mgyg alloy in Figure 23 (c), the n-Zn + MgZn, — L metastable eutectic phase transition
process occurs at intermediate melting and solidification temperatures of 370.74 and 361.92 °C,
respectively. On the other hand, this alloy shows the lowest latent heat of 106.2 J-g* and a
hysteresis of 8.82 °C.

66



4. Experimental results

Three alloys shows their eutectic meting temperatures in a narrow temperature range, as well as,
similar heats of fusion values, where ZngAlg7Mg76, Zngg7Al113 and Zngy ,Mg7¢ alloy, melt at
343.69, 381.72 and 370.74 °C with 131.5, 118.4 and 106.2 J-g™*, respectively, where, a slightly
hysteresis less than 12 °C has been observed. According to [56] the composition of Zn-Al eutectic
alloy is ZngogAlg2, which is slight different from Zngg;Al113 composition. On the other hand,
melting point of 381 °C and heat of fusion of 138 J-g™ are indicated for this eutectic binary alloy,
which are in agreement with obtained results in this work. In a previous work by E. Risuefio et al.
[84], ZngsgAlg,Mgs composition was characterized as Zn-Al-Mg ternary eutectic alloy, where
344°C of melting point and 104 J-g* of heat of fusion were observed. In this study, the eutectic
composition of this ternary alloy has been corrected and the new composition (ZngsAlg7Mgy¢) has
been characterized. The ZngsAlg7Mg7 6 alloy shows similar melting temperature and higher latent
heat than Zngs gAlg,Mgs alloy. No other publications on proposed metal alloys as PCM have been
found.

Specific heat

The specific heat (Cp) was only measured in the solid phase by ramp modulated DSC method in
the temperature range between RT and 300°C. Besides, the experimental results are also compared
with a semi-empirical specific heat model in order to understand the underlying physical
mechanisms leading to the obtained experimental specific heat data. This theoretical model takes
into account the harmonic, electronic and anharmonic specific heat contribution of the individual
metals and is amply described in [71]. The experimental and calculated specific heats together the
standard deviations (SD) between them are shown in Table 9.

ZngsAlg ;Mg Zngg7Al113 Zng; ,Mg7 8

T Cpexp Cpmodel SD Cpexp Cpmodel SD Cpexp Cpmodel SD
(°C) (J-kgt-K? % (J-kg™-K™h % (J-kg™-K™h %
40 457.01 44351 3.0 | 449.24 427.86 5.0 466.23 421.30 10.7
60 465.91 447.87 4.0 | 455.93 431.84 5.6 467.82 424.94 10.1
80 473.21 452.03 4.7 | 462.40 435.75 6.1 477.69 428.52 11.5
100 476.90 456.04 4.6 | 467.00 439.50 6.3 495.90 431.99 14.8
120 483.27 459,95 5.1 | 47499 443.15 7.2 516.17 435.37 18.6
140 488.75 463.80 5.4 | 482.82 446.73 8.1 521.50 438.69 18.9
160 494,74 46759 5.8 | 490.61 450.26 9.0 519.63 441.97 17.6
180 498.73 471.35 5.8 | 497.40 453.76 9.6 510.08 445.23 14.6
200 503.46 475.12 6.0 | 503.75 457.25 10.2 504.92 448.49 12.6
220 510.81 478.89 6.7 | 513.37 460.73 11.4 501.91 451.76 11.1
240 517.33 482.69 7.2 | 528.14 464.24 13.8 506.22 455.04 11.2
260 528.82 486.52 8.7 | 547.36  467.77 17.0 507.18 458.36 10.7
280 502.37 490.41 2.4 | 56341 471.34 19.5 524.77 465.11 12.8
300 532.11 49435 7.6 | 535.29 474.96 12.7 521.82 468.56 11.4

Table 9. Experimental and calculated specific heats of eutectic ZngsAlg ;Mg;6, Zngg7Al11 3 and Zng, ,Mg5 g alloys and

standard deviations between both values.
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In general, C, increases with temperature and three alloys display similar C, values in all
temperature range. In this way, the experimental specific heats at 40 and 300 °C are 457.01 — 532.11
J-kg™-K™* for ZngsAlg7Mgy 3 alloy, 449.24 — 535.29 J-kg™ K™ for Zngs7Al113 and 466.23 — 521.82
J-kg'-K? for Zng;,Mgrs. The C, increases as Mg and Al concentration increases, where the
Zng4Alg7Mg7 ¢ alloy shows the highest value, followed successively by Zngg7Al11 3 and Zng, ;Mg7 g
alloys. The obtained specific heats are higher than the one of pure Zn (390 J-kg>'K™) due to the
specific heat contribution of Mg (1023 J-kg™-K™) and Al (897 J-kg™*-K™) metals. The calculated
and experimental C, present a good agreement where average standard deviations are 5.5, 10.1 and
13.3 % for Zng,Alg7Mgr3 Zngs7Al113 and Zngy,Mgrs, respectively. In the Zng,Alg7Mg73 and
Zngs 7Al1; 3 alloys, maximum SD is observed between 260 and 380 °C due to the a-Al + #-Zn < S-

Al eutectoid reaction in this temperature range.
Thermal conductivity

Thermal conductivities of investigated alloys were indirectly calculated in a temperature range
between 50 and 450 °C as a product of the thermal diffusivity, density and specific heat. For this
propose, thermal diffusivities of the alloys were measured in the liquid and solid state by LFA
apparatus. Experimental specific heats were taken into account, where their values in the liquid state
were calculated by the extrapolation of the obtained curves. Finally, densities of alloys were
measured at room temperature and were approximated to a constant value in the interest
temperature range. Thereby, density measurements showed high values, around 6546, 6752 and
6763 kg-m™ for the Zng,Alg7Mg7 3 Zngs7Al11 3 and Znez,Mgy7 g alloys, respectively, due to their high
Zn content. Thermal conductivities of investigated alloys are shown in Figure 24. In general, three
alloys show approximately constant thermal conductivities in the solid state, which slightly
decrease with the increasing of temperature. Then, after the melting process the thermal

conductivity, which also includes the convective effect, decreases around to the half.
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Figure 24. The thermal conductivity in solid and liquid states of Zng,Alg;Md76, Zngg ;Al11 3 and Zng, ,Mgs7 g eutectic

alloys.

The average conductivities in solid and liquid phases are 71.10 — 44.44 W-m™*.K™* for
ZngsAlg7Mgy 5 alloy, 132.81 — 55.07 W-m™-K™ for Zngg7Al113 and 86.57 — 36.73 W-m™-K™* for
Zngp2,Mg7s. Thus, the Zngg7Aly1 3 alloy shows the highest conductivity followed successively by
Zng; ,Mgrs and ZngsAlg7Mg7 3 alloy. Taken into account the thermal conductivities of isolated
metals, 132.57, 133.74 and 119.12 W-m™-K™ theoretical values are estimated at room temperature,
where A increase as Al concentration increase for ZngsAlg7MQ7 3, Zngs7Al11.3 and Zng, Mgy g alloys,
respectively. The Zngg7Al11 3 alloy with highest Al content, shows the highest 1 in agreement with
expected results. On the other hand, its average conductivity value in solid phase is very similar to
the theoretically calculated one due to high purity and periodicity of crystalline unit cells of Al and
Zn phases in this alloy. In the same way, the ZngsAlg;Mg73 and Zng,,Mg7g average thermal
conductivities in solid phases present substantial reduction respect estimated theoretical values due
to the atomic substitutions in the crystalline unit cells of their Mg,Zn1; and MgZn, intermetallic

phases, which reduce the cells periodicity and as a consequence the thermal conductivity.
Short review on potential high temperature PCM (HT-PCM) for TES application

Several up to date research publications focused on potential high temperature phase change
materials (HT-PCM) for solar TES applications are reported in Tables 10, 11 and 12. The tables
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show the reported thermophysical properties, as well as, the performed thermal cycling and

compatibility tests.

In Table 10 listed several research publications [31-33,85] focused on salts as HT-PCMs for
their use in cascaded latent heat storage (CLHS):

H. Michels et al. [85] investigated several nitrated salts with melting point between 300 — 400
°C. Among their conclusions NaNOs (306 °C, 172 J-g*) was identified as proper PCM with respect
to its heat of fusion and corrosiveness. On the other hand, the necessity of further PCMs
identification with sufficient heat of fusion and satisfying corrosiveness was indicated. Finally, it
was found that the low thermal conductivity of proposed PCMs limited the use of this storage

technology.

G. C. Glatzmaier et al. [32] evaluated several salts with melting temperature near to 320, 350
and 380 °C. Among proposed candidates, KNOs/KCI (95.5/4.5) (wt.%) (~320 °C, ~82 J-g™*) was
identified as the best candidate for 320 °C PCM. However, among the evaluated salts for 350 and
380 °C PCM no good candidate was found due to the corrosiveness and the high vapour pressure of
the chlorides. It was indicated the necessity of other candidate consideration, where, the finding a
salt for 350 °C PCM is extremely difficult due to that all the possible candidates are mixtures of
chlorides and fluorides, which are corrosive.

Finally, M .Liu et al. [31] and X. Wei et al. [33] identified CA1 (~397 °C, ~279 J-g™*) and CH1
(~439 °C, ~204 J-g’), as well as, SYSU-4 (424 °C, 190 J-g™*) as promising HTPCM, respectively.

Research publications focused on salts composites with enhanced thermal conductivities are
summarized in Table 11, where it should be noted the high thermal conductivities of the composites
developed in [88,89]:

S. Pincemin et al. [88] evaluated graphite/salt composites with melting point around 200 °C for
parabolic trough systems. In this study, the thermophysical properties were deeply evaluated as a
function of amount, type and size of the graphite. Among their results, it was found a decreasing of
latent heat after 200 thermal cycling due to type and size of the graphite, as well as, a significant
dependence of the thermal conductivity on these parameters. One of the targets of this work was to
elaborate new materials with a thermal conductivity of at least 8 W-m™- K™ in order to match with
the operational conditions of the solar application. However, a strong decreasing of the thermal
conductivity is found with the temperature increasing, where in all cases, the thermal conductivity

was less than 8 W-m™- K™ near to 200 °C. Bases on these results, it was indicated that the enhanced
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thermal conductivity are still too low for the operational requirements of CSP plants. Finally,
according to experimental and simulated results, a sandwich design by combination of composite
like NG/400/30 or GFG/500/21 and radial graphite fins was proposed.

Z. Huang et al. [89] reported thermophysical properties characterization and stored analysis of
LiNO3/KClg, /expanded graphite (EG) composites for solar TES at ~200 °C. The -eutectic
LiNO3/KCI system was characterized as a function of mass fraction of EG, where, a decreasing on
latent heat with increasing of EG mass fraction was observed, whereas that no changes on melting
temperature was recorded. On the other hand, a notable increasing on thermal conductivity was
observed with EG mass content and apparent density of composites. Finally, the heat storage
performance showed an improvement due to thermal conductivity enhancement whereas the storage

duration was increased with apparent density of the composite materials.

H. Tian et al. [90] performed the thermophysical properties characterization of eutectic chloride-
EG composites as HT-PCM for solar TES. These properties are evaluated as function of mass
fraction of EG, where, no changes in melting temperature, decreasing on latent heat and
enhancement of thermal conductivity were found with the increasing of EG proportion. On the
other hand a deeper analysis of specific heat was performed, which showed a decreasing with EG

content and temperature.
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Compound

. Thermal
Melting Heatof  Thermal . Heat storage Energy - Thermal Thermal . A
point fusion  hysteresis Density capacity density Specific heat conductivity stability c;{tzlsltng Compatibility test
(°C) (kJ-kg™h (°C) (kgm?®  (kI-kg?) (kI-em®) (kW-h-m?) (kJ-kg™K™h (W-m™.K? (°C) (cycles#)
Solid Liquid Solid Liquid Compatible material

H. Michels et al. [85]:

NaNO;
KNOy/KCI (95.5/4.5) eu.

KNO;

KOH

MgCl./KCI/NaCl (60/20.4/19.6) eu.

Nitrate salts experimental investigation by vertical shell and tube type heat exchanger and simulated numerical results are reported to identified potential HT-PCMs for cascaded latent heat storages
(CLHS) in parabolic though based solar power plants with

306 172 - 2261 - - ~108 11 - 05 - - - -
320 74 - 2100 - - ~43 121 - 05 - - - -
335 95 - 2019 - - ~53 0.953 - 05 - - - -
360 134 - 2040 - - ~76 1.34 - 0.5 - - -
380 400 - 1800 - - ~200 0.96 - - - - -

G. C. Glatzmaier et al. [32]:

KNOy/KCI (97/3)
KNOy/KCI (95.5/4.5) eu.
KNO/KCI/KBr (89.98/2.95/7.06)
NaCI/KCI/LiCl (7.87/50.88/41.25)
NaCI/KCI/LiCl (34.81/32.29/32.90)
MgCI,/KCI/NaCl (60/20.4/19.60) eu.

Thermal and chemical chacterization of salts with melting point near to 320, 350 and 380 °C are performed to identified potential HT-PCMs for three-PCM CLHS for parabolic though based solar
power plants with 300 to 400°C operational temperature.

320.67  87.62 3.73 - - - n/a 0.94-1.249  120-1.21¥ - - - - -

319.69  82.05 0 - - - n/a 1.4 1.31 - - - - -

32772 75.29 4.1 - - - n/a 1.07-130%  1.27-1.25® - - - 316/AI1100/AI3003/Al,0;
344 - - - - - n/a - - - - Unstable - Al3003/Al,04

352.37 138 2.18 - - - n/a - - - - Unstable - AI3003/Al,05

387.6 199 10.9 - - - nla - - - - Unstable - Al,O;

M .Liu et al. [31]:

Li,CO3/K,CO4/3Na,CO; (32/35/33) (CAL)
Li,CO3/K,CO3/3Na,CO; (22/62/16) (CA4)
MgCI,/NaCl (52/48) (CH1)

MgCI./KCI (64/36) (CH2)

Li,CO4/K,COs (28.5/71.5) (CA2)
Li,CO4/K,COs (35/65) (CA3)

Thermophysical properties characterization and thermal stability testing of salts HT-PCMs for CLHS in solar power applications are carried out.

396.7 278.9 22.7 - - - n/a 1.42 1.68 - - - - -
4255 274.7 12.7 - - - n/a 1.25 1.56 - - - 100 -
439.1 204.2 8.4 - - - n/a 1.07 - - - - 40 -
459.1 210.2 8.4 - - - n/a 0.73 - - - - 40 -
479.9 298.2 58.6 - - - n/a 1.29 1.66 - - - 100 -
503.7 295.2 58.6 - - - n/a 143 1.73 - - - 100 -

X. Wei et al. [33]:

SYSU-C4 (NaCl/CaCl,/MgCl,) eu.

New ternary eutectic salt HT-PCM development and termophysical properties characterization for solar TES are carried out.

424 190 - 2500 - - ~132 0.83 1.19 - - 700 50 -

(1): Estimated from Fig. 1 of [32] reference.

Table 10. Several of current investigations about salts as for their use potential high temperature phase change material (HT-PCM) in solar power generation technologies.
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. Thermal
Melting Heatof  Thermal . Heat storage Energy e - Thermal . -
Compound point fusion hysteresis Density capacity density Specific heat Thermal conductivity stability cyt(;lsltng Compatibility test
(C)  (kJ-kg?) (°C) (kg-m?®  (kI-kg?) (kJ-cm?®) (kW-h-m?) (kJ-kg*-K™h (W-m™.K?) (C) (cycles#)
Solid Liquid Solid Liquid Compatible material

Graphite/salt composite thermophysical properties characterization, simulated results according to different possible TES unit designs and the synergy between the composite and the interfacial area

S. Pincemin et al. [88]: with HTF are presented and discussed for parabolic trough based solar power plants.

NG/400/22 - NaNO3/KNO; (50/50) eu. 218 73 - - - - n/a - - 7.68 - 4.18Y - 350 200 -
NG/400/30 - NaNOz/KNO; (50/50) eu. 219 67 - - - - n/a - - 8.5W - 350 200 -
GFG/50/20 - NaNO3/KNO; (50/50) eu. 212 68 - - - - n/a - - 7.3W - 350 200 -
GFG/500/21 - NaNO3/KNO; (50/50) eu. 214 7 - - - - n/a - - 9.41 - 6.09Y - 350 200 -
Z. Huang et al. [89]: Thermophysical properties characterization and stored analysis of proposed LiNOs/KCI - expanded graphite (EG) composite is reported for solar TES.

LiNOs/KCI(50/50) eu. 165.6 204.7 - - - - n/a - - 1.749 - - - -
EG(10) - LiNO4/KCI(50/50) eu. 165.55 178.1 - - - - n/a - - 5.00 - - - -
EG(15) - LiINO4/KCI(50/50) eu. 165.87 170.69 - - - - n/a - - 7.01 - - - -
EG(20) - LiNO4/KCI(50/50) eu. 165.57 164.5 - - - - n/a - - 9.21 - - - -
EG(25) - LINOy/KCI(50/50) eu. 165.55 150.96 - - - - n/a - - 11.32 - - - -
EG(30) - LiNO4/KCI(50/50) eu. 165.58 142.41 - - - - n/a - - 13.43 - - - -
H.Tian et al. [90]: Preparation and thermophysical properties characterization of eutectic chloride/EG composites as HT-PCM for solar TES are carried out.

NaCl/CaCl,/MgCl, (53.44/14.95/31.61) eu. 431.61 206.2 - - - - n/a 1.623-2.026  2.20-2.83@ 1.174 - - 45 -
EG(0.5) - NaCl/CaCl,/MgCl; eu. 430.48 204.1 - - - - n/a 0.804-1.466  1.42-2.91@ 1.58 - - - -
EG(1) - NaCl/CaCl,/MgCl, eu. 431.22 191.2 - - - - n/a 0.536 - 1.42 1.27 -3.97% 1.64 - - - -
EG(3) - NaCl/CaCl,/MgCl, eu. 430.79 179.9 - - - - n/a 0.519-1.227 1.38-3.33@ 1.68 - - - -
EG(5) - NaCl/CaCl,/MgCl, eu. 432.49 170.2 - - - - n/a 0.196-1.015  1.06-2.53@ 2.08 - - - -

(1): Estimated from Fig. 8 of [88] reference; (2): Estimated from Fig. 3 of [90] reference.

Table 11. Several of current investigations about salts with enhanced thermal conductivities for their use as potential HT-PCM in solar power generation technologies.
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Table 12 shows current investigations, where, metals are proposed as HT-PCMs for solar power
applications. In this frame, [47,34,48] proposed Al-Si alloys, [52] miscibility gap binary metal alloy
systems and [46,82,84] together with present work Al-Mg-Zn alloy system:

Z. Wang et al. [47] identified several Al-Si alloys as potential HT-PCM, which show a
decreasing in their specific heats and thermal conductivities with the increasing of Si content. On
the other hand, the combination of Al-Si binary system with investigated ternary systems is
proposed in order to cover application temperature from 580 to 1100 °C. N. Gokon et al. [34]
compared the calculated thermal storage capacities of investigated hypereutectic Al-Si alloys as
sensible and latent heat storage media with Na,CO3; molten salt. The results indicate that the
hyperecteutic Al-Si alloys are available to use in the solar reforming natural gas, as well as, the
Na,CO3. Meanwhile, R. Fukahori et al. [48] determines the good compatibility of Al-Si alloys with

ceramic materials after corrosion tests at 1000 °C for 100 hours.

H. Sugo et al. [52] proposed miscibility gap alloys as innovative solution to overcome the
current problems of conventional PCMs. The system is based on a metal PCM dispersed in a
thermodynamically stable metal matrix, where the PCM presents lower melting temperature than
the matrix. Several matrix/fusible material systems are discussed and proposed for a wide

temperature range and applications.

On the other hand [46,82,84] investigations and in present work Al-Mg-Zn alloys are identified
as potential HT-PCM, where a good long term thermal stability and low corrosiveness had observed

in [46,84] references.

The present study proposed Zn-rich alloys as potential PCM, where it is remarkable the highest
densities of these metal alloys. By the comparison of their properties and salts properties listed in
Tables 10, 11 and 12, it can be seen that the main advantages of these metal alloys compared with
inorganic salts are their high densities, between two and three times higher, together with their
thermal conductivities, which are two and even three orders of magnitude higher. On the other
hand, heats of fusion of investigated alloys are lower than those values in some salts. However, the
high density of alloys leads to similar values of energy density. Finally, the specific heat values are
around a half of those of inorganic salts. Anyway, this is not a driving thermophysical parameter for
LHS.
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. Thermal
Melting Heatof  Thermal . Heat storage Energy e - Thermal . -

Compound point fusion  hysteresis Density capacity density Specific heat Thermal conductivity stability Cyt[z:alsl,?g Compatibility test

(°C) (kJ-kg™h (°C) (kg:m?)  (kI-kg") (kJ-cm®) (KW-h-m?) (kJ-kg™-K™M) (W-m*.K?) (°C) (cycles#)

Solid Liquid Solid Liquid Compatible material

Z.Wang et al. [47]: Thermophysical properties characterization of Al-Si alloys for their use as HT-PCM in solar TES are carried out.
Al-Si (87.8/12.2) eu. ~580 499.2 - 2620 - - ~363 0.87 - 1.19¥ - 165 - 158 - - - -
Al-Si (80/20) ~580 552.6 - 2580 - - ~396 0.86 - 1.16Y - 154 - 145 - - - -
Al-Si (70/30) ~580 644.3 - 2540 - - ~455 0.86 - 1.09% - 142 - 118 - - - -
Al-Si (60/40) ~580 721.2 - 2510 - - ~503 0.87 - 1.07® - 119 - 84 - - - -
Al-Si-Fe (45/40/15) 869.4 562.2 - 3360 - - ~525 0.81-1.05¥ - 12.8-8.6 - - - -
Al-Si-Ni (17/53/30) 1079.2 960.3 - 4290 - - ~1144 0.65-0.79¥ - 51.7-475 - - - -

N. Gokon et al. [34]:

AlI-Si hyperectectic alloys for sensible and latent heat storage are proposed as solar receiver tube with air as heat tranfer fluid (HTF) and as solar reformed, with methanol + air as HTF, for the
production of thermochemical fuels in tower-type solar concentrating systems.

Na,CO; 858 - - - 1534@ 3.04@ n/a - - - - - - -
Al-Si (87.4/12.6) eu. 577 483 - - 1030@ 3.03@ n/a - - - - - - -
Al-Si (80/20) hypereu. 577 462 - - 1100 2439 n/a - - - - - 20 Graphite
Al-Si (75/25) hypereu. 577 434 - - 1151@ 2.59@ n/a - - - - - 20 Graphite
Al-Si (70/30) hypereu. 577 405 - - 1207@ 2.73@ n/a - - - - - 20 Graphite
Al-Si (65/35) hypereu. 577 376 - - 1270%@ 2.88@ n/a - - - - - 20 Graphite

R. Fukahori et al. [48]:

Al

ADC12 (Si 9.6-12%) standarized alloy
AC9A (Si 23.4%) standarized alloy
Al-Si (75/25)

Thermophysical properties characterization and corrosion tests of Al-Si alloys for their use as HT-PCM in solar TES are carried out.

661
572
575
576

391
441
395
429

n/a
n/a
n/a
n/a

Al,O3/AIN/SizN,4
Al,O3/AIN/SizN,4
Al;035/AIN/Si3N,
Al;05/AIN/SisN,

H. Sugo et al. [52]:

Al-Sn (Sn fusible phase)
Al-Bi (Bi fusible phase)
Fe-Mg (Mg fusible phase)
Fe-Cu (Cu fusible phase)
SiC-Si (Si fusible phase)

Miscibility gap binary metal alloy systems are proposed to operate through the latent heat of fusion of one component dispersed in a thermodynamically stable matrix for several applications
such as solar TES.

232

271

650
1085
1414

59
52
346
205
1926

n/a
n/a
n/a
n/a

n/a

237 - -
237 - -
80 - -
80 - -
200 - -

30

30
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4. Experimental results

Sun et al. [49]: Thermal reliability test and corrosion tests in function of thermal cycling of Al-Mg-Zn alloy are performed for its use as HT-PCM in solar TES.

Al-Mg-Zn (59.36/34.02/6.62) 450.01 329.1 - - - - n/a - - - - - 1000 304L
P. Blanco-Rodriguez et al. [82]: Thermophysical properties characterization of Mg-Zn eutectic alloy for its use as HT-PCM for TES in direct steam generation applications is carried out.

Mg-Zn (49/51) eu. 342 155 13 2850 - - ~123 0.73-0.84 - 67-75 - - 20 -
E. Risuefio et al. [84]: Thermophysical properties characterization of Mg-Zn-Al eutectic alloys for their use as HT-PCM in solar TES is carried out.

Mgr0Zn0 0Als 1 (49/47/4) eu. 340 157 - 2820 - - ~123 0.69 - 0.83 - 47 -59 38 - 700 304/304L/316/316L
ZngssAls,Mgs (93.9/3.7/2.4) eu. 344 104 - 6190 - - ~179 0.41-0.53 - 59 - 55 31 - 100 -
This work: Thermophysical properties characterization of Zn-rich Zn-Al-Mg eutectic alloys is performed for their use as HT-PCM in solar TES.

ZngsAlg ;Mg76 (93/4/3) eu. 343.69 1315 11.39 6546 - - ~239 0.46 - 0.53 - ~70-67 ~42-52 - - -
Zngs7Al113 (95/5) eu. 381.72 1184 4.75 6752 - - ~222 0.45-0.54 - ~134-120 ~50-61 - - -
Zng,2Mgr5(97/3) eut. 370.74 106.2 8.82 6763 - - ~200 0.47 - 0.52 - ~88-83 ~34-40 - - -

(1): Estimated from Fig. 2 of [47] reference; (2): Latent + sensible heat at 550-1000°C.

Table 12. Several of current investigations about metal alloys for their use as potential HT-PCM in solar power generation technologies.
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The comparison among the summarized materials (in Table 10, 11 and 12) shows the advantage
of use metal alloys as PCMs for solar power generation technologies. On the other hand, G. C.
Glatzmaier et al. [32] reported the difficult to find PCMs with fusion temperature near to 350 and
380 °C. In this frame, the ZngsAlg;Mg73 (~344 °C) and Zngg 7Al113 (~382 °C) eutectic alloys are a
good PCM option for these operational temperatures. According with this conclusion, three-PCM
cascade latent heat storage (CLHS) system with KNOs/KCI (95.5/4.5) (~320 °C, ~82 J-g}),
ZngsAlg7Mg7 3 (~344 °C, ~132 J-g™) and Zngs 7Al11 3 (~382 °C, ~138 J-g™') PCMs is proposed for
parabolic though solar plants in order to overcome the limitations exposed by H. Michels et al. [85]

and G. C. Glatzmaier et al. [32].for this promising technology.
Conclusions

The current study presents thermophysical properties characterization of Zn-rich
(ZngsAlg7Mg73 Zngg 7Al11 3 and Zng, ;Mgyg) eutectic alloys in order to be used as potential PCMs.
From the structural study the correct eutectic composition of alloys has been proved. The
calorimetric analysis has shown heats of fusion around 106.2 — 131.5 J.g” and melting onset
temperatures around 343.69 — 381.72 °C, which are in agreement with equilibrium phase diagrams.
It was also observed the hysteresis values ranging from 4.75 to 11.39 °C. A good agreement
between experimentally and theoretically calculated values of specific heat was demonstrated,
where, the experimental measured values of the specific heat are in range of 449.24 — 563.41 J-kg
LK. Finally, Tte average thermal conductivity values in solid state are in the range of 132.81 -
71.10 W-m™.K™, whereas, in liquid state are in the range of 55.07 to 36.73 W-m™. K™,

Several up to date research publications focused on different types of PCMs have been shown
and discussed. This sort review shows the high potentiality of metals as PCMs. A comparison
between the investigated alloys and some inorganic salts reported in literature has been also
performed. The results shown similar energy densities, where, lower heats of fusion of alloys
compared with salts are balanced by higher density values due to the high Zn concentration in the

alloys.

It is worth to mention the higher thermal conductivity values of the alloys in front of salt, being
between 10 and 100 order of magnitude higher. These high thermal conductivities represent one of
the main advantages of use of a metal alloys as PCM, which might simplify the design of TES

systems and consequently reduce their size and cost.
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Finally the ZngsAlg7Mg73 (~344 °C) and Zngg;Al113 (~382 °C) alloys are proposed for cascade
latent heat storage (CLHS) systems in order to overcome the limitation in CLHS technology

exposed by other authors.
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4.2. Accelerated thermal cycling tests

4.2.1. Thermal cycling testing of Zn-Mg-Al eutectic metal alloys as potential

high-temperature phase change materials for latent heat storage

Introduction

To identify a potential PCM the study of its thermophysical properties is essential. However,
the selection of a PCM must be also performed in basis of its long term thermal stability, i.e., the
long term performance of a PCM should be thermally, chemically, and physically stable. In this
way, no phase segregation or chemical degradation should be happen, the phase change
temperatures should not present great changes and the phase transition heats should be constants
without presenting any decreases of their values.

To evaluate the long-term performance of storage unit, the changes in the thermophysical
properties should be analysed after repeated number of thermal cycles. In this frame, repeated
thermal cycles process performed under controlled conditions in the laboratory is aimed to
understand the behaviour of the material under real conditions [91]. Although there are numerous
studies of thermal stability for low temperature phase change materials [20,91-99] the researches for
high temperature PCMs are scarce [49,100-103].

In this context, accelerated thermal cycling tests of ZngsAlg7MQ7.3, Zngg7Al11.3, Zngr 2MQ7 8,
Zn7,Mgzg and MgroZn,soAls 1 eutectic alloys have been performed in this section. The Table 13
shows their theoretical melting temperature and composition, in atomic and weight percentages.
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 determining the long term
thermal behaviour of these eutectic alloys to determine their potentiality in real application, in

where, a long life service of the storage material is required.
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4. Experimental results

Theoretical melting

Candidate Eutectic composition
temperature
(°C) (at.%) (Wt.%)
A 345 ZngAlg ;Mg 3 93.9Zn - 3.7Al - 2.4Mg
B 380 Zngg 7;Al11 3 95Zn - 5Al
C 370 anz_zMg]g 97Zn - 3Mg
D 340 Mg7ZZn28 49Mg -51Zn
E 338 Mg70ZN24 0Als5 1 49Mg - 47Zn - 4Al

Table 13. Theoretical melting temperature and composition, in atomic and weight percentages, of the selected PCM

candidates.
Results and discussion

Short term thermal stability tests

The five alloys have been cycled for 100 times, and their phase change temperatures and heat of
fusion have been continuously recorded. The phase change temperatures, heat of fusion and their
relative percentage difference (RPD) respect to first reference cycle of ZngAlg;Mgzs (A),
Zngg7Al11 3 (B), Zngp2Mgrs (C) Zn72Mgas (D) and MgroZnas9Als 1 (E) are shown in Tables 14-18,
respectively. In order to resume the results 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 1%

cycle can be defined as it is indicated in equation (17):

X — Xy

RPD =% x100(%) (17)
Xy

Where x, is the value of the given property after n cycles and x, j is the value of this property at

1% 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 (%) respect to the 1% cycle. The fourth and fifth
columns present the melting peak temperature with its RPD (%) value. The sixth column indicates
the melting range temperature from which has been 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 happens at isothermal temperature, where any
range is expected in isothermal measurements. The seventh 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.
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The results obtained after analysis of sample A are presented in Table 14, 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 calculated was 0.16%
for the 10th cycle, which it can be evaluated as negligible in the frame of a possible application of
this alloy as latent heat storage material. Regarding the peak temperature no relevant variations can
be observed up to cycle 90", where the peak temperature is reduced in a 0.6%.

The average melting temperature range has been taken from 336.40 and 384.61 °C. On the other
hand, the heat of fusion for sample A was calculated for the melting temperature ranges obtained in
each cycle, being 131.5 J.g™ as it is indicated in the 1% cycle. Regarding the RPD, its value
gradually decreases with the thermal cycling from 0.15% in the 20" cycle to 1.90 in the 100" cycle.
So, the heat of fusion of the eutectic phase transition in sample A decreases 2.5 J-g™* after 100
cycles. Finally, thermal hysteresis values are almost constant and present an average value of 12.45
°C.

Thermal

No. of cycles  Onset temperature (°C) Peak temperature (°C) Melting range (°C) Heat of fusion (J/g) hysteresis (°C)

RPD (%) RPD (%) RPD (%)

1 343.69 - 354.72 - 336.91 — 379.88 1315 - 11.39
10 344.25 0.16 354.93 0.06 335.79 — 387.45 1315 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 0.01 335.13-38255  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

Table 14. Latent heat of fusion, melting onset temperature and subcooling degrees of candidate A (ZngAlg;Mg-3) at
different numbers of thermal cycles measured by DSC.

Sample B presented similar results than sample A after thermal cycling, as may be observed in
Table 15. The melting onset temperature and peak temperature were measured before cycling,
obtaining values of 381.71 °C and 394.64 °C, respectively. After 100 cycles, RPD values calculated
were under 0.01% for onset temperature and under 0.76% for peak temperature, which can be
considered an almost negligible variation when the material is evaluated as PCM candidate in a

TES application.
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No. of cycles  Onset temperature (°C) Peak temperature (°C) Melting range (°C) Heat of fusion (J/g) hysl-g'irsriza(l‘)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 1195 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 1.10 491
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 15. Latent heat of fusion, melting onset temperature and subcooling degrees of candidate B (ZnggsAly1.3) at
different numbers of thermal cycles measured by DSC.

The average melting range to calculate the heat of fusion is 376.07 - 416.12 °C. In this case, a
heat of fusion for the 1% cycle is 118.4 J-g™* and increases up to 119.9 J-g™* after 100 cycles, Finally,
the thermal hysteresis, which is apparently very small, experiences almost negligible variations
during the thermal cycling, being in a range between 4.68 °C and 6.52 °C, taking an average value
of 5.12 °C.

Thermal cycling results of the sample C are shown in Table 16. The melting onset temperature
of 370.36 °C and the peak temperature of 382.52 °C are obtained and maintained constants during
the thermal cycling, where the maximum RPD value are 0.21 % and 0.80 %, respectively. For the
average melting range of 362.88 and 411.40 °C with RPD values less than 0.63 and 0.63 °C,
respectively. The heat of fusion of sample C decreases from 106.4 J-g™ to 85.39 J-g™* after 100
thermal cycles. The heat of fusion shows a progressive decrease with the thermal cycling and RDP
value of around 19.75% after 100 thermal cycles. On the other hand, the sub-cooling increases from
4.53 °C in the 1% cycle up to 9.53 °C in the 10" cycle and then, its value is constant with an average
value of 9.30 °C.

Thermal

No. of cycles  Onset temperature (°C) Peak temperature (°C) Melting range (°C) Heat of fusion (J/g) hysteresis (°C)

RPD (%) RPD (%) RPD (%)

1 370.36 - 382.52 - 362.94 — 418.44 106.4 - 453
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 -0.36 362.21-41127 9159 -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

Table 16. Latent heat of fusion, melting onset temperature and subcooling degrees of candidate C (Zng,,Mg- ) at

different numbers of thermal cycles measured by DSC.
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The results of sample D are shown in Table 17 and this material presents similar behaviour as
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 less than 0.28% and 1.15%,
respectively. The heat of fusion has been calculated in the average melting range of 337.63 -381.19
oC. Its values slightly decrease from 152.7 J-g* to 150.1 J-g™* which represents a progressive
decreasing with the thermal cycling of around 1.70 % after 100 thermal cycles. On the other hand,
the thermal hysteresis increases from 7.17 °C in the 1% cycle up to 9.01 °C in the 30" cycle and then,

its value remains approximately constant after 100 cycles, with an average value of 9.30 °C.

Finally, the results of sample E are presented in Table 18 show a constant onset melting and
peak temperatures of around 339.98 °C and 348.30 °C with RPD values less than 0.11% and 0.40%,
respectively. Similar to the results of samples A and D, it can be observed a slightly and progressive
decrease of the heat of fusion with cycling. Regarding the enthalpy, sample E shows a slight
decreasing from 159.6 J-g™ to 158.9 J-g™*, which corresponds to a reduction of 0.44% after 100
cycles, which can be considered negligible. The thermal hysteresis degrees are approximately

constant with an average value of 9.05 °C.

Thermal

No. of cycles  Onset temperature (°C) Peak temperature (°C) Melting range (°C) Heat of fusion (J/g) hysteresis (°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 1525 -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 1515 -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 17. Latent heat of fusion, melting onset temperature and subcooling degrees of candidate D (Mg7,Zn,g) at

different numbers of thermal cycles measured by DSC.
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Thermal

No. of cycles  Onset temperature (°C) Peak temperature (°C) Melting range (°C) Heat of fusion (J/g) hysteresis (°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

Table 18. Latent heat of fusion, melting onset temperature and subcooling degrees of candidate E (Mg79Zn,40Als 1) at
different numbers of thermal cycles measured by DSC.

Figures 25 and 26 display the melting and solidification curves obtained by DSC corresponding
to the 1%, 25™, 50 75™ and 100" cycles of samples B and C. As it may be observed, the form of 1%
cycle curve in each sample differs of the rest of the cycles, which can be attributed to the change of
the surface contact 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 50", 75" and 100™ cycles, which corresponds to a solidification of
another phase. However, this fact may be explained by the competitive growth between a Zn-
MgZn, metastable phase and Zn-Mg,Zn;; stable phase observed for this material Zng, ,Mg;g by M.
V. Akdepniz et al. [83]. However, further investigations are on-going in our laboratory to confirm

this hypothesis.

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 is a substantial fusion heat reduction of 19.75% and a
secondary peak progressive formation with cycling. It can be concluded that A, B, D and E alloys
show a good thermal stability after 100 cycles despite the slight enthalpy reduction, which can be

attributed to slight oxidations produced during the experiments.
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Figure 25. Melting and solidification DSC curves after 1,  Figure 26. Melting and solidification DSC curves after 1,
25, 75 and 100 thermal cycles of the candidate B 25, 75 and 100 thermal cycles of candidate C
(Zngg7Al11 3). (Zng22My7).

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 Figures 27 and 28. 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 Figure 27
show a secondary peak before the eutectic melting process. This peak corresponds to a solid —
solid phase transition (Mgt;Znz + Mg — Mg21Zns). This phase transition is predicted by Mg-Zn
phase diagram and has been experimentally confirmed in [71,81]. Due to the overlapping of the
secondary and the melting peaks the heat of fusion listed in Table 19 has been calculated from both

transformations.

Table 19 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 less than 0.21% and 1.79%, respectively. The thermal hysteresis
changes between 7.82 and 9.59 °C, where its average value is 8.55 °C. The heat of fusion for
untreated sample, i.e. no cycled sample, is around 154.9 J-g™*. This value oscillates during the
thermal cycle. However, no decreasing trend with the increase of 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. So it can be considered that alloy D presents a good thermal stability after
500 thermal cycles, where its phase change temperature and heat of fusion are practically

maintained constant.
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Figure 27. Melting and solidification DSC curves of Figure 28. Melting and solidification DSC curves of
candidate D (Mg7,Zn,g) for after 0, 50, 100, 300 and candidate E (Mg70Zn,40Als ) after 0, 50, 100, 300 and

500 thermal cycles. 500 thermal cycles.
Thermal
No. of cycles  Onset temperature (°C)  Peak temperature (°C) Melting range (°C) Heat of fusion (J/g) hysteresis
(°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 19. Latent heat of fusion, melting onset temperature and subcooling degrees of candidate D (Mg-,Zn,g) cycled in
electrical furnace.

Finally, Table 20 shows the long term thermal stability results of candidate E. In the untreated
sample, the meting onset temperature is 341.09 °C. This temperature is reproducible 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 temperatures show higher differences than in
short term thermal cycling and fluctuate between 6.73 °C and 16.01 °C without detecting any
continuous increasing trend on theirs values with the increase of the cycle number. The average
melting range, taken for the heat of fusion calculation, is between 336.64 °C and 383.06 °C. After
the 1% cycle the heat of fusion increases its value from 152.9 J-g™* in the 1% cycle to 155.2 J.g* in
50™ cycle and then, it remains practically constant up to 500 cycles. So, it can be concluded that the

alloy E also presents a good thermal stability after 500 cycles.
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No. of cycles  Onset temperature (°C) Peak temperature (°C) Melting range (°C) Heat of fusion (J/g) hys;l;}?g;gal(oc)
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

Table 20. Latent heat of fusion, melting onset temperature and subcooling degrees of candidate E (Mg7¢Zn,49Als 1)

cycled in electrical furnace.

In order to analyse the microstructure evolution of the candidate E, SEM analysis has been
carried out for the untreated sample and after 50, 100, 300 and 500 cycles. Figure 29 shows at
different magnifications the microstructure of untreated sample and after 300 and 500 cycles. The

microstructure of untreated sample is displayed in Figures 29 (a-c). The eutectic microstructure

where Mgz1Znys intermetallic phase is in light grey colour and the Mg solid solution is in dark grey

colour can be observed. The eutectic microstructure of samples after 300 and 500 cycles is

displayed in Figures 29 (d-i), where the stability of their microstructures can be clearly observed.

So, from these results it can be concluded that no chemical degradation or segregation in candidate

E after 500 cycles has been detected.

F——300 pm — 3
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Figure 29. SEM images of candidate E (Mg7,Zn,49Als 1), untreated and after 300 and 500 thermal cycles at 300X
(300 um), 1500X (50 um) and 3000X (30 pm) magnifications.
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Conclusion

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
the all 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 temperatures of the five materials have been obtained. The heat of fusion shows
negligible changes in some cases may 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. This behaviour might be explained by the random stable and meta-stable
phase transition process observed for this eutectic alloy by M. V. Akdepniz et al. [83] and in this

thesis work, however, further investigations are needed to confirm this hypothesis.

After long term thermal cycling tests of 500 cycles, alloy D (Mg72Zn,g) does not show
changes in its meting temperature of 340.38 °C. The heat of fusion value of 154.9 J-g™* oscillated
during the thermal cycles, however, no decreasing trend with the increase of the cycle number is
observed, where the RPD of 0.39% after 500 cycles can be considered negligible. In the same way,
candidate E (Mg70Zn249Als 1) presents no changes in its melting temperature of 341.09 °C. The heat
of fusion value of 152.9 J-g* increases from 1% to 10" cycles and then fluctuates, showing an
increasing of 1.43% after 500 cycles. Besides, the SEM analysis preformed in sample E after 300
and 500 cycles shows stable eutectic microstructure without any chemical degradation or
segregation of the phases. So, in based of these results good thermal stability can be considered for

samples D and E after 500 cycles.

Based on results of the performed thermal cycling tests, it can be concluded that the A
(ZngsAlg7Mg73), B (Zngg7Al113), D (MgreZnyg) and E (MgroZnasoAlsq) eutectic alloys are
thermally stable after 100 and 500 cycles and can be considered as promising PCMs for thermal
energy storage systems. However, according the literature already available, further analysis of at
least 1000 cycles are recommended to guarantee the thermal reliability of presented materials.
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4.3. Compatibility tests between alloys and containment

materials

4.3.1. Corrosion behaviour of stainless steels in Mg-Zn-Al molten metal alloys

for latent heat storage application

Introduction

In prior sections of chapter 4, the complete structural and thermophysical characterization
and long term thermal stability behaviour analysis have been carried out, where Mg70Zn249Als 1,

Zngg 7Aly1 3 and ZngsAlg 7Mgy 3 alloy potentiality as LHSMs has been demonstrated.

However, the investigation of metallic alloys used as PCM in the heat storage frame is still a
growing topic which needs to be completed. One of the main issues to be investigated in order to
deploy this technology in the large scale is the compatibility of the metallic PCM with the
containment materials. Recently, Q. Sun et al. [49] investigated the corrosion of the Al-34%Mg-
6%2Zn metal alloy with the stainless steel SS304L and carbon steel C20. The result showed that
SS304L may be considered more suitable containing materials than C20 in long term thermal
storage applications. R. Fukahori et al. [48] investigated the corrosion of Al-Si alloys with ceramic
materials for their use as high temperature PCMs in solar power plants, where they identified Al,O3,

AIN and SizN, as suitable container materials for the investigated metal alloys.

In this section, compatibility tests of the Mg70Znzs0Als1, ZNngg7Al113 and ZngsAlg7Mgy 3
alloys with AISI 304, 304L, 316, 316L, 321, 316Ti and 430 stainless steels have been carried. To
the best of our knowledge, this is the first time that the compatibility of the above cited alloys with
these stainless steels is evaluated. As it has been explained in chapter 3, thee corrosion tests have
been done at isothermal temperature for long contact period and by static immersions of steel sheets

in molten metallic baths.

89



4. Experimental results

By metallographic investigations, the corrosion behaviours of stainless steels in molten
metal alloys have been analysed, where the influence of the molten alloys and stainless steels
chemical composition in corrosion reaction have been discussed, as well as, the control mechanism
on corrosion reactions and the element diffusion through the interface layers.

Experimental results

Mg70Zn249Als 1 eutectic alloy
Compatibility tests with AISI 304, 304L and 316, 316L common stainless steels

Figure 30 shows SEM images of the interfaces between AISI 304, 304L, 316 and 316L
stainless steels and Mg70Zn24.9Als 1 eutectic alloy after compatibility tests at 400 °C for 720 hours.
The images show stainless steels surfaces on the right side and alloy surface on the left side. As can
be clearly seen, neither intermetallic layer no particles formation are observed in the interface
between the stainless steels and the metal alloys.

a) b) B & id)
AISI 304 | +— 300 um — PEASIELTL AISI 304L — 300 pm — AETIEUE TS
e) f) g) h)
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Figure 30. Back scattered-electron cross-section images (SEM) of (a-b) 304, (c-d) 304L, (e-f) 316 and (g-h) 316L

stainless steels in the Mg-Zn,40Als 1 eutectic molten alloy after 720 hours at isothermal temperature of 400 °C.

Figure 31 presents the EDX maps of the most representative elements of each material: Mg
and Zn from the metal alloy and Fe and Cr from the stainless steels. The EDX analyses confirm the
absence of corrosion reaction in four cases, where no overlapping of the elements of the metal alloy
and the ones of the stainless steels is observed. In addition, the analysis of the displayed EDX maps
gives clear evidence that no diffusion or migration of metal alloy elements to the stainless steels, or
vice versa. The four stainless steels present high corrosion resistance to the MgzoZn,4.9Als1 molten
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alloy, where in all cases no corrosion reaction is observed and a clear separation between both
materials is obtained. This separation may be result of the high surface tension of the
MgroZn249Als 1 molten alloy. As it is known, the corrosion reaction can be influenced by the
adhesion level between the steel and molten alloy. The low ratio of adhesion between the studied
materials, favored by the high surface tension of the molten metal, is the most important reason of
the absence of the corrosion reaction. As conclusion, the investigated metal alloy is fully compatible
with the four common AISI stainless steels: 304, 304L, 316 and 316L.

| aisi304

“1Aisi 304L

AlSI 316

Figure 31. Back scattered-electron cross-section images (SEM) (left panel) and corresponding EDX maps of the
compatibility experiments between 304, 304L, 316 and 316L stainless steels in the Mg7oZn,4¢Als 1 eutectic molten alloy

after 720 hours at isothermal temperature of 400 °C.

Zngg 7Al;1 3 eutectic alloy
Compatibility tests with AISI 304, 304L, 316, 316L common stainless steels

Back scattered-electron cross-section micrographs (SEM) of the interface between 304, 304L,
316 and 316L steels and Zngg 7Al11 3 metal alloy after compatibility tests are show in Figure 32. The
images show stainless steels surfaces on the right side and alloy surface on the left side. The

interfaces between steels and the molten alloy reveal to formation of corrosion layers. Two different
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behaviours are obtained depending on the stainless steel composition. On the one hand, a strong
corrosion behaviour is observed in the case of 304 and 304L. On the other hand, a slight corrosion
behaviour is obtained in the case of 316 and 316L, where 316L stainless steel shows the highest

corrosion resistant after 720 hours at 400 °C.

Corrosion tests carried out with 304 and 304L show, on one hand, good adhesions between
steels and corrosion layers, and, on the other hand, between corrosion layers and the molten alloy
(see Figures 32 (a,b)). In both cases, corrosion layers are composed by an intermetallic layer
adjacent to the steels and by a diffusion of small intermetallic particles from corrosion layers toward
the molten metal. The corrosion layer thicknesses are similar in both steels. Intermetallic layers
adjacent to the steels reach 3.2 pm and 33.1 um thickness and the particles diffusion about 38.5 um
and 31.5 pum thickness for 304 and 304L steels, respectively. The identified intermetallic phase on
layers adjacent to both steels is 0-AlsFe with low Cr and Ni content dissolved in its matric. The

identification of intermetallic particles has not been possible due to theirs small sizes.

AlS| 304 AIS| 304L

AlSI 316 AlSI 316L

Figure 32. Back scattered-electron cross-section images (SEM) of (a) 304, (b) 304L, (c) 316 and (d) 316L stainless

steels in the Zngg ;Aly4 3 eutectic molten alloy after 720 hours at isothermal temperature of 400 °C.

Similar corrosion behaviour between 316 and 316L steels can be seen in Figures 32 (c,d). In this
case, uniform corrosion layers, without intermetallic particles diffusion are observed. These layers
have regular and continuous structures. However, the corrosion layer in the 316 steel (see Figure 32

(c)) presents several big particles from molten alloy. The thicknesses of intermetallic layers are
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approximately 10.3 pm and 2.8 pum for 316 and 316L steels, respectively. The EDX analysis shows
two different intermetallic phases in the corrosion layer of the 316 steels. The first intermetallic
phase, a thin layer adhered to steels, has been identified as Al,Fe and the second or principal phase
as an intermetallic phase of Al-Fe-Zn. On the other hand, the corrosion layer in the 316L steel has
been identified as Al,Fe intermetallic phase. The three intermetallic phases present low Cr and Ni
content dissolved in their matrices. The adhesion of corrosion layers with steels and the molten
alloy is different in both cases. The Al-Fe-Zn intermetallic layer in the 316 steel present fissures in
its interface with Al Fe phase, adhered to the steel, and with the molten metal. However, the Al,Fe
intermetallic layer in 316L steel is adhered to the steel and presents a fissure in its interface with the
molten alloy. Fissures are formed during the cooling process due to the different coefficients of
thermal expansion (CTE) between the molten alloy and corrosion layers and between the Al-Zn-Fe
and the Al,Fe intermetallic phases. However, it can be concluded that the investigated Zngg7Al113
metal alloy is not fully compatible with 304, 304L, 316 and 316L common stainless steels, where
the last one presents the highest resistance to the corrosion reaction compared to the others. In
general, the stainless steel 316L can be used as container material in direct contact with this metal
alloy but in any case further investigation is required to analyse the evolution of this corrosion layer

with time.
Compatibility tests with 321, 316Ti and 430 special stainless steels

In order to identify full compatible stainless steels with the investigated Zngg7Al11 3 metal alloy
other special stainless steels, i.e. 321, 316Ti and 430, have been selected. In Figure 33, cross-section
images of the interface between Zngg 7Al;1 3 eutectic alloy and 316Ti, 321 y 430 steels after being in
contact 360 hours at 400 °C are shown. In general, as it can be clearly seen, the corrosion layer is
only present in the case of 321Ti steel while 321 and 430 steels show high corrosion resistance and

no evidence of corrosion reaction products was detected.
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Figure 33. Back scattered-electron cross-section micrograph (SEM) of: (a-b) 316Ti, (c-d) 321, and (e-f) 430 stainless
steels in the Zngg ;Al;; 3 eutectic molten alloy after 360 hours at isothermal temperature of 400 °C.

On the one hand, Figures 33 (a,b) displays the formed corrosion layer between Zngg;Al;; 3 alloy
and 316Ti steel, which is totally adhered to both materials. This corrosion layer is formed by a
regular and continuous intermetallic layer of 6.8 um thickness and by a diffusion of intermetallic
particles of 14.2 um thickness from the layer toward the alloy. By means of EDX analysis the
intermetallic layer adjacent to steel has been identified as 0-AlsFe phase and intermetallic particles
as Al-Fe-Zn intermetallic phase. Both phases present low concentration of dissolved Cr and Ni
atoms. It has to be noted the presence of solid solution of Zn dendrites in the interface between the
316Ti steel and metal alloy, which demonstrates an interaction in the intermediate region between
them. On the second hand, Figure 33 (c,d) and Figure 33 (e,f) show cross-section micrographs of
the Zngg Al 3 alloy with 321 and 430 steels, respectively. As can be clearly seen, both steels
present high corrosion resistance without showing formation of corrosion layers or intermetallic
phases in the interfaces between both materials. These results give clear evidence that these two
stainless steels 321 and 430 are fully compatible with Zngg 7Al1; 3 eutectic alloy.

94



4. Experimental results

ZngsAlg 7Mgy 3 eutectic alloy
Compatibility test with AISI 304, 304L, 316 and 316L common stainless steels

The interfaces between 304, 304L, 316 and 316L steels and the Zng;Alg7Mgy 3 eutectic alloy
after compatibility tests at isothermal temperature of 400 °C for 720 hours are shown in Figure 34.
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Figure 34. Back scattered-electron cross-section micrograph (SEM) of (a-b) 304, (c-d) 304L, (e-f) 316 and (g-h) 316L

stainless steels in the Zng,Alg;Mg- 5 eutectic molten alloy after 720 hours at isothermal temperature of 400 °C.

In general, four steels show similar corrosion mechanisms, where the 304L steel presents the
highest corrosion resistance. In four cases, uniform and continuous corrosion layers are observed in
the interface between both materials. The thickness of these layers are13.7 pm, 4.9 um, 5.6 umy 10
um for 304, 304L, 316 y 316L steels, respectively, where the 304L shows the thinnest layer. On the
other hand, some isolated and big intermetallic particles have been also observed in all cases. By
EDX analysis, the corrosion layers have been identified as 8-AlsFe intermetallic phases and the
intermetallic particles as an Al-Zn-Cr-Mg phase in the case of 304 and 316L stainless steels.

Slight differences among the microstructures of ZngsAlg;Mgz3 molten alloys are observed in
four samples. The molten alloy in contact with the 316 steel shows a homogeneous eutectic
structure (see Figure 34 (e,f)). It is not worth to mention here that some Zn dendrites were observed
in the alloys but the corrosion layers were detected across all the interface between both materials
even where these dendrites are not detected. That means the presence of Zn dendrites is not

responsible of the observed corrosion products.

Figure 35 shows EDX maps of the interface between the 316L steel and ZngsAlg7Mg7.3 molten
alloy. As it has been observed, the formed Al-Fe intermetallic phase acts as inhibition layer
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avoiding the diffusion of metal elements to the stainless steel and vice versa. Similar results were

obtained for the other three systems with 304, 304L and 316 stainless steels.

Figure 35. EDX map of the 316L stainless steel in the Zng,Alg;Mg- 5 eutectic alloy after 720 hours at isothermal

temperature of 400 °C.
Compatibility tests with 321, 316Ti and 430 special stainless steels

The interfaces between 316Ti, 321 y 430 steels and ZngsAlg7Mgr3 eutectic alloys after
compatibility tests at 400 °C for 720 hours are shown in Figure 36. In general, the three stainless
steels show different corrosion mechanisms, where the corrosion layer is absent in the case of 316Ti

steel while is present in the case of 321 and 430 steels.

On the one hand, the cross-section micrographs of the interface between the 316Ti steel and
ZngsAlg7Mgy 3 alloy sample are presented in Figure 36 (a,b). As it can be clearly seen, no corrosion
layer is obtained. Very thin separation layer of approximately 1.4 um is observed in the interface
between both materials may be due to the high surface tension of Zng,Alg7Mg73 molten alloy to
316Ti stainless steel. On the other hand, corrosion layers were obtained in the case of 321 and 430
steels, where the first one presents the highest corrosion reaction. Figure 36 (c,d) shows cross-
section micrographs of the interface between 321 steel and the metal alloy, where a regular and
continuous thin layer of 1.14 um thickness, adjacent and adhered to the steel, and diffusion of
intermetallic particles from the interface toward the metal alloy were observed. The particles
diffusion reaches approximately 181.8 um of thickness where the size of particles increases as they
move away of the interface. By EDX analysis two intermetallic phases have been identified in the
intermetallic particles diffusion. Intermetallic particles of 0-AlsFe with needlefish form (in dark-
grey) and particles of Al-Zn-Cr intermetallic phase (in light-grey). Moreover, the regular
intermetallic layer adjacent to the steel has been identified as Al,Fe intermetallic phase. The
identified phases present low content Ni or/and Cr atoms. In addition, a fissure in the interfaces
between the corrosion layer and metal alloy is observed.
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Figure 36. The back scattered-electron cross-section micrograph (SEM) of: (a-b) 316Ti, (c-d) 321, and (e-f) 430
stainless steels in the Zng,Alg;Mg- 5 eutectic alloy after 360 hours at isothermal temperature of 400 °C.

The 430 steel shows slightly thinner corrosion layer compared to the one observed in 316Ti
steel. Cross-section micrographs of the interface between the 430 steel andZngsAlg Mgy 3 alloy are
shown in Figure 36 (e,f). The corrosion layer is formed by intermetallic particles and a thin
continuous intermetallic layer adjacent to the steel of around 9.9 um. In addition, the corrosion layer
presents a fissure in its interface with the metal alloy. By EDX analysis the intermetallic layer
adjacent to the steels has been identified as Al,Fe intermetallic phase. On the other hand,
intermetallic particles have been identified as an Al-Zn-Cr-Mg intermetallic phase (in light-grey)
and as an Al-Zn-Fe intermetallic phase (in dark-grey).
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Summary and discussion

The results of compatibility tests performed in this work are summarised in Table 21, where the
identified intermetallic phases, corrosion layer thickness and layers morphology are listed for each
alloy combined with the stainless steel proposed as containing material. Firstly, the 304, 304L, 316
and 316L stainless steels have shown a very good compatibility with the MgzoZn,49Als 1 eutectic
alloy. In these cases, no corrosion reaction has been observed after 720 hours at 400 °C. Therefore,
the four stainless steels may be suitable as containment materials of the Mg70Zn,49Als 1 PCM for the
TES unit construction. Secondly, the good compatibility between 321 and 430 stainless steels and
Zngg 7Al1; 3 eutectic alloy can be also observed, where no corrosion reaction has been observed after
360 hours at 400 °C. So, the 321 and 430 stainless steels can consider as good candidate materials to
contain the Zngg7Al11 3 alloy as PCM in a TES unit. Finally, the compatibility tests between the
ZngsAlg 7Mgy 3 eutectic alloy and the seven stainless steels demonstrate that the 316Ti stainless steel
as the best candidate as containment material for ZngsAlg7Mg7.3. The 316Ti steel shows very high

corrosion resistance with ZngsAlg7Mgy 3 alloy after 360 hours at 400 °C.
The role of the metal alloy chemical composition in corrosion reaction

The formed corrosion layers with Zngg7Al113 and ZngsAlg7Mg;3 metal alloys have been
identified as Al-Fe intermetallic phases. As it has been shown in this work these intermetallic layers
behave like inhibition layers to Zn, avoiding its diffusion toward the steels and the consequent
corrosion reaction between Fe and Zn due to the highest affinity of Al to Fe. This result is in

agreement with performed observations in [104-106].

The roles of chemical compositions of metallic alloys can be analysed by comparing the results
obtained in contact with the same stainless steel. The Fe is inert to molten Mg below 1000 °C,

according to the Mg-Fe equilibrium phase diagram [107]. So, the Al content is, therefore, the
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Corrosion Particles
Stainless Immersion  Corrosion . layer diffusion o
Temperature . . Corrosion layer morphology Identified phases
Metallic alloy steel time reaction average average
thickness thickness
(AIS]) (°C) (h) (nm) (nm)
304 400 720 No - - - -
304L 400 720 No - - - -
Mg70ZN24.9Als 1
316 400 720 No - - - -
316L 400 720 No - - - -
304 400 720 Yes Uniform intermetallic layer adhered to steel and intermetallic crystal diffusion toward molten alloy. 3.2 384 0-AlsFe
304L 400 720 Yes Uniform intermetallic layer adhered to steel and intermetallic crystal diffusion toward molten alloy. 3.3 315 0-AlsFe
316 400 720 Yes Uniform corrosion layer. 10.3 - AlFe; Al-Fe-Zn
Zngg 7Al11 3 316L 400 720 Yes Uniform intermetallic layer adhered to steel. 2.8 - AlFe
316Ti 400 360 Yes Uniform intermetallic layer adhered to steel and intermetallic crystal diffusion toward molten alloy. 6.8 14.2 0-AlsFe; Al-Fe-Zn
321 400 360 No - - - -
430 400 360 No - - - -
304 400 720 Yes Uniform intermetallic layer adhered to steel. 13.7 - 0-AlsFe; Al-Zn-Cr-Mg
304L 400 720 Yes Uniform intermetallic layer adhered to steel. 49 - 0-AlsFe; Al-Zn-Cr-Mg
316 400 720 Yes Uniform intermetallic layer adhered to steel. 5.6 - 0-AlsFe
ZngsAlg7Mg7 3 316L 400 720 Yes Uniform intermetallic layer adhered to steel. 10 - 0-AlsFe
316Ti 400 360 No - - - -
321 400 360 Yes Uniform intermetallic layer adhered to steel and intermetallic crystal diffusion toward molten alloy. 1.1 181.1 Al,Fe; 0-AlsFe; Al-Zn-Cr-Mg
430 400 360 Yes Uniform intermetallic layer adhered to steel and intermetallic crystal diffusion toward molten alloy. 0.9 8.9 AlFe; Al-Zn-Cr-Mg; Al-Fe-Zn

Table 21. Summary of compatibility test results: the identified intermetallic phases, corrosion layer thickness and layers morphology.
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dominant factor in the baths chemistry. On the other hand, depending on Al and Fe content
different intermetallic phases into Al-Fe system will be formed. In this way, if corrosion layers of
Zngg 7Al11 3 and ZngsAlg7Mg7 3 metal alloys with the same stainless steel are compared and in all
cases different intermetallic phases are formed (see Table 21). These results mark the great

importance of Al and Fe contents in the interfacial zone for the intermetallic layer formation.

The addition of small amount of Al allows the formation of Al-Fe inhibition layer and reduces
the activity of Zn. However, when the amount of Al reaches a critical value the dominant corrosion
reaction changes from Fe-Zn to Al-Fe. From this point, the corrosion rates increase when Al content
in the molten metal increases. The corrosion rates as a function of Al content is proposed
graphically in [104], where Al critical value has been estimated in 0.22 wt%. In other to analyze
the Al content influence on corrosion rate, the same growth rates of different Al-Fe intermetallic
layer is assumed. Under this assumption, corrosion layers in the Zngg;Al;1.3 metal alloy have to be
thicker than layers in the ZngsAlg7Mgy 3 bath. In Table 21 can be observed that this trend is true in
the half of the cases. The test performed with the 316L, 321 and 430 steels in the Zngg 7Al11 3 metal
alloy reveal thinner corrosion layers than in the ZngsAlg7Mgy 3 metal alloy, although the highest Al
content in the Zngg;Al113 alloy. This fact suggests that the Fe concentration in the interfacial

reaction zone could have higher influence in the corrosion rate than Al concentration.

The addition of small amount of Al allows the formation of Al-Fe inhibition layer and reduces
the activity of Zn. However, when the amount of Al reaches a critical value the dominant corrosion
reaction changes from Fe-Zn to Al-Fe. From this point, the corrosion rates increase when Al content
in the molten metal increases. The corrosion rates as a function of Al content is proposed
graphically in [104], where Al critical value has been estimated in 0.22 wt%. In other to analyze
the Al content influence on corrosion rate, the same growth rates of different Al-Fe intermetallic
layer is assumed. Under this assumption, corrosion layers in the Zngg;Al;1.3 metal alloy have to be
thicker than layers in the ZngsAlg7Mgy 3 bath. In Table 21 can be observed that this trend is true in
the half of the cases. The test performed with 316L, 321 and 430 steels in the Zngg7Al;13 metal
alloy reveal thinner corrosion layers than in the ZngsAlg7Mgy 3 metal alloy, although the highest Al
content in the Zngg;Al113 alloy. This fact suggests that the Fe concentration in the interfacial

reaction zone could have higher influence in the corrosion rate than Al concentration.

According to Al, Zn and Mg affinities with Fe, Al-Fe intermetallic phase formations are
expected in the performed compatibility tests with the Mg0Zn,49Als; metal alloy. However, no

corrosion reaction is observed, which indicates the importance of the Mg presence in the corrosion
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mechanism of the MgzoZn,49Als; metal alloy, where Fe is inert to the Mg. The high content of Mg
hinders the Al diffusion through the melt.

The control mechanism in the corrosion reaction

The corrosion process in the investigated steel/alloy systems is controlled by the diffusion
mechanism. Al-Fe intermetallic layers act as diffusion barrier to Zn, while the Al itself is not
diffusing through the layer toward steels [106]. However, the Fe and alloying elements of steels
diffused through Al-Fe layers into metal alloy and as consequence, Al-Fe layers move deeper into
molten alloy. The Al/Fe reaction rate is much faster than Fe diffusion through the layer, so, the Fe
diffusion through the Al-Fe layer into the metal alloy is controlling the corrosion reaction in
Zngg 7Al11 3 and ZngsAlg7Mgy 3 baths. On the other hand, the Fe diffusion dominance on Al-Fe layer
explains the less influence on corrosion rate of Al concentration in the interfacial reaction zone of

these alloys.

As it has been discussed above, compatibility tests results obtained in the MgzoZnz4.9Als1 metal
alloy suggests that the high Mg content in this bath hinders Al diffusion through the melt toward
steel and the consequent corrosion reaction in the interface. Thus, the corrosion reaction in the
MgroZn249Als 1 eutectic metal alloy is controlled by the Al diffusion through the melt toward the

interface.
The role of the stainless steels composition in corrosion reaction

The comparison of intermetallic layers in the same metal alloy but with different stainless steels
shows the influence of steel composition in corrosion reaction. Based on constant Al content in the
Zngg 7Al11 3 metal alloys the same Al-Fe intermetallic phase could be expected with all stainless
steels. However, same intermetallic layer is only observed with 304 and 304L steels and with 316
and 316L. In the Zng,Alg ;Mg 3 metal alloy, however, 304, 304L, 316 and 316L steels show same
intermetallic layer while 316Ti, 321 and 430 steels shows different layer. These results show that
the steels composition have important role in the intermetallic layer formation when Al-Fe is the

dominant reaction.

The corrosion resistance of steels in molten metals also depends on the concentration of
allowing element (typically Cr and Ni) in steels. According Xu et al. [108] high contents of Cr
combined with Ni improve the corrosion resistant of steels in molten Zn. All tested stainless steels

in this work have high contents of Cr and Ni, except AlISI 430 steel, which does not present Ni in its

101



4. Experimental results

chemical composition. The 430 steel does not show higher corrosion reaction than other steels in
Zn88,7AI11_3 and Zn34AI8,7ng,3 baths.

On the other hand, other stainless steels present similar Cr and Ni, which do not explain the big
differences observed in corrosion reactions with Zngg 7Al113 and ZngsAlg7Mgy7 3 baths. So, a deeper
study about the influence of different stainless steel compositions on corrosion process is required

to understand the obtained complex results.
Elements diffusion through intermetallic layers

The presence of Al-Fe corrosion layers hindered the diffusion of element through itself toward
interfacial reaction zone. However, the partial break down and spallation of the layer after continues
exposure times exposed a novel steel surface to react with Al. So, the intermetallic layers with
lower tendency to break down and spall after continues exposure times advantage the corrosion

resistant of steels.

Steels corrosion in molten metals by means of the dissolution process depends on the amount of
dissolved elements in intermetallic layer and their diffusion rate through intermetallic layers toward
interfacial reaction zone. At the same time, the morphology and microstructure of layers affect in
the diffusion rate, where the concentration gradient is the driving force. However, the diversity and
complexity of observed corrosion reactions, in Zngg;Al113 and ZngsAlg;Mgy 3 baths, require an
extensive study. However, the first general analysis suggests the expected behaviour. The Fe, Cr
and Ni concentrations in interfaces decrease as they move away from steels whereas that Al and/or
Zn concentrations in interfaces decrease as they move away of the metal alloys This result suggests

different solubility and diffusion rate of these elements in the layers.
Others parameter roles in corrosion reactions

Other parameters that can influence in corrosion reactions are adhesion levels between the steels
and metal alloys and the concentration of Zn dendrites in the metal alloys. The results analysis
during the execution of this study suggests, in some cases, the existence of different adhesion level
between steels and metal alloys during the execution of compatibility tests. A poor adhesion
between both materials, favored by the high surface tension of the molten metal, will hinder the
corrosion reaction. It should be point out this analysis was performed at lab scale. Hence, at larger
scale the adhesion level between steels and molten alloys can be different due to the mass and

geometry of the TES system.
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By the analysis of Al-Fe intermetallic layers in different zones has been observed in some cases
that the presence of Zn dendrites cause the break of layers and the existence of corrosion crystal
with high content of Zn. Although these results have not been observed in all cases is advisable to
avoid the Zn dendrites presence in the microstructure of eutectic alloys due to their fast migration

toward the steel surface.

Conclusions

In this work the compatibility of four eutectic metallic alloys as PCM with seven stainless steels
as potential containment materials has been tested for latent heat storage application. The aim of
this study is to identify the most adequate stainless steel to contain each eutectic metallic alloy in a
TES unit. Thereby, the common stainless steels, i.e. 304, 304L, 316 and 316L have not shown any
corrosion reaction with the Mgz0Zn,49Als 1 eutectic molten alloy. Moreover, the 430 stainless steel
followed 321 steel have been shown the highest corrosion resistance in Zngg7Al1; 3 eutectic molten
alloy. Finally, the 316Ti stainless steel has been present the best compatibility with Zng,Alg;Mg73
eutectic molten alloy. Therefore, based on obtained test results, the indicated stainless steels may be
adequate material to contain the Mg70Zn249Als1, Zngg 7Al11 3 and ZngsAlg7Mgy7 3 as potential PCMs
ina TES unit.

Based on corrosion reaction analysis, it can be concluded:

In Zngg 7Al11 3and ZngsAlg7Mgy 3 bath, the Al-Fe intermetallic phases act like inhibition layers to
Zn, avoiding the corrosion reaction between Fe and Zn due to the highest affinity of Al. Different
Al-Fe intermetallic phases observed with same stainless steel in both baths mark the importance of
Al and Fe contents in the interfacial zone for the intermetallic layer formation. The Fe concentration
in interfacial reaction zone has higher influence in the corrosion rate than Al concentration. On the
other hand, in Mg70Zn240Als1 molten alloy no corrosion reaction was observed due to the Mg
hinders the Al diffusion through the melt.

The corrosion process in investigated systems is controlled by the diffusion mechanism. The Fe
diffusion through the Al-Fe layer into the molten alloy is controlling the corrosion reaction in
Zngg 7Al11 3 and ZngsAlg 7Mg73 baths. The corrosion reaction in the MgzoZn,40Als 1 eutectic molten

alloy is controlled by the Al diffusion through the melt toward the interface.

Stainless steels compositions show high influence in the corrosion reaction. However, the big
differences observed in corrosion reactions with Zngg;Al;1 3 and ZngsAlg7Mgy 3 baths in function of

their alloying element concentrations has not been explained and a deeper study is required.
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4. Experimental results

The diversity and complexity of observed corrosion reactions, in Zngg7Al11 3 and ZngsAlg7Mg7.3
baths, require an extensive study in order to analyse the steels elements diffusion through
intermetallic corrosion layer. However, the first analysis suggests that the Fe, Cr and Ni
concentrations in interfaces decrease as they move away from steels whereas that Al and Zn

concentrations in interfaces decrease as they move away of molten alloys.

Different adhesion level between steels and molten alloys during the tests have been observed,
where a poor adhesion advantages the corrosion resistance. Finally, the observed Zn dendrites
migration toward the steel surfaces may lead to possible break of corrosion layers. Consequently, it

is advisable to avoid the Zn dendrites presence in the molten alloys.

Finally, compatibility test with different immersion times are under consideration in order to
study the evolution of corrosion layer with the time.
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5.1. Thermodynamic study of the eutectic Mgse-Zns; alloy used for thermal

energy storage

Introduction

In this work, the Mg-Zn binary system has been identified of particular interest as it presents an
eutectic composition, Mgs9-Zns; (mass %), which matches the requirements concerning melting-
solidification temperature and storage energy density [44] for direct steam generation in a

concentrated solar power plant.

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 c, behaviour, very important in the thermal energy storage
frame, is theoretically modeled and experimentally validated by quasi-isothermal Modulated
Differential Scanning Calorimetry measurements. Different intermetallic phases of the Mg-Zn
binary system have also been successfully described within this approach in the complete

temperature range.

Experimental results

Various standard DSC experiments at different heating/cooling rates have been performed. At 5
and 10 K min™ rates two partially overlapped transformation peaks have been found on heating and
cooling. At 1 K min™ rate, Figure 37 shows two clear separate transformation peaks on the heating
run, which permits to analyze each transformation event separately. According to the Mg-Zn phase
diagram [110,111], the first peak, with T,"=608.3K onset temperature and AH =24.81g"
enthalpy, corresponds to the eutectoid reaction of the MgZn intermetallic phase (also identified as
Mg12Zn13 [112] and Mg,1Zn,s with trigonal structure, space group R3c [64]) and Mg. This leads to
the formation of the Mgs1.04ZN19.80 (Orthorhombic structure, space group Immm[113]) intermetallic

compound. The second peak atT,' =614.5K, corresponds to the melting process of the eutectic
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alloy with a latent heat of AH, =130.2Jg™. Overall, the total enthalpy value of both

transformation processes is AH,' =155.0J g™, in agreement with reference [44].

On cooling, both peaks are partially overlapped, even at 0.5 K min™ cooling rate. The onset
temperature of the solidification process is found at T,” = 606.6 K while the eutectoid reaction onset
temperature cannot be accurately determined. However, T =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 AT, =7.9K and
AT, = 2.9 K respectively. The determination of the individual transformation enthalpies is difficult

in this case, but the total value of both processes isAHS =153.0Jg™.
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Figure 37. DSC results for the eutectic Mgae-Zns; alloy at 10, 5 and 1 K min™ heating/cooling rates. Exception
made for the 1 K min™ heating run, two overlapped transformations peaks have been found in the performed DSC
experiments.

When heating at 5 and 10 K min™, the obtained eutectoid reaction temperatures are
T," =605.6 K and T," =606.5K respectively. The melting temperatures are similar to the value
found at 1 K min™. On cooling, the measured solidification temperatures are T, =604.3K at 5 K
min™® and TS =603.6 K at 10 K min™. 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 Figure 37, 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 transformation processes are closer in temperature on the cooling
run. As no thermal equilibrium is attained during the measurement, the eutectoid reaction could
start before the solidification process is completed. Overall, these phenomena might influence the
nucleation process of the solid phases and the subsequent eutectoid reaction on consecutive thermal
cycles. As a consequence, different eutectoid reaction behaviour and temperatures can be expected.

This may explain the discrepancy on the eutectoid reaction temperatures between the value obtained
in this work and the ones given by [111] and [114], T," =598.2K and T," =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 be also related to similar mechanisms. Anyway,

further investigation is needed to clarify this behaviour.
Theoretical lattice specific heat calculation of the Mgse-Zns; 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, H(T),S(T)and G(T)are usually 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 by using a theoretical model based on the addition of
the harmonic, electronic and anharmonic contributions. However, 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 (Cy), which in general can be assumed to be the specific heat
at constant volume (C,) can be directly obtained from the Debye model by using equation (18). For

both metals, Mg and Zn, this model assumes a parabolic distribution of the phonon density of states

(DOS) given by equation (19) where v, is the Debye’s cut-off frequency:

3
T ¢oorm x%e*
C,. =C, =3nk,| — X 18
. =C, B[HDJJO o (18)
g(v)cv? (0<v<v,) (19)
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In equation (18), n is the number of atoms per unit mass, g, is the empirical Debye temperature, kg
is the Boltzmann constant and h is the Planck constant. The Debye’s cut-off frequency (v, ) and the

variable (x) of equation (18) are given by equations (20) and (21) respectively.

vy =22 (20)
x= Mo (1)
kgT

In order to obtain accurate numerical results, the Debye integral (equation 1) has been expanded
by means of a polynomial fitting as a function of the coefficient (9D /T) in two separate
temperature ranges, as shown in equation (22). Conventionally, the high and low temperature limit
between both ranges has been established inT = (6, /25).

20

Zan(e—D] if T> (Q—Dj
n=0 T 25

Y b
05\’ if T< (H—Dj
g (Tj 25

By using this procedure the harmonic specific heat of each individual metallic component of the

(22)

alloy, Mg and Zn, has been calculated. In the literature different characteristic Debye temperatures

(6,) of both metals can be found [115-118]. However, the best results are obtained selecting
09 =318K and 02" =234K [34]. The harmonic lattice specific heats averaged by the mass
percentage of each component of the alloy, 49% Mg and 51% Zn respectively, are shown in the
figure 2 (C"® and C"). The addition of both contributions as shown in equation (23) gives the total

harmonic specific heat of the Mgae-Zns; eutectic alloy (curve 1 in Figure 38).
CM' =C =0.49C)® +0.51C/" (23)

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 equation (24). Except at low temperatures, it
is usually very small when compared with the harmonic contribution of the lattice. Its value at room

temperature represents around a 0.5% of the total specific heat.
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In equation (24) k is the Boltzmann constant, n is the number of electrons in the conduction band

and &g is the Fermi energy.

In the Mga49-Zns; eutectic alloy each metal contributes with 2 electrons to the conduction band.
As a consequence, the electron number per unit mass in the conduction band is given by equation

(25) as a function of the Avogadro’s number (Na=6,022x10%) and the atomic mass of each element

(A).

(25)

Taking into account that Fermi’s energy values are €-=7,08 eV for Mg and €=9,47 eV for Zn

[119], the electronic contribution to the specific heat of the eutectic alloy as a function of
temperature is given by equation (26) in terms of the averaged individual contribution (mass %).

C'™ =0,49C™ +0,51C”" = 0,49-4,11x10°°T +0,51-114x10 °T (26)

At room temperature (T=298.15 K), the electronic contribution is Cj”°y =0,0077Jg*K™,

which represents around 1% of the harmonic lattice contribution to C,. 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 specific heat [115]. The addition of the harmonic and electronic contributions,

C' 4+ C¥ | leads to the curve 2 of the figure 2. As can be seen, both contributions clearly

underestimate the experimental value of the C, baseline of the eutectic alloy (circled line in figure

2). This difference can be associated to the anharmonic contribution to the total lattice C,.
Anharmonic contribution

For isotropic materials, it can be shown that the anharmonic contribution is given by
equation (27).
2

Cyn=C,-C, =TV i‘— @7)

T
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where T is the absolute temperature, V is the specific volume, « is the volume thermal expansion

coefficient and k; is the isothermal compressibility.

For anisotropic materials this relation can be generalized as a function of the elastic constant

tensor (c;, ), as shown in equation (28).

3
Can = Cp -C, =TV Zcijklaijakl (28)

ijkl=1

Taking into account the symmetry of the crystal, equation (28) can be simplified. However, this
procedure implies the knowledge of the elastic constant tensor which is not available for the
eutectic Mgs9-Zns; alloy. As a consequence, in order to obtain the anharmonic contribution to the
lattice specific heat, a phenomenological model is necessary. One alternative is the Nernst-
Lindemann semi-empirical relation, shown in equation (29). It is based on Griineisen equation and
it states that the anharmonic contribution is proportional to the product of the absolute temperature

and the squared total lattice specific heat (Cy).

Con =C, —C, =aTC? (29)

In equation (29), “a” is an empirical parameter, given by equation (30), which depends on the

material. It has a nearly constant value over a wide range of temperature.

(30)

If any of the expansivity parameters is not known, one alternative is to empirically fit the
measured C, baseline by changing the value of the “a” constant. Using the harmonic specific heat

values of the alloy obtained from equation (23), the anharmonic contribution can be calculated in

the complete temperature range by solving equation (29) for C and selecting

empiricallya = 3.4x10™* gJ™. 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 (3x10™ g J™).

Finally, curve 3 of the Figure 38 shows the theoretical specific heat of the eutectic Mgs9-Zns;

alloy (C:”"y +CY 4 Ca”°y) together with the experimental C, values obtained by modulated DSC

anh
(circles in Figure 38). It can be noted that the difference between theoretical and experimental

values is lower than 3%.
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Figure 38. Circles represent the experimental Cp value of the eutectic Mg-%51Zn alloy obtained by modulated
Differential Scanning Calorimetry. Curve (1): harmonic specific heat of the alloy; (2) harmonic + electronic specific

heat; (3) harmonic + electronic + Nernst-Lindemann anharmonic specific heat.

For comparison, as an example, the experimentally obtained C, value of the eutectic Mgag-Zns;

alloy at room temperature is C§"°y(298.15)=0,73Jg‘1K‘1. Calculating the weighted average

specific heat at the same temperature from the experimental values of the individual metallic

elements C['(298.15) =1.024J g*K™andC;"(298.15) = 0.388J g*K™ [119]), the obtained result is
C;*™* =0.70JgK™. Finally, the C, value predicted by the thermodynamic model explained

above is Cg”"y =0.72Jg'K™. In 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/solidification
process can be defined as the average temperature between the heating and cooling transformation

events: T, =606.85K and T,, =610.55K respectively. Equation (31) gives the entropy change

in both cases.
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_AH
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AS (31)

The obtained values are ASl(Teq1)= 0.04Jg™*K™ and ASZ(Teq2)= 0.21Jg*K™ respectively. Finally,

the driving force of the melting and solidification process of the alloy can be calculated from

equation (15).

AG(T) = ‘Gliquid (T) = Gig (T )‘ (32)

The respective values are AG_(T,' =614.5K) ~ AG (T, = 606.6 K) ~0.84Jg™.

Application to other Mg-Zn alloys

This thermodynamic model has also been applied to several Mg-Zn intermetallic compounds.
Morishita et al. [120] have reported the specific heat values of the M5 55-ZN74.45, M010.86-ZNg0.14,
MQ15.66-ZNga 34 and Mgs 34-ZNg3 66 (Mass %) alloys in the 2-700 K temperature range. As indicated in
[120], C, was measured by 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 contributions 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 that determine the
anharmonic contribution associated to different intermetallic compounds might show noticeable

changes leading to different C,,, values. In this model, this contribution is empirically determined
selecting the “a” constant in equation (29) for each different alloy. The selected values have been
a= 2.7X10_4, 2.9X10_4, 2.4X10_4 and 2.4X10_4 g J_l for Mgg5,55-Zn74_45, Mglg_gs-zngolu, M915.66'

Znga34 and Mgs 34-Zngz 66 respectively. The comparison between the reported experimental C, data
and the predicted by the model is shown in Figure 39, 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 simplicity of the
phonon spectrum assumed by the Debye model, used to determine the harmonic contribution. The
high temperature range, where the anharmonic contribution is more relevant, is also successfully

described.
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Figure 39. Model predicted (continuous lines) and experimental specific heat data (points) of the different Mg-Zn
alloys. Respectively: (1) and (X) Mgys.55-ZN74.45; (2) and (0) Mgio.86-ZNgo.14; (3) and (0) Mgys 66-ZNga 345 (4) and (©)
Me.34-ZNg3 66

Conclusions

To conclude, the phase transformation behaviour of the Mg49-Zns; eutectic alloy proposed as
phase change material for thermal energy storage has been studied. A simple thermodynamic model
has been developed to calculate the lattice specific heat of the eutectic Mgsg-Zns; (mass %) alloy
and different intermetallic phases of the Mg-Zn binary system in the complete temperature range. In
all cases, a very good agreement has been found between the theoretical calculation and the
experimental C, 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 to calculate the thermodynamic functions of the alloy. Finally, within the thermal energy
storage frame where c, plays a capital role, this theoretical calculation is a powerful predictive tool

which can be generalized for other metallic alloys used as storage materials.
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5.2. Thermophysical characterization of Mg4.Zns, eutectic metal alloy: a phase
change material for thermal energy storage in direct steam generation

applications

Introduction

This paper is focused on the study of the Mgs9Zns; (mass%) metal alloys to be used as a TES
system in concentrated solar power (CSP) applications is analysed. From the exergetic point of
view, it is desirable that the preheating of the water and superheating of the steam is carried out by
sensible heat TES, and that the vaporization of the water is given by latent heat TES. This study is
focused on the study of the Mgs9Zns; alloys that could be used as a TES system devoted to the

vaporization process of the water.

An extensive thermophysical characterization of the MgsZns; eutectic metal alloy between
room temperature and melting temperature has been performed. The results are compared with
some available data in the literature, and founded differences are discussed. A comparison with
pure, binary and ternary inorganic salts used as PCM is done highlighting the advantages and

disadvantages of the different systems.

This alloy was already proposed as a PCM for heat storage [44-46], and some structural and
thermophysical parameters are given in the literature. In particular two melting temperatures of 340
°C [46] and 343 °C [44,46] as well as three experimental values of the heat of fusion, 138 kJ/kg
[44], 180 kJ/kg [45] and 210 kJ/kg [46] were reported. In addition, a structural study of the eutectic
Mgo.72ZNo 28 — Which corresponds to a 49% wt. of Mg and 51% wt. of Zn— was performed by means
of X-Ray and neutron diffraction techniques [121,122].

The Mgs9Zns; is presented not only as a candidate for latent heat thermal energy storage for
direct steam generation (DSG) in CSP applications but for high pressure and high energy steam
processes as well. Reported data are essential for ensuing modelling and experimental reactor
studies employing this alloy as a PCM for TES.

Results and discussion

Concerning the synthesis of the alloy, the use of the materials in form of ingots was found to be the
best solution in order to get a solid block of the desired eutectic alloy. It was found that among all
the parameters, the most critical one is the cooling rate. In addition, it was verified by XRD the

absence of oxidation of the alloy after the heat treatment in the furnaces.

114



5. Collaborations

Structural analysis

As already pointed out, in this study the Mg rich side eutectic alloy has been chosen with the
composition of Mg 49 %wt. and of Zn 51 %wt. due to the appropriate melting temperature for the

scope of this paper.

The experimental results show that different phases can be formed depending on the thermal
treatment applied. Several experiments with different duration and different heating/cooling rate
were performed. Among all the parameters, it has been found that the most critical one is the
cooling rate confirming results already reported in literature [123] stating the high sensitivity of this

system to the cooling process.

An example of this is given in Figure 40 where the X-ray diffraction patterns of two samples
subjected to different cooling rates are shown. For both samples two cycles of melting/solidification
up to 500 °C were carried out. For the sample a) a cooling rate of 0.1 K/min was used while for the
sample b) a not controlled cooling obtained by opening the furnace was applied (average cooling
rate of approximately 5-10 K/min). The structural analysis shows that the sample a) contains the
phases as predicted in the phase diagram (Mg:Znzs + a-Mg). In case of sample b) the phase
Mgs1Zn,o together with traces of a-Mg were detected. It has to be pointed out that Mgs;Zny is a
metastable phase at room temperature. Indeed, according to the phase diagram this phase should
transform through an eutectoid reaction into Mg2:1Zn2s and a-Mg at 325 °C. In the experimental
conditions applied probably due to kinetic constrains the formation of the expected phases is
hindered. This means that for high cooling rates the system has no time to transform from the

metastable Mgs;Znyo phase into the phases a-Mg and Mg21Zns.

In further experiments, it has been shown that the sample with the metastable Mgs;Zn,o phase
was transformed into the a-Mg and Mg,1Zn,5 phases by keeping the sample at a temperature below
the transformation temperature (for instance 250 °C) for several hours. Gao and Nie [124[123]]
found a similar behaviour in a binary mixture of Mg and Zn with 8wt% content of Zn that was
subjected to isothermal ageing at 200 °C. The initial phase Mgsi1Zn,, was transformed into the
intermetallic phase Mg1Zn,s passing by the transition phase MgsZn;. It should be noted that in our

experiments, under certain conditions, the phase Mg,Zn; was also detected.

On the one hand, the specifications of the conditions for achieving the stable phases are

sufficient for the use of this alloy as a PCM for TES applications. On the other hand, in order to
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clarify all the behaviours observed a more detailed study focused on material behaviour is advisable

and will be the subject of another paper.
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Figure 40. Diffractogram of MgseZns; after second heat treatment up to 500 °C. Sample a) Slow cooling at 0.1

K/min. Sample b) Fast cooling rate in opened furnace.
Melting and solidification enthalpies and phase transition temperatures

In Figure 41 the DSC results of a sample synthesized from ingots are reported. The only phases
identified in the starting material were the expected Mg,1Zn,5 and a-Mg. No oxidation was detected

from the X-ray analysis. The selected heating/cooling rate was 0.5 K/min.
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Figure 41. DSC signal for the melting and solidification processes of the eutectic alloy at a heating/cooling rate of

0.5 K/min. Initial phases Mg, Zn,s and a-Mg.
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As expected the heating curve shows two peaks. The first one corresponds to the eutectoid
transformation as already described in the previous paragraph and the second one corresponds to the
melting of the material. The enthalpy associated to the first transformation is 27 J/g with an onset
temperature of 329 °C. The enthalpy of the melting is 128 J/g with a melting temperature of 342 °C.
Therefore, the overall energy needed to melt the alloy is 155 J/g.

Upon cooling only one peak is presented in Figure 41. After cooling, the present phase was
Mgs1Zny. The experimental results show that the enthalpy of solidification and its onset
temperature depend on the phase formed upon cooling. In particular, when the formed phase is
Mg.Zn7 the solidification enthalpy is 153 J/g and the onset temperature is 332 °C. When the formed
phase is Mgs;1Znyo the solidification enthalpy is 127 J/g and the onset temperature is 337 °C. In none
of the DSC experiment the Mg,:Zn,s and a-Mg phases were identified after cooling. Figure 42
shows the DSC results of a sample were the phases identified in the starting material were MgsZn-;
and o-Mg. The experiment runs between 200 °C and 450 °C at 10 K/min. In the melting there are
two peaks as in the previous case (see Figure 42). The melting enthalpy is 156 J/g with an onset
temperature of 343 °C. After the cooling process the initial phases MgsZn; and a-Mg are recovered.

The solidification enthalpy is 153 J/g and the onset temperature is 333 °C.

Nucleation problems in addition to size effects may influence the randomly formation of
MgsZn7 or Mgs1Znyo phases in the cooling process. This is still an open question which does not
interfere with the main objectives of this work because, on the one hand, the melting behaviour of
MgaZn; phase is like the one of Mg21Zn,5s and a-Mg phases, and, on the other hand, Mgs;Znyo phase
transforms into Mg.1Znzs and o-Mg phases after ageing at temperatures below the melting

temperature.
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Figure 42. DSC signal for the melting and solidification processes of the eutectic alloy at a heating/cooling rate of

10 K/min. Initial phases Mg,Zn; and a-Mg.

The melting enthalpy value of 155 J/g is between the three different literature values given by
the same authors (138 J/g, 180 J/g and 210 J/g) [44-46]. These differences can be attributed to
different raw materials, experimental synthesis conditions, calorimeter accuracies, heating and
cooling rates as well as to the tracing of the base line (the lattice specific heat). Concerning the
onset temperatures the results agree within the reported data in the literature [44-46,112].

Thermal Stability and life-cycle analysis

Life-cycle analysis of the material is crucial for the use of this alloy as a PCM for TES in CSP
applications. The estimated life cycles in real applications is around 11000 cycles with only one
melting-solidification cycle per day during 30 years. Measurements reproducing real conditions are
obviously very long and, in this study, preliminary tests up to 20 cycles between 300 °C and 400 °C

have been performed employing a heating and cooling rate of 10 K/min.

It has to be pointed out that this cooling rate is much higher than what the alloy would have in a
real DSG application. In fact, the use of thousands of tonnes of material, the storage capacity of
typically several hours and the fact that the PCM works around its melting temperature ensures that
the difference between the melting temperature and the PCM temperature will be of only several
degrees and, therefore, cooling rates will be much smaller than those used in calorimetric

measurements and the life cycle analysis.

Figure 43 shows the thermogravimetric measurements of twenty melting-solidification cycles.
As it can be seen there is no appreciable mass change during the 20 cycles. Additionally, the sample
was weighed before and after the experiment by means of an ultra microbalance XP6U (Mettler
Toledo) showing a minimal weight increase of 0.04%, which can be attributed to some oxidation

produced by the residual contaminated air in the system.
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Figure 43. Mass stability of Mgs9Zns; as function of melting and solidification cycles.

Longer experiments together with proper analytical and simulation tools that could extrapolate
the experimental results to the scale of years to corroborate that this alloy is stable and suitable for
TES applications are necessary.

Thermal conductivity

The thermal conductivity is crucial for the possible use of the Mga9Zns; eutectic alloy as TES.

The thermal conductivity can be obtained using the equation (17):
A=a-p-C, (17)

Where A is the thermal conductivity in W/m K, a is the thermal diffusivity in m?/s, p Is the

density in kg/m®and C, is the specific heat capacity in J/g K.

The results of the thermal diffusivity of the eutectic alloy are shown in Error! Reference
source not found.44 for the two different room temperature phases identified in Figures 41 (a) and
(b). The thermal diffusivity of the Mg,1Zn,s + a-Mg phase shows a slight increase from room
temperature up to 200 °C. Then, it exhibits a very light decrease up to the melting temperature
where, in agreement with the first order phase transitions predictions, shows a noticeable decreasing
step. It must be noticed that the accuracy of the experimental values decreases around the melting

temperature because part of the energy of the laser pulse might be used to melt the sample.
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Figure 44. Thermal diffusivity of eutectic alloy Mg-%51Zn. Comparison between phases Mg,;Zn,s + Mg and
Mgs1Zn.

The thermal diffusivity of the metastable Mgs1Zn,o phase shows the same qualitative behaviour
than the stable Mg,;1Zn,5 + a-Mg phases up to 250 °C, but the experimental values are much lower
(40%). At around 250 °C the thermal diffusivity increases 40% suggesting the transformation of
Mgs1Zn,0 into Mg21Zn2s + a-Mg. This fact has been corroborated with experiments performed in a
solid block presenting initially the phase MgsiZny, and being exposed to different thermal
treatments of several hours at a temperature below the melting temperature of the eutectic alloy.

After the heat treatment the present phases were Mg,1Znys + a-Mg.

The values of the thermal diffusivity of Figure 44 are given in Tables 22 and 23.

Temperature (°C) Thermal diffusivity (10°° m%s) Std. Deviation
51.4 31.28 0.08
101.4 32.57 0.04
151.4 33.41 0.05
201.2 34.27 0.08
251 33.84 0.07
300.9 31.85 0.03
320.9 22.13 0.96
340.8 16.6 0.13
360.8 15.65 0.26
380.8 15.97 0.07
400.8 16.76 0.1

Table 22. thermal diffusivity of starting Mg,;Zn,s + a-Mg phases.

Temperature (°C) Thermal diffusivity (10°° m%s) Std. Deviation
51.4 18.76 0.05
101.1 19.89 0.08
151.6 20.65 0.03
201.5 22.63 0.22
251.2 35.67 0.98
301.2 35.17 0.09
321.1 26.54 1.1
341.1 16.9 0.07
361.1 16.48 0.04
381 16.43 0.07
401 16.96 0.11

Table 23. Thermal diffusivity of starting Mgs;Zn,, phase.

The experimental value of the density at room temperature of the Mg,;Zn,s + a-Mg phases is
2850 Kgm™ which is far away from the literature estimated value of 4900 Kg/m® [44Error!
Reference source not found.]. A calculus of the theoretical Mgs9Zns; eutectic alloy density can be
carried out taking into account the theoretical composition of the alloy at the eutectic point (32wt.%
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Mg and 68wt.% Mg,1Zn,s) considering the theoretical values for Mg and Mg,1Zn,s, 1738 kg/m®and
4240 kg/m?* [64], respectively. A value of 3440 kg/m? is obtained representing the maximum density
value of this alloy assuming perfect crystal lattices with no defects.

Preliminary values of dilatation allow to estimate a decrease in the density of a 2.5% from room

temperature to 300 °C.

The specific heat capacity was determined using a modulated DSC Q2000 technique. The
specific heat curve shows a normal behaviour up to the solid-solid phase transition. The specific
heat value passes from 0.73 J/gK at room temperature up to 0.84 J/gK at 300 °C [125]. This value is
20% lower than that found in the literature (1.04 J/gK) [45]. This literature value seems too high
because it would imply an anharmonic contribution to the lattice specific heat of around 20%,
which is higher than usual values found in metals or alloys (between 5-10%) [125].

Introducing into the equation (17) the experimental values obtained for the thermal diffusivity,

the density and the heat capacity, the thermal conductivity can be obtained.

The thermal conductivity increases from a value of 67 Wm™K™ at room temperature, up to 75
Wm™K™ at 300 °C. This result is in good agreement with the 80 Wm™K™ estimated value [44].

Case study: a comparison with molten salts as PCM

In this section a comparative study between the metal alloy described and some selected molten
salts intensively studied for latent heat applications [85,126,127] will be performed. In particular,
the thermophysical data, the costs together with their possible use for direct steam generation

applications will be taken into account.

Table 24 shows, regarding DSG applications, the most important thermophysical properties of
pure, binary and ternary inorganic salts as well as those of the Mg49Zns; eutectic metal alloy.

Material Density Enthalpy  Vol. heat Heat Thermal Thermal Melt./Sol. Sat. Vapour
storage capacity diffusivity ~conductivity — temperature Pressure
(kgm®)  (kdkgh)  (MIm®)  (kIkg'K?) (mmZ?) (WmK?h (°C) (bar absolute)
NaNO; 2261° 172° 389 1.1° 0.2% 05 306"n.a. 93
KNO; 2109° 95° 200 0.953" 0.2% 0.5 335%n.a. 137
KNO,/KCI 2100° 74° 155 1.21° 0.2° 0.5 320%n.a. 113
KOH 2040° 134 273 1.34° 0.2 0.5 360%n.a. 186
MgCly/ KCI / NaCl 1800°  400° 720 0.96° n/a n/a 380%n.a. above critical point
MgseZNs; 2850 155 442 0.73 33/17 75/- 342/337 150/141

a Indirectly calculated from reported thermal conductivity, heat capacity and density.
b Values from Ref. [85].

Table 24. Comparison of eutectic Mg,;Zn,s and Mg thermophysical properties with some molten salts.
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The MgCl,-KCI-NaCl ternary salt has the highest enthalpy of fusion, but a too-high melting
temperature for the application considered. Indeed, this melting temperature is above the critical
point of water (374.15 °C and 221 bar). Not only suitable saturated or superheated vapour turbines
have to be used, but also the conduction system (piping) along the solar field has to support those
pressures at their related temperatures. These pressures seem to be too high for current DSG
technology. To the best of our knowledge, experiments up to 100 bar have been carried out using
the parabolic trough technology [128]. It would be a technological challenge to increase the

working pressure of parabolic trough pipes.

In the case of power tower technology the implementation of PCM with high melting points

would be easier as the total length of piping needed is hundreds times shorter.

In any case, the experience of power tower technology for DSG is limited to some few

commercial cases such as PS10 or PS20 where the maximum working pressure is 40 bar.

A similar argument can be followed in the case of KOH salt. The use of KOH and MgCl,-KCI-
NaCl salts as PCM for the evaporation process of water in DSG application would be possible in
the middle-long term after the explained technological challenges concerning the increase of the

performances of the system against temperatures and pressures will be overcome.

The melting enthalpies and melting temperatures of the other three salts in Table 24 are close to
that of the Mg49Zns; eutectic alloy. However, the values of the thermal conductivity of the salts are
considerably lower than that of the alloy.

Considering a pinch point of 5 °C, the eutectic metal alloy Mgs9Zns; working as PCM for DSG
would need saturated steam at minimum 159 bar at 347 °C to charge it (melting), and it could
produce saturated steam at maximum 132 bar at 332 °C in the discharge process (solidification).
Current available steam turbines are within this range of operation. They can support up to 165 bar

at 585 °C of superheated steam, with a power output from 20 MW to more than 250 MW.

It has to be pointed out that, in the present case of the eutectic metal alloy, around 40% of the
total energy needed to generate saturated steam is needed for the vaporization process of the water.
The rest of the energy should be provided by a sensible source of energy, like for instance concrete

[127] or ceramic materials [129].

Finally, the factors to be considered for the possible use of Mg4eZns; eutectic alloy as a

candidate compared to molten salts are summarized in the following:
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The thermal diffusivity and thermal conductivity are two orders of magnitude higher
than any of the salts of Table 24.

Modelling of the heat exchanger in the confinement of the TES system tank
demonstrates that the cost of the heat exchanger decreases significantly. A prototype

laboratory is being built to make experiences with 70 Kg of the eutectic alloy.

The heat capacity is between 30% and 80% smaller than molten salts. These differences
must be taken into account when the system uses both the sensible and phase change
heats.

The energy density of the eutectic alloy, except for the discarded ternary salt, is between
12% and 285% higher than that of the studied molten salts. This means a significant

reduction in the size of the holding tank and, therefore, a reduction in cost.

The price is a factual obstacle for the eutectic MgagZns; metal alloy to be used as a PCM
in a CSP plant for DSG.

However, a more in-depth study of simulation as well as the realization of experimental
tests in a laboratory-scale reactor is still required in order to be able to know how each of

the factors influences the cost of the final TES system.

Additionally, other application niches must be taken into account. For example in high
pressure or high heat energy steam processes used in different industries. If smaller TES
systems are required compared to CSP where the cost of the TES material is not the
critical parameter, but a small part of the total cost of the system, then this eutectic metal
alloy would be competitive with molten salts, especially in those applications where

high power is required.

Conclusions

In this paper, a thermophysical characterization of the eutectic metal alloy, Mg49Zns, regarding

the most important properties inherent to DSG applications is presented.

A first conclusion is that the phases that the system Mg-Zn shows at room temperature depend

on the synthesis settings and subsequent heating and cooling cycles.
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The eutectic metal alloy would be suitable as PCM for DSG in either parabolic trough or power
tower technologies in CSP plants. For that purpose, some technological challenges have to be
overcome, for instance the maximum working pressure of the conduction system of the solar field

has to be increased.

On the one hand, the main advantages of the eutectic metal alloy Mg49Zns; are its thermal
diffusivity, heat capacity and energy density compared to molten salts. On the other hand, the main
drawback is its price. Additional applications of the eutectic alloy as PCM for a TES system are
suggested, for instance, in those industrial processes where high pressure or high heat energy steam

is needed.

Reported data are essential for modelling studies and for the definition of the experimental
conditions of a lab scale heat exchanger that is planned to construct in order to show up the

performances of such a TES system under real operation conditions.
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5.3. Experiments on a lab scale TES unit using eutectic metal alloy as PCM

Introduction

The behavior of a Mg-51%2Zn (Zn;,Mg,s (at.%)) eutectic metal alloy used as thermal energy
storage (TES) material is tested in a laboratory scale TES unit. The TES unit consists of two
concentric tubes with the central tube surrounded by 67 kg of the metal alloy and two caps at both
ends of the tube through which the heat transfer fluid (HTF) flows. Charging (melting) and
discharging (solidification) processes of the eutectic alloy are performed using synthetic oil as the
HTF. The experimental results are used to test the validity of the model via simulations performed

with a computational fluid dynamics tool.

The results corroborate that phase change materials with high thermal conductivity, such as
eutectic metal alloys, are ideal for the evaporation process of water in direct steam generation
applications due to the quasi-constant melting and solidification temperatures and to its high heat

transfer capacity.

Nomenclature

H enthalpy function p density

v liquid velocity S liquid volume fraction
Amush  mushy zone constant v, solid velocity

S source term K thermal conductivity

Prototype and model description

Oil test loop

Although the main proposed application of the studied material is for DSG and therefore water
should be used as the HTF, oil has been used instead because of the ease of the installation at the
laboratory scale. The oil test loop has 40 kW power provided by low density (2W/cm?) electrical
heaters. It has a magnetic circulation pump (Dickow) with a pumping capacity of 25 m*h and a 90
kW air fan heat exchanger for cooling process. The piping system is of 2 inches diameter. The
design pressure of the installation is 20 bar and the maximum working temperature is limited to 400
°C due to the use of Syltherm 800 heat transfer fluid (HTF).
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The oil flow is measured by an ultrasound flowmeter (UFM 530, Krone). An automatic three-
way-valve controls the oil flow directed to the TES unit from 5 + 0.5 m%h to 25 + 0.1 m%h. The rest
of the flow is sent to the inlet of the pump by means of a bypass. A second automatic three-way-
valve is used to control the temperature of the oil, especially in discharging process when the oil has
to be cooled down through the air fan heat exchanger. Flow direction can be modified by means of
another two automatic three-way-valves. The charging (melting) is always applied with the oil flow
from top to bottom, and the contrary in the discharge (solidification)-from bottom to top-.

TES unit

Prior to the construction of the TES unit, a compatibility study between different container
materials (SS304, SS304L, SS316 and SS316L) and the eutectic metal alloy has been performed in
order to avoid undesired chemical reactions or progressive degradation of the PCM and
construction materials. None of the studied stainless steels has suffered any reaction or corrosion
with the eutectic alloy. Therefore, the material construction has been adopted on an economic basis,

and SS304 has been finally selected for the construction of all components of the TES unit.

The TES unit consists of two concentric cylinders of one inch diameter for internal pipe and 8
inches diameter for external pipe. In between, 67 kg of Mg-51%2n eutectic binary alloy have been
placed, having thus 2.88 kWh of energy in the phase change. The thermophysical properties of
interest for TES applications have been previously determined and studied [71,82].

The design of the unit allows to exchange the eutectic metal alloy by other materials of interest in
future studies. For this reason, two caps on top and bottom ends have been placed. Moreover, the
TES unit has been designed with the possibility to vary the internal pipe diameter and it allows to
study the effect of the top and bottom flanges that enclose the storage material. There is free space
on top of the PCM for expansion and volume change of liquid/solid phases of the alloy. This space

is filled by Ar gas with an overpressure of 0.5 bars in order to avoid metal oxidation.

The HTF flows through the inner pipe and exchanges the heat with the surrounding metal alloy.
In the charging process (melting) the oil enters from the top and exits from the bottom. In the
discharging process (solidification) the oil flow is reversed, it enters from the bottom and exits from

the top.

In order to register the evolution of the temperature distribution in the total volume of TES unit,
seven multipoint sheaths (labeled as 1 to 7 in Figure 45 (a) have been placed in the axial direction
with six K-type thermocouples each (labeled as A to F in Figure 45 (a) equidistantly separated in
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the radial direction. Additionally, two thermocouples have been placed on top and bottom flange
connections in order to determine inlet temperature in both charging and discharging processes.
Sheath 7 has been placed on top of the free surface of the PCM. The rest of sheaths have been

dipped into the metal.

With the aim of reducing thermal losses a rock wool blanket of 0.12 m thickness has been
employed to cover the entire unit. In some critical zones a second insulation layer of the rock wool
blanket has been applied in order to minimize thermal losses. Figure 45 (b) shows a picture of the

TES unit before covering it with the insulation material.

s:ﬂT,:-

177
Z 7 ‘ 712
I} —

Multipoint sheath

Figure 45. (a) Scheme of the TES unit with sheath and thermocouple distribution; (b) Picture of the TES unit.
Model description

From the mathematical point of view, the phase change is a transient, nonlinear and, regarding
the solid-liquid interface, a “moving boundary” problem. Due to this complexity, analytical
solutions are only possible for simple and highly symmetric systems. In general, an approached
frame is necessary in order to obtain accurate enough solutions for real application latent heat
storage devices. Within this frame, fixed grid methods are the most accepted alternative as they

provide high accuracy and do not require any tracking of the liquid/solid moving interface.

The solid/liquid fraction of the PCM can be determined by means of different approaches such as
enthalpy methods and temperature based equivalent heat capacity methods. The first alternative is
the most widely used one [130-132] and has been validated in a wide variety of metallurgical
problems such as melting/solidification of pure metals and alloys, casting processes and others
[133].
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In this model two separate zones are identified. On the one hand, the PCM (Mg-Zn eutectic alloy)
where the heat transfer mechanisms will be dominated by conduction both, in the solid and liquid
phases due to their high thermal conductivity. For this zone, the energy equation solved in this

method is:

a(’(;’t"')Jrv-(,ovH):v-(WT)Jrs (18)
where H is the enthalpy function, p the density of the PCM, V the velocity of the liquid and S a

source term given in equation (19).

s =((1ﬂ§—fl)Amush 7-7,) (19)

where S is the liquid volume fraction, ¢ is a small number fixed to 0.001 to prevent division by zero,
Amush 1S the mushy zone constant and \7p is the solid velocity due to the pulling velocity of

solidified material out of the domain, zero in our simulations.

The mushy zone constant (Amush) represents the amplitude of the damping between both phases
[134,135], modeled as a porous zone. High values imply steeper transition of the velocity from the
liquid to the solid values. However, even for isothermal transformations like eutectic phase changes,
this value cannot be very large as it might cause the solution to oscillate. In our case a value of

Amush=100000 has led to satisfactory values.

On the other hand, the calculation of the liquid fraction () in this method is based on the porous
media formulation of the melting process. In particular, the porosity value ranges from &=0 to ¢=1
from the solid to liquid phase, which leads to a liquid fraction ranging from =0 to p=1,
respectively. For intermediate values, taking into account the eutectic and hence isothermal
transition behavior of the modeled PCM, an iterative process between the energy equation and the

liquid fraction described in [136] has been used.

In the HTF zone the governing heat transfer mechanisms will correspond to convective
processes. In this case, a standard k- Reynolds Average Navier Stokes model [137,138] has been

used in order to model the fluid dynamics. The main assumptions of the model are the following:
e |sotropic and homogeneous phase change material.

e Incompressible and Newtonian fluids.
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Constant heat transfer fluid inlet temperature and velocity.

2-D axisymmetric model.

No viscous dissipation.

The complete calculation has been performed by using Ansys Fluent® commercial computational
fluid dynamics (CFD) software.

Results and Discussion

Melting and solidification of metal PCM

As one of the goals of this work is to study how the eutectic alloy behaves in melting and
solidification processes, as an example Figure 46 shows the temperature profile of the six
thermocouples of sheath 4. Prior to the beginning of the experiment the system was equilibrated to
around 305 °C. Then, for the melting test, the oil inlet temperature has been set to 381 °C with an oil
velocity of 1 m/s. For the solidification test, the HTF inlet temperature has been set to 306 °C with

same oil velocity. In the heating, three different regions can be easily distinguished:

e The first one corresponds to the preheating of the solid alloy where the temperature of the alloy is

gradually increased up to the melting point.

e The second one corresponds mainly to the melting process that occurs at a temperature of 342 °C.

This temperature agrees with the values obtained in previous calorimetric experiments [71, 82].

e The last one is the superheating of the liquid melt to the set value of 381 °C. It has to be stressed

that during the melting, there is some preheating and superheating of the alloy as well.
In the cooling process a similar behavior is observed:

e First, the cooling of the liquid melt.

e Then the solidification at a quasi-constant temperature.

e Finally the cooling of the solid phase up to the inlet HTF temperature.

In the heating process, it is considered that the melting starts when the first thermocouple (always
A) reaches the melting point. The melting process ends when last thermocouple (always F)
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overpasses the melting point. For consistency, the inflection point of the temperature curve has been

taken. Similar criterion has been used for the cooling process.

390 4 Tin: 381.0+1.3°C
1 .. flow: 1+ 0.1 m/s .
380 4 :‘-1.-‘-;.-',\&.’- ’-3“-!{-_-';9‘:,-‘.:-,;.‘“-_::=.‘.,\_r¢ R ot .4

1 i s

3704 -

3604 X
o T » \= Solidif. =
$ 350 s Dol
(0] 1 = —
é 340 _‘_.: _____________________________
g 1!

330 -
=3 ] —T(°C)4_A
@ 3204 .y T(°C)4_B
= 14 T(°C)4_C

310 1f [=Melting-» —T(C)4_D

"- N
TCC)4E mmmrmincin.

AN P,

300 { —T(C)4_F -
1 —-— Melting Point Tin: 306.0 £ 1.1°C
290 + c---InletT flow: 1 £ 0.04 m/s

v T v T T T T T 7 T o T v T
0 3600 7200 10800 14400 18000 21600 25200 28800
t(s)

Figure 46. Temperature evolution of thermocouples of sheath 4 in melting and solidification processes.

Once the melting process starts, the heating rate of all thermocouples is drastically reduced. The
temperature profile of thermocouple 4A is flattened and remains at quasi-constant temperature
above the melting point and below the set value until all PCM at that level is melted. After the
melting, the heating rate speeds up again until it approaches the set value. During the melting, the
temperature difference between 4A and melting point is AT< 10°C. This is the one needed to ensure
the heat transfer to the surrounding external region. This fact shows the good ability of this material

as a high thermal conductive material for TES applications.

When the melting starts in the region close to the internal tube, the external thermocouples
decreases even more drastically their heating rate due to the fact that all the energy provided by the
internal tube is used to melt the surrounding alloy and some of the energy is used to continue with
the preheating of the metallic parts of the container. Moreover, as the melting front goes forward, a
liquid layer having half thermal conductivity than that of the solid material is formed which limits
the heat transfer compared to solid phase. In this sense, at the beginning of the melting process, a
small temperature decrease of external thermocouples is observed which might be attributed to

thermal inertia of the system.
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As the melting front advances to the outer region, the external thermocouples increase their
temperature until the melting point, where they remain at constant temperature until the

corresponding region is melted.

Concerning the cooling process, the solidification temperature is the same as for the melting, 342
°C. There is no subcooling effect as it has been previously observed in calorimetric experiments
[71,82]. The reason might be the sample mass influence on the thermal response of the material
[139,140].

The melting time of the PCM at the position of sheath 4 is 81 minutes, while the solidification
time is 90 minutes, being the temperature difference between inlet temperature and melting point

AT=39 °C and AT=36 °C for melting and solidification tests, respectively.

Figure 47 shows the temperature evolution of external thermocouples (F) of sheaths 1 to 6 in the
melting and solidification processes. Sheath 7 is not represented because its values are influenced
by the fact of not being dipped into the metal and being in contact with the Ar atmosphere. From the
melting curves it can be seen that the melting front advances from top to bottom. On the other hand,
the solidification advances in both directions, from top to bottom and vice versa, being the central
part (sheaths 3, 4 and 5) the last one to solidify. The total melting and solidification times are given
in Table 25.
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Figure 47. Temperature evolution of thermocouples F of all sheaths in melting and solidification processes.
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The total melting time needed to melt all the PCM is 120 minutes while for the solidification it is
90 minutes. Therefore, around 25 % less time is needed to solidify than to melt. This gap together
with the difference on the melting and solidification front advances might be attributed to several
factors. Among them, the principal ones are the convection of the liquid melt, the insulation in the

bottom part of the unit and the design of the device.

Sheath 1 2 3 4 5 6

Melting time (s) 7270 6510 5860 4870 4200 3400

Solidification time (s) 2710 4150 4830 5420 4940 3360

Table 25. Melting and solidification times as function of sheath position.

Together with the convection on the liquid melt, once the alloy is melted close to the internal tube

it will move upwards due to the density difference between both solid and liquid phases.

The unit has been fixed on a table with a rock wool blanket of 0.12 m thickness in between both
table and bottom flange. It serves as insulation material which has been compressed due to the
weight of the unit, and therefore its insulation capacity is expected to be reduced. As a result, the

total time for melting is increased and the total time of solidification is reduced.

Concerning the design of the unit, the two caps configuration might contribute to a lower melting
rate, especially in the bottom part of the unit where there is direct contact between bottom cap
flanges and PCM. In the top part of the unit, Ar gas is in between PCM and top flanges and cap

which might be also a reason for the asymmetry of the solidification front.
Model validation

The explained model has been applied to the particular measurement shown in section 3.1 under
the mentioned operation conditions. The obtained results are shown in Figure 48, where the
experimental temperature profiles of sheath 3, chosen as an example, are compared with the results
of the modeling.

As can be seen, a good fitting is obtained both, in charge and discharge runs. A and B
thermocouples show good agreement with the experimental temperatures. The radial temperature
distribution between the thermocouples is also correctly calculated. However, some differences are
found. At the beginning of the melting process, the temperature decrease shown by thermocouples

C, D, F and E is more pronounced in the experimental data than in the calculated temperatures. As
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said before, this behavior could be related to the thermal inertia of the experimental TES unit, which

might be underestimated in the calculation.

The overall melting/solidification times are successfully determined from the calculation, within
a maximum difference of around 10%. The analysis of the data leads to an overall estimated value
of the heat transfer coefficient of around h=700 W/m?K.

——Exp_3A - - Calc_3A
Exp_3B Calc_3B
Exp_3C Calc_3C
Exp_3D - — Calc_3D
360 + 7] Exp_3E Calc_3E
Exp_3F = = Calc_3F
%)
2350 + 4
o
5
=
©
&
£ 340 - .
o
—
330 -
Melting Solidification
320 r T ' T T T T T =
0 3600 7200 21600 25200
time (s) time (s)

Figure 48. Charge/discharge (left/right respectively) temperature behaviour of the investigated case. Continuous lines

correspond to the experimental data. Discontinuous lines represent the calculated radial temperature distribution.
Impact of the thermal conductivity on the TES unit

As mentioned before, one of the major benefits of metal alloys used for latent heat storage is their
high thermal conductivity. The influence of this parameter on the storage behavior and operation is
determinant in order to obtain a fast thermal response unit able to operate at high power values. In
this frame, the large thermal conductivity of the proposed material, eutectic Mg-Zn alloy, could
imply important advantages in current CSP technologies. However, even in the case of large
thermal conductivity materials, the overall heat transfer is determined by conduction/convection
mechanisms that need to be modeled in order to determine a realistic influence of the thermal
conductivity on the storage system. In this section, a simplified storage unit of the presented design
in section 2.2 has been modeled. A simple shell and tube configuration with no caps and no free
volume for PCM expansion has been considered. Different thermal conductivity values have been

assumed in order to determine its influence on the overall storage device. The rest of the PCM
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properties have been assumed invariant for all simulations. Concerning the operating parameters of

the HTF, the inlet temperature has been set to 400 °C with a velocity of 3 m/s.

As a result, Figure 49 shows the melting time (charging process) as a function of the assumed
different thermal conductivities. From Figure 49, it can be clearly seen that around k=20 W/mK
there is a conductivity threshold. Under the mentioned HTF conditions, larger conductivity value
materials do not represent a big benefit in the storage behavior, as the heat transfer is limited by the
HTF convection mechanisms. On the other hand, lower thermal conductivity materials lead to a fast
increase of the melting time of the PCM. In this case, the thermal conductivity of the storage
material is the limiting issue of the heat transfer. In any case, the competition between convective
and conductive mechanisms is the key issue in order to establish this threshold value of thermal
conductivity. In Figure 49, an empirical double exponential function has been used in order to fit

the data obtained from the calculation with very good agreement.

In our case, the proposed eutectic Mg-Zn alloy presents a thermal conductivity high enough in
both, solid (k=75 W/mK) and liquid (k=35 W/mK) phases [82] which guarantees, under the
mentioned fluid parameters, that the heat transfer limitation is related to the HTF convection.
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Figure 49. Influence of the thermal conductivity of the PCM in the investigated storage design. The melting time is

plotted as a function of the thermal conductivity value.
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Advantages of Mg-51%2Zn as TES

The main advantages of the Mg-51%2Zn system arising from the present study are its high
thermal conductivity and the quasi constant melting and solidification temperatures.

On the one hand, in the present study, the high thermal conductivity of the eutectic alloy is not
the limiting factor for heat transfer, but the heat transfer of the liquid oil inside the pipe. In this
regard, if a two-phase fluid is used instead of oil, the system would be charged and discharged
faster since the heat transfer of a two-phase fluid (liquid-vapor or vapor-liquid phase changes) is
higher. Therefore, experiments such as the one presented by Adinberg et al. [141] would highlight
even better the good properties of the metal PCM.

On the other hand, as the melting and solidification temperatures are equal, the differences
between charging and discharging HTF conditions are minimized. Concerning direct steam
generation application, taking 5 °C as the temperature difference needed for charging and
discharging with respect to melting/solidification temperature, the conditions of the saturated steam
needed for charging would be 159 bar at 347 °C [82] and the produced saturated steam in the
discharge process would be 140 bar at 337 °C. As suggested in [82], the use of this eutectic metal
alloy would imply a technological challenge for parabolic trough technology with the need of
developing high pressure parabolic trough pipes and corresponding connections. Concerning power
tower technology, the challenge would be focused on the development of high pressure central
receivers. Apart from CSP applications, this PCM is also proposed as TES material for high
pressure or high heat energy steam demanding processes. Nonetheless, due to its high thermal

conductivity it could be used for high power heat demanding processes as well.
Conclusions

The potential use of eutectic metal alloys as latent heat thermal energy storage has been
experimentally investigated by means of heating and cooling tests around the melting point of the

phase change material.

There is no subcooling effect as in previous mg scale calorimetric experiments. Melting and
solidification temperatures are equal to 342 °C. Melting and solidification fronts are different due to
the combination of different factors such as the used experimental conditions, the design of the

prototype, the insulation as well as convection of the liquid melt.
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The experimental results have been used to validate a model that has been developed by means of
CFD simulations. In addition, with current presented configuration, the limiting factor of the heat
transfer comes from the liquid oil inside the pipe and not from the thermal conductivity of the metal
PCM. The use of a two-phase fluid as the HTF would highlight even more the properties of the

alloy and would allow to study the limitations concerning heat transfer of proposed metal PCM.
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6. Summary and final conclusions

6.1. Summary

In this thesis Mg-Zn-Al binary and ternary alloys have been proposed as latent heat storage
materials for solar power generation plants. For this proposed, after the synthesis process of the
alloys, the structural characterization and thermophysical properties determination, as well as, the
long term thermal stability and compatibility tests with container materials have been carried out.

Due to the extension of this work a summary of results prior to the conclusions is presented
in this chapter. In this regard, in order to clarify their exposure, the obtained results are summarized
in the Table 26. On the other hand, due to the extension thereof, they have been divided on function
of the analyzed property.

Heat

Structural Melting . Specific Thermal Thermal cycling .
Metal alloys analisis point fu(s)if on Density heat conductivity test Compatibility test
- 3 ) ) Cycle RPD of
Stability (°C) (kd/kg)  (kg/m®)  (kd/kg-K) (W/m-K) o enthalpy
Theo. Exp. Solid Solid  Liquid (%) Compatible material
Mg72Zn,s eu. metast. 340 342 155 2850 0.73-0.84 67-75 - 700 -0.4 304/304L/316/316L
Mg71Zn;50Al01 stable 341 343 153 3000 0.70-0.77 57-64 27-28 - -
Mg70ZN540Al5 1 €U. stable 338 340 157 2820 0.72-0.79  47-60 35-38 700 1.4 304/304L/316/316L
Mg70Zn24.4Al5 6 stable 340 341 157 2790 0.73-0.79  41-53  26-28 - -
ZngsAlg ;Mg 6 eu. stable 346 344 132 6546 0.46-0.53 70-67 42-52 100 -1.9 316Ti
Zngg7Al11 3 eu. stable 381 382 118 6752 0.45-0.54 134-120 50-61 100 13 321/430
Zngz2.:Mgr.geu. metast. 364 371 106 6763 0.47-052 88-83 34-40 100 -19.8

Table 26. Summary of the obtained experimental results in this work (low accuracy quantitative values).
6.1.1. Analysis of synthesis protocol:

The results of XRPD, SEM and calorimetric analysis (DSC) such as: The expected phase’s
identification by XRPD, the structural homogeneity and eutectic morphology observation by SEM
and the observations of narrow eutectic transition peaks, the expected reaction sequences by
calorimetric (DSC) analysis ensure the correct eutectic composition of the alloys samples. Based on

these results, the synthesis protocol can is considered validate.
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6.1.2. Microstructure analysis:

The Mg71Znys9Alp1 (quasi-peritectic), MgzoZnasoAls1 (eutectic) and MgrZnas4Alss (quasi-
peritectic) alloys, with melting temperatures around 340 °C, have shown high structural stabilities in
comparison to the binary Mg7,Zn,g eutectic alloy, which showed a random formation of stable
(Mg21Zn,5) and metastable (MgzZns) phases, depending of the solidification rate. The metastable
behaviour of the Mg7,Zn,g alloy showed the influence on some thermophysical properties such as in
the thermal diffusivity and conductivity, where the metastable phase presented 40% lower
diffusivity and conductivity values than the stable phase (see section (5.2)). In the section (4.1.1) it
has been demonstrated that the addition of a small amount of Al, even 0.1% (at.%), leads to
stabilise the system forming stable Mg,1Zn,s intermetallic phase and Mg solid solution at room
temperature independently of the cooling rate. On the other hand, the metastability observed by
XRD in the Zng;,Mgy g eutectic alloy (see section (4.1.2)) does not affect to its thermophysical

properties.

The cubic Mgsz(Al,Zn),g intermetallic phase has not been observed under 0.1 and 10 K/min
cooling rates in the Mg70Zn24.0Als 1 and Mgz0Zn,44Als 6 alloys as was expected according to the Mg-
Zn-Al phase diagram (section (4.1.1)). The Al amount associated to the Mgs2(Al,Zn)49 phase was
mainly dissolved in the Mg.1Zn,s phase, increasing the Al solubility of these phase. This effect
caused the increasing of the lattice parameters of Mg,1Zn,s phase, the loss of periodicity in its
crystalline cells and as a consequence, the reduction of their thermal conductivities.

Finally, the lattice parameters analysis performed in the section (4.1.2) signalizes the Zngg 7Al113
eutectic alloy as the most perfect crystalline eutectic microstructure, where, its Al and Zn solid

solutions show very high purity.
6.1.3. Thermophysical properties analysis:

The alloys cover approximately a range of meting temperatures from 340 to 380 °C, where
Mg72Zn2s, M@71Zn289Al01, M@70ZNn249Als1 and MgzoZnzs4Als s melt ~340 °C, ZngsAlg7Mgre at
~345 °C, Zngg7Al113 at ~370 °C and Zng,2,Mg7 g at ~380 °C. Similar heat of fusions between 106
and 157 J/g have been shown, where, Mg72Zn, Mg71Zng9Alo1, Mg70ZnoasAlsy and
Mg70Zn244Als 6 have ~155 J/g enthalpy, ZngsAlgzMg7.6 has ~130 J/g, Zngg;Al11.3 has ~120 J/g and
Zngy 2Mg7g has ~105 J/g. On the other hand, the Mgr.Zn,g alloy due to its metastable nature can
randomly present a solidification enthalpy of ~155 J/g and ~130 J/g at 332 and 337 °C, respectively
(section (5.2)).
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Small thermal hysteresis between 5 and 13 °C have been observed. It believe that the observed
hysteresis are associated to the small amounts of samples (milligrams) used in calorimetric analysis
as it has been demonstrated by means of the thermal behaviour analysis of the Mg;,Zn,g alloy in a
lab-scale TES unit (section (5.3)).

The density of alloys are around approximately 2800 kg/m® for the Mg-rich Mg7,Znas,
Mg71Zn28.0Al0.1, Mg70ZN24.0Als 1 and MgzoZn,a4Als g alloys and around 6700 kg/m? for the Zn-rich
ZngsAlg 7MQ7 6, Zngg 7Al113 and Zng, 2Mgy g. alloys. The high density of Zn-rich alloys, which is two
or three times higher than those inorganic salts, leads to similar energy densities of salts in spite of

the lower heats of fusion.

Relevant agreements between experimentally measured and quasi-empirically calculated
specific heats have been observed, which validates the developed thermodynamic model for metal

specific heat calculations presented in the section 5.1.

In the solid phase the specific heat increases approximately from 0.7 to 0.8 J/g-K in the Mg-rich
Mg72ZNn25, M@71ZN25 9Alo.1, Mg70ZN24.0Als51 and Mg7oZn244Als6 alloys and from 0.45 to 0.55 J/g-K
in the Zn-rich Zng4Alg7Mg76, Zngg7Al113 and Zng,,Mgrg alloys. The differences among the
obtained results are mainly based on the specific heat contribution of individual metals (1.023,
0.897 and 0.39 J/g-K for Mg, Al and Zn, respectively). In this way, the Mgz,Zng alloy with the
highest Mg content presents the highest specific heat, whereas, the Zng,,Mg7g alloy with the
highest Zn content displays the lowest value. The alloys show lower specific heats than
convectional inorganic salts, however, it is not a driving thermophysical parameter in the latent heat

storage.

In the solid phase the thermal conductivity slightly increases with temperature in the Mg7,Znjs,
Mg7lzn28,gA|o_1, Mg7oZn24,9AI5,1 and ngoZn24,4AI5_6 aIons while decreases in the Zn84AI8,7ng,6,
Zngg 7Al11 3 and Zng, 2Mgy g alloys. After the melting process they decrease around to the half and

increase with temperature in all cases.

Thermal conductivities of investigated alloys are shown large differences in their values, which,
close to the melting process cover a range from 53 to 120 W/m-K in the solid phase and from 26 to
50 W/m-K in the liquid phase. These values are above of the thermal conductivity threshold of 20
W/m-K calculated in the section (5.3).

The thermal conductivities are between two and three orders higher than those of the
inorganic salts. Considering the use of the studied metal alloys as storage media in a TES system,
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the mentioned fact can highly decrease the heat exchanger size and, consequently, its cost. At the
same time, the highest conductivities of the alloys drive to higher power ratios for a given heat
exchanger.

The periodicity of the crystalline phases in each alloys has a big influence in the thermal
conductivity. In this way, due to the high amount of Al dissolved in the Mg,1Zn,s phase of the
Mg70Zn244Als 6 alloy, this presents at room temperature the lowest thermal conductivity of 41
W/m-K (see Table 26) although based on the individual metal thermal conductivity contribution
(237, 156 and 116 W/m-K for Al, Mg and Zn, respectively), the highest thermal conductivity of 141
W/m-K was expected for this composition. On the other hand, due to the high purity and periodicity
of its Al and Zn solid solutions, Zngg7Al;13 IS the unique alloy that presents at room temperature
same experimentally measured and theoretically approximated thermal conductivities of 134
W/m-K value in both cases. Finally, the extreme sensibility of the thermal conductivity with respect
to crystalline structure periodicity, it can be observed by comparison of Mg-rich alloys conductivity
results. In these alloys, a small variation of 0.1%, 4% and 4.4% (wt.%) of Al content in the
Mg71Zn289Alo1 M@70ZnasoAls1 and MgroZnas4Alse alloys, respectively, lead to a substantial
conductivity reduction of 15%, 30% and 39% respect to Mgr,Znyg alloy due to the Al impurity role
in Mg21Zn2s and Mg phases of these three alloys (see Table 26).

Based on the results of thermophysical properties analysis, the Mg;Zn,49Als; alloy is
distinguished among the Mg-rich alloys, as potential PCM of ~340 °C transition temperature due to
its stable transition process and its eutectic nature. Among Zn-rich eutectic alloys, the
ZngyAlg7MQ76, Zngg7Al113 and Zng, ,Mg7 s alloys are identified as potential PCMs for ~345 °C,
~370 °C and ~380 °C transition temperatures, respectively. Between the Mg;0Znz40Als; and
Zng4Alg 7Mg7 ¢ alloy, which show similar fusion temperatures of 340 and 344 °C, respectively, it has

to be noted the highest density of the ZngsAls 7Mgy 6 alloy due to its high Zn content.

6.1.4. Long term thermal stability analysis:

The Mg72Znzs, Mgr0Zn249Als 1, ZngsAlg7Mg7.3 and Zngg 7Al;1 3 alloys have shown good thermal
stability after performed thermal cycling tests. Regarding the Zng,,Mg;s alloy, a substantial
enthalpy reduction of 19.8% after 100 cycles, accompanied with a progressive formation of a peak
before the eutectic solidification peak has been observed. This behaviour may be caused the
formation of the metastable MgZn, phase in this composition. Further investigations are needed in
order to confirm this hypothesis. Finally, the evaluation in an insulated pilot scale TES unit is

considered necessary.
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6.1.5. Compatibility analysis:

Based on compatibility test results the 304, 304L, 316 and 316L stainless steels have been
identified as potential containments materials for the Mg;0Zn,40Als; alloy, the 430 and 321 steels

for the Zngg 7Al11 3alloy and 316Ti stainless steel for the ZngsAlg 7 Mgy 3 alloy.

On the other hand, the corrosion behaviours of stainless steels in molten alloys have been
discussed, where the influence of the molten alloys and stainless steels chemical composition in
corrosion reaction have been analyzed, as well as, the control mechanism on corrosion reactions and

the element diffusion through the corrosion layers.
6.1.6. Applicability analysis:

The investigated alloys are proposed as alternative of inorganic salts as potential PCMs for TES
system in solar power generation plants. The analysed properties such as high conductivity, no
thermal hysteresis, good thermal stability and low corrosiveness showed to be promising and

overcome the currently investigated salts limitations.

However, the highest cost of metals is their main limitation in order to consider them as a real
alternative in commercial solar TES systems, where tones of material are necessary. This drawback
should be evaluated in the frame of the TES system, considering also the cost of the heat exchanger.
Therefore, a detailed economic study of a TES system using metal alloys is necessary in order to

evaluate its economic viability.

Even tough, the real advantage of metal alloys lays on their high thermal conductivity,
compared with other materials already used as PCMs. This characteristic allows reaching high
power ratios, which can be an important parameter in solar plants to provide protection against
thermal shocks or to reduce the impact of solar fluctuations or star-up times.

Regarding on this new application proposed for solar power plants it can be highlight that
currently CIC energiGUNE is conducting a project in collaboration with a private solar engineering
company. The project consists of the design and testing in a real plant of a short time response TES
unit based on one of the alloys analysed in this thesis. The main objective of the project is to

evaluate the technical and economical viability for its deployment in currently operational plants.
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On the other hand, TES systems using metal PCMs are also proposed for those industrial
processes with high levels of waste heat and where short time on charging and discharging
processes could be a must. In this regard, a detailed study of industrial sectors potentially interested
on this technology should be performed.
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6.2. Final conclusions

The Mg70Zn,49Als1, ZngaAlg7Mgy 3 and Zngg 7Al1; 3 eutectic alloys with fusion temperatures
of 340, 344 and 371 °C, respectively, present the highest potentiality to be used as high temperature
phase change materials in solar generation powers plants. These alloys have shown; adequate
structural and thermophysical properties, long thermal stability and low reactivity with evaluated

stainless steels.
Among the advantages of these alloys, it must be emphasized:

(1) The good compatibility of the MgroZn,49Als 1 alloy with commonly used containments
materials due to lack of affinity of the Mg with the Fe, in where, the Mg prevents the diffusion of

the Al and Zn to the interface due its high concentration and bigger size.

(2) The high density of the ZngsAlg7Mgr.3 alloy, as well as, its potentiality as 350 °C PCM,
in where, the finding a salt for this transition temperature is extremely difficult due to that all the
possible candidates are mixtures of corrosive chlorides and fluorides.

(3) The high thermal conductivity of the Zngg;Al;13 alloys due to the high purity of its
Al/Zn phases, its good thermal stability without enthalpy reduction after 100 cycles, as well as, the

high density of this Zn-rich alloy.

With respect to others investigated eutectic and quasi-peritectic alloys can be highlighted the

following conclusions:

(1) In the Mg7Znyg alloy good compatibility with commonly used steels as containments
materials is expected due to its high Mg concentration. This observation points the Mg7,Zn,g alloy
as high potential PCM, where, the addition of small amount of Al would avoid its metastable

behaviour.

(2) The lack of thermal stability observed by thermal cycling test in the Zng, ;Mg g alloy must
be deeply studied due to the potentiality of this alloy as 380 °C PCM (see section (4.1.2)). On the
other hand, based on the performed compatibility analysis, stainless steel corrosion in Zng;,Mg7s
bath is expected due to the reaction of the Zn with the Fe. In this context and based on Wang et al.
[104] research the Al addition between 0.12-0.22% (wt. %) is proposed in order to form Al-Fe

inhibition corrosion layer.
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(3) The Mgr1ZnggeAlp1 and MgzeZnas4Alse alloys are not seriously considered as potential
PCMs due to that their quasi-peritectic natures. Their study has shown the influence of chemical
composition on the thermophysical properties where the high influence of the microstructure on the
thermal conductivity has been shown. However, these alloys long term thermal stability analysis is

proposed in order to evaluate the thermal cycling behaviour of non-eutectic alloys.

From the results, long term thermal behaviour analysis in pilot scale TES unit is considered
adequate, in order to guarantee the adequacy of these alloys as PCMs, which might represent a

breakthrough concept regarding current storage technologies.
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7. Ongoing work

7.1. Thermal expansion analysis of Investigated alloys

Introduction

Thermal expansion analysis is performed in order to determine the mechanical stress on the TES

unit during the charging and discharging processes.

The alloy samples measured by dilatometry techniques were Mg71Znyg9Alo1, ZngsAlg7Mgys,
Zn88,7AI11_3, ang_gMg7_8 (eutectic aIonS) and ngoZn24,gAI5_1, ngoZn24_4AI5_6 (quasi-peritectic
alloys), and the linear coefficient of thermal expansion (CTE) was calculated as it has been

explained in sections (2.4) and (3.4.4).

Preliminary results

Figures 50 and 51 show the curves of the LCTE in the solid phase as a function of the

temperature.

In particular, Figure 50 presents the obtained LCTE curves of Mgr1Zn2s9Alg1, M@70ZN249Al51
and MgroZna44Als 6 alloys, which show a quasi-constant behaviour in the temperature range from
100 to 270 °C. This indicates that the microstructures of the studied alloys are at thermodynamic
equilibrium with near-zero thermal strain. As it can be seen, the CTE values decrease with
increasing Al proportion in the alloys. These results are related to the lower CTE value of Al
(23.6-10°° °C™) in comparison to the ones of Mg (25.2-10° °C™) and Zn (39.7-10° °C™).

The results of Zng,Als7Mg7.6, Zngs 7Al11.3 and Zng, ,Mg7 g eutectic alloys are shown in Figure 51.
The LCTE are constant in the complete temperature range except between 260 °C and 285 °C in the
ZngsAlg7Mgr s and Zngg7Al11 3 alloys, which present maximum values of 57-10° °C™ and 87-10°
oc! at 269 °C and 275 °C, respectively . These changes in their LCTE values are due to the
presence of Al (o) + Zn(n) — ZnAl(p) eutectoid reaction observed by calorimetric analysis (see
section (4.1.2), Figure 23).
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The average LCTE values of investigated alloys are around 26-10° °C™*, 24.10° oc™* 22.10° oC°
1 24.3.10° oc? 17.3-10° °Cc! and 27.4-10° °Ct for MgnZnsoAlos, MgroZnossAls.s,
Mg70Zn244Als6,  ZngsAlg7MQgr e, Zngs7Al113 and Zngy 2Al7 g alloys, respectively. These values are
slightly higher than the ones of the common stainless steel used in the construction of the storage
unit (around 17.3 10°° °C™).
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Future work
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The results obtained are currently under study and researchers are preparing a journal
publication including more detailed analysis.
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7.2. Compatibility test: analysis of elements diffusion through corrosion layers

Introduction

As it has been discussed in the section (4.3.1) the stainless steels corrosion mechanism in
Zngg 7Al11 3 and ZngsAlg 7Mgy 3 molten metals depends on stainless steel elements dissolution on the

corrosion layers and on their diffusion thought them toward interfacial reaction zone.

Therefore, in order to gain a greater understanding and knowledge of the observed corrosion

mechanism, it is necessary to perform a more extensive analysis of the following factors:
e Dissolved amount of elements on the corrosion layers.
e The concentration profile of elements thought the corrosion layers.
e The morphology and microstructure of intermetallic corrosion layers.

This analysis is currently on going, therefore only partial and preliminary results are presented

bellow.
Preliminary results

Dissolved amount of elements on the corrosion layers

Regarding 0-AlsFe and Al,Fe intermetallic layers present similar element concentration after
corrosion tests during 720 hours as Table 27 shown. In this way, 0-AlsFe intermetallic layer
presents an average concentration of 5.4% Zn, 4.2% Cr and 1.6% Ni (at.%), where as, Al,Fe layer
show 3.2 % Zn, 8.0 % Cr and 2.8 % Ni average concentration. These results show the different
solubility of these elements in 0-AlsFe and Al,Fe intermetallic phases.

Corrosion layer  Metallic alloy Stainless steel  Immersion time Fe Cr Ni Al Zn
Q)
0-AlsFe Zngg7Al113 304 720 21.91 4.26 1.32 64.38 4.06
0-AlsFe Zngg7Al113 304L 720 21.12 4.23 1.23 65.18 5.97
0-AlsFe ZngsAlg/Mg7.3 304 720 19.46 4.34 1.62 69.01 5.56
0-AlsFe Zng:Alg/Mg7.3 316 720 18.23 3.30 2.15 70.48 5.84
0-AlsFe Zng:Alg/Mg7.3 316L 720 17.56 4.79 1.69 64.15 4.83
AlyFe Zngg7Al113 316L 720 25.93 7.76 3.65 50.71 3.42
AlyFe Zngg7Al113 316 720 29.77 8.33 2.00 55.51 2.89

Table 27. Element concentration on 8-AlsFe and Al,Fe corrosion layers after 720 hours immersion time for the

compatibility test of Zngg ;Aly; 3 and Zng,Alg7Mg- 5 alloys with tested stainless steels.
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The concentration profile of elements thought the corrosion layers

As it has been indicated in the section (4.3.1.) the concentration of Fe, Cr and Ni (steel

elements) along the steel/alloy interface decreases as they move away of steels and the

concentration of Al and Zn (molten alloy elements) as they move away of molten alloys. This

behaviour of the concentration profile of the elements is the expected one and is fulfilled in any of

observed Al-Fe intermetallic phases. However, when Al-Zn-Cr-Mg particles are present in the

corrosion layer, the Cr concentration profile shows an anomaly.

The Figure 52 shows SEM images of two corrosion tests, in which Al-Zn-Cr-Mg particles

have been identified. These particles diffusion toward molten metal can be observed in the Figure

52 together the presence of different Al-Fe layers adjacent to the steels.

Figure 52. The back scattered-electron cross-section micrograph (SEM) of: (a) 304 steel and (b) 321 in contact with

Zng4Alg ;Mg; 3 alloy after corrosion tests at 400 °C for 720 and 360 hours, respectively.

However, in both cases the Al-Zn-Cr-Mg particles have higher Cr content than Al-Fe layers

adherent to the steels as is shown in Table 28. In this way, the Zng,Alg ;Mg 3/304 sample shows a

increasing of Cr content from 4.34% to 8.15% and in the case of Zng,Alg7Mg;.3/321 sample from

5.74% to 8.21%.
. Stainless  Time - .
Metallic alloy Identificated phases Fe Cr Ni Al Zn Mg
steel (h)

ZngiAls /M7 3 304 720 0-AlsFe layer 19.46 4.34 1.62 69.01 5.56 traces

Al-Zn-Cr-Mg part 0.49 8.15 traces 45.97 39.99 54

321 360 AlyFe layer 25.46 5.74 1.9 59.07 5.24 0.62
0-AlsFe part 18.84 0.42 1.73 70.59 2.8 traces

Al-Zn-Cr-Mg part 0.48 8.21 0.10 46.64 37.27 6.48
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Table 28. The intermetallic layers and particles element concentration (at%) of 304 and 321 stainless steels in the

ZngsAlg ;Mg 3 bath after immersion times of 720 and 360 hours, respectively, at 400 °C isothermal temperature.

In addition, other anomaly can be observed in the Cr content of 6-AlsFe particles of
ZngsAlg7Mg73/321 sample: The particles have a Cr content of 0.42%, which is much lower than the

observed average value for this phase (4.2%).
These observations suggest the following hypotheses:

e The low Cr content on 0-AlsFe particles of Zng,Alg7Mg73/321 sample suggests the
preferential dissolution of Cr in Al-Zn-Cr-Mg particles, when both particles, 0-AlsFe
and Al-Zn-Cr-Mg, are formed at the same time during the corrosion reaction.

e The formation of Al-Zn-Cr-Mg particles before Al-Fe layers formation.

Similar Cr behaviour has been observed by W.J. Wang et al. [106] by means of corrosion test
between liquid Zn and 316 stainless steels after 3 and 5 days. In these specimens, the corrosion
layer that formed on the surface of the 316 steel showed a increasing Cr and Ni concentrations from
the inner to outermost layer, which was attributed to a lower dissolution rate of Cr from the steel to

the layer than its diffusion rate through it.
Future work

As mentioned in the introduction, further analysis of the obtained results are needed in order to
increase the understanding of observed corrosion mechanisms, which will be published in a new

scientific paper.
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7.3. Other eutectic metal alloy identification as potential PCMs

Introduction

In this research work the Alsg.50M32-30Zns.g (E2), Alsg-s2M0ss-41 (€4) and MgseAlsz (e7) (at.%)
eutectic alloys from Mg-Al-Zn system, as well as, the Mges-ssAl30-32Cu17.25 (E9) (at.%) eutectic
alloy from Mg-Al-Cu system had been also selected to be investigated as potential high temperature
PCMs. The potentiality of these alloys is based on availability and low cost of these metals, on their
high heat of fusion above 200 J/g [22] and on their melting temperatures range between 425 and
450°C.

The Figures 53 and 54 show Mg-Al-Zn and Mg-Al-Cu liquid projections, where, the alloys are
pointed as E2, e4, e7 in Figure 53 and as E9 in Figure 54. At same time, the e4 and e7 binary alloys
are also shown by the Al-Mg binary phase diagram in the Figure 55.

Al

Mg

Figure 53. Mg-Al-Zn liquid projection (at.%) shows E2, e4 and e7 eutectic alloys [142].
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Figure 54. Mg-Al-Cu liquid projection (at.%) shows E9 eutectic alloy [143].
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Figure 55. Al-Mg phase diagram shows e4 and e7 eutectic alloys, where, e4 composition is indicated as Al-
35.6%Mg (wt.%) and e7 composition as Mg-33.3%Al (wt.%) [144].
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Table 29 shows the reactions of the selected alloys, theoretical melting temperatures and their

approximated compositions.

Type Alloy Eutectic reaction T(°C) Composition (at.%) Ref.
Al Mg Zn Cu

E2 Alssg.60M030.30ZN5.¢ (A)+B+ T, L 447 56-60 32-39 5-8 - [142]

e4 Alsg.6:M035.41 (A)+B - L 450 62 38 - - [144]

e7 MggeoAls: (Mg)+ye L 437 31 69 - - [144]

E9 Mss-68Al30-32CU1 725 (Mg) + Q + Al;;Mg;; L 4249 30-32 66-68 - 1.7-25 [143]

Table 29. The alloys eutectic reactions, theoretical melting temperatures from [142-144] references and approximated

compositions are shown.

In this frame, the research of these alloys is in its initial state, i.e., (a) the correct eutectic
composition of alloys must be determined and (b) the adequate synthesis protocol of alloys must be
defined.

Eutectic composition determination

Several chemical compositions of the proposed alloys reported by other authors are shown in
Table 30. As it can be seem for E2, E9 and e4 alloys several compositions have been found.
Therefore, given the variety of proposed compositions it is necessary to determine the correct

eutectic one. The compositions synthesized in this research are marked in boldface.

AH

Type Alloy Composition (at.%) Tm(°C) (/) Ref.
B B Al Mg Zn Cu

E2 E2-1 59.882 32.258  7.859 453.97 - [53]
E2-2 56.1 39.2 4.7 - - [66]

E2-3 60.3 34.6 5.1 - - [66]

E2-4 60.1 34.3 5.6 447 - [142]

E2-5 58.34  38.69  2.47 443 310 [22]

E2-6 59.9 37.6 2.5 450.3  329.1 [22]

ed e4-1 62.01  37.99 - - 450 - [144]
e4-2 58.76  41.24 - - 497 285  [22]

e7 e7-1 31.06  68.94 - - 437 - [144]
E9 E9-1 31.04 67.21 - 1.75 4249 - [143]
E9-2 31.10  67.20 - 1.70  424.9 - [143]

E9-3 30.00 67.54 - 2.46 425 - [143]

E9-4 30.87  66.92 - 2.21 424 - [143]

E9-5 31.06  67.15 - 1.79 426 - [143]

E9-6 31.12  67.17 - 1.71 425 - [143]

E9-7 30.79  67.17 - 2.04 427 - [143]

Table 30. Reported compositions, melting temperatures and enthalpies for the proposed alloys are listed. (The

synthesized compositions are marked in boldface).
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Synthesis protocol determination

For the sample alloying, the synthesis process which explained in chapter 3 has been followed.
However, due to their different compositions, the synthesis process temperatures and times must be
again determined for each new eutectic alloy. For this propose, based on the primary element
melting points (650, 660, 420 and 1084.62 °C for Mg, Al, Zn and Cu, respectively) and the alloys
eutectic phase transition temperatures, different alloying conditions have been tested as is shown in
Table 31.

Experimental results

The tested synthesis conditions for each selected alloy, as well as, the calorimetric analysis
(DSC) results for each sample are listed in Table 31. In general, all samples shows good agreement
between experimental and theoretical melting temperatures. The comparison among the melting
point and enthalpies values of the samples with same composition shows similar melting
temperatures and a little difference in their enthalpies values. Respect to the synthesis of E9 alloy,
the total oxidation of 1, 2 and 3 samples of E9-1 composition have been observed after their

synthesis process. Consequently, no adequate synthesis conditions were found for the E9 alloy.

Type Alloy Sample  Melting conditions allol;l/(i)ng DSC
T(C)  Time (h) Tm (°C) AH@J/g) Compositon
E2 E2-1 1 450 12 2 449.62 10.86 non-eutectic
(447°C)  (AlsggMgay 3Zn7g) 2 450 4 5 448.39  267.7 non-eutectic
3 450 6 6 44799  250.6  non-eutectic
4 660/500 05/15  First/2 448.39 242.1 non-eutectic
E2-2 1 500 4 3 44879 271.0 non-eutectic
(Alsg1Mga9 22N, 7) 2 660/500 05/15 First/2 44969 231.8 non-eutectic
E2-3 1 500 4 3 447.72  268.6  non-eutectic
(Algo3MQa46ZN51) 2 500 4 4 448.08 206.0 non-eutectic
3 660/500 0.5/15 First/2 44800 257.3 eutectic
ed e4-1 1 650/490 0.75/2 First/4 45105 291.7 eutectic
(450°C)  (AleMgss) 2 650/490 0.75/4 first/3 45077 2742  eutectic
3 660 0.5 1 45139 284.2 eutectic
4 660 15 1 450.56 283.0 eutectic
e7 e7-1 1 700 2 3 421.23 176.1  non-eutectic
(437°C)  (MggeAlsy) 2 650/490 0.75/2 First/4 437.94 2415  eutectic
3 650/490 0.75/4 First/3  424.79 250.3 eutectic
E9 E9-1 1 650 10 1
(424.9°C) (Mge74Al3sClis) 2 650 10 1 -
3 650 10 1

Table 31. The tested synthesis conditions for each selected alloy and their calorimetric analysis (DSC) results are listed.

(The synthesis conditions that have shown the more promising calorimetric curves are marked in boldface).
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Taking into account, the obtained calorimetric curves in each case (based line, enthalpy value
and melting/solidification peaks) the more promising synthesis conditions, as well as, the more
promising samples have been determined (boldface letters in Table 31) for the E2, e4 and e7 alloys.
The Figure 56 shows DSC curves of these samples (E2-3_3, e4-1 1 and e7-1_2).

6 -
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Figure 56. The Algy3Mgas6Zns1 (), Ale;Mgag (b) and MggeAls; (c) alloys DSC curves.

The based lines and transitions peaks of curves indicate that the sample compositions are close
to eutectic ones. On the other hand, the secondary peak observed at 325.87 °C in Figure 56 (c)
suggest metastability behaviour in the MgegeAls; (€7-1) alloy due to no solid — solid reaction is
predicted by it phase diagram (Figure 55). The alloys present 448.00, 451.05 and 437.94°C melting
temperatures and 257.3, 291.7 and 241.5 J/g enthalpies in E2-3 3, e4-1 1 and e7-1_2 samples,
respectively. The melting temperatures of alloys are in agreement with theoretically calculated ones
of 447, 450 and 437 °C, respectively [142,144]. On the other hand, the enthalpy values of E2-3
(257.3 J/g) and e4-1 (291.7 J/g) alloys are in the order of 310, 329.1 and 285 J/g enthalpies of E2-5,
E2-6 and e4-7 composition (Table 30) reported by [22].

Conclusions and future work

The Alsg.60M032-39ZN5.8 (E2), Alse.c2Msg.41 (€4), MgeeAls: (€7) and Mges.csAlzo-32Cu1 725 (E9)
eutectic alloy had been selected to be investigated as potential high temperature PCMs. As first step
of this study their eutectic composition and synthesis protocol determination have been carried out.
Based on this study the following conclusions are obtained:

The more promising synthesis conditions for E2, e4 and e7 alloys have been determined.
However, in order to determine the optimal synthesis protocol deeper analysis is required. On the

other hand, no adequate synthesis conditions have been found for the E9 alloy.
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The Algo3MQgss6Zns1 (E2-3), Als:Mgss (e4-1) and MgeoAls; (e7-1) alloys, with melting
temperatures between 425-450°C and enthalpies between 240-300 J/g may present correct eutectic

compositions. The structural characterization of these alloys must be performed in order to ensure

this assumption.

After determining the correct composition, their complete characterization of these alloys
(thermophysical properties, thermal stability and compatibility) should be carried out in order to
evaluate their potentiality as high temperature PCMs.
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7.4. Crystal growth analysis of kinetic Zngg Al 3 alloy by infrared
thermography

Introduction

The crystallization process has a strong influence on the final material microstructure and as a
consequence, on its properties. Therefore, solidification processes on different materials have been
intensely studied since decades. One of the basic problems that researchers must face is related with
the crystal growth kinetic during the solidification, which can be controlled by any of following
three factors: species diffusion in the melt (either long- or short-range), flow of latent heat away

from the growing crystal surface and reactions at the crystal-melt interface.

In order to determine which process controls the solidification mechanism in a given system, the
crystal morphology and the crystal growth kinetic as a function of the undercooling are usually
analyzed. For this propose the time-laps photography and cinematography methods are the most

widely using techniques [144,145].

However, by this techniques the temperature in the bulk of specimens can be only provide,
which can lead to an error when differs from the temperature of crystal-melt interface. If in a
interface-controlled growth the rate of production of latent heat is faster than the rate of removal,
the interface temperature will increase and the growth rate will slow down up to the point where the
latent heat can be removed at the same heat it is produced. This phenomenon leads to a discrepancy
between the bulk and interface temperatures, where, the interface temperature is higher than bulk
one. Therefore, the knowledge of the crystal-melt interface temperature is essential when the

temperature dependence of experimentally determined growth rate is discussed.

In this research work experimental analysis of crystal growth in undercooled eutectic metal
alloy by using microscopic infrared thermography instead of optical microscopy is carried out.
Infrared camera can provide thermal images at high scan speed (> 1600 Hz), allowing the
determining of temperature at any point of the interface at any time. The spacial resolution of
infrared images is around 20 mm, which it is lower than that of the optical microscopy images due
to the wavelength of infrared radiation limitation. In this way, optical microscopy provides a better
view of the crystal morphology, whereas the infrared thermography is better technique when the
temperature dependence of crystal growth rates is analyzed and when the specimens are not

transparent to visible light.
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This part of the thesis was developed during a three months research stay at 12M — CNRS,
University of Bordeaux (France), from March to July 2015.

The theory of interface-controlled crystal growth

Rate equation

For eutectic alloys, at constant solidification temperature the interface reaction controls the
crystal growth kinetic process [146]. Assuming a lamellar eutectic alloy with « and g phase, during
solidification process the a and 8 phases grow side by side in a cooperative manner. The a phase
rejects B atoms and the £ phase rejects A atoms, however, the B atoms rejected by the a phase are
needed for the growth of the £ phase, and vice versa. In this way, as Figure 57 shown the A and B
solutes diffuse along the solid-liquid interface from one phase to the other (diffusion coupling). This
rearrangement processes controls the growing process and therefore, reaction in the crystal-melt
interface controls the crystal growth kinetic in eutectic systems. The rearrangement frequency is

independent of the interface position and therefore independent of the time.

" ))BA
. 5
)

8 )——a-v

Figure 57. The A and B solutes interdiffusion in the crystal-melt interface of a lamellar eutectic composition

during its growing [147].

On the other hand, it is assumed that the rearrangement process involves a diffusive jump
(diffusion-limited kinetics). According to reaction-rate theory it is assumed when an atom or
molecular group diffuse from melt to crystal that must pass through an activated state or activation
threshold to decay into the crystalline state. This activation threshold is built up by the energy

potential of the surrounding atoms and it assumed as the energy barrier for atomic diffusion [147].

In this way, the interface-controlled growth theory considers for the crystal rate determination
the difference between the rates at which atoms or molecules group attach from the liquid to the
solid (rs) and the rates at which atoms or molecules detach from the crystal surface (r)) as is shown

in equation (20):
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v=a,f(r,-r)=a, fv'exp(— ARC';I'IS j{l— EXP(— AR(?I'IS H =V, {1— exp(— fﬁﬂ (20)

where ap is the interatomic spacing, f is the fraction of interface sites that are active growth sites,
and v’ is atomic vibration or thermal frequency of single atoms in the liquid state. AGy is the free
energy difference between the liquid and solid phases whereas AG, is activation energy for atomic
jumps or the free energy difference between the liquid and activated state. Finally, R is the universal
gas constant and T is the temperature.

At constant pressure:

AG, =AH, —AS,T (21)

Is
AG, = AH, —AS,T (22)

H and S correspond to the enthalpy and entropy. Usually the free energy difference between liquid
and solid phases is not known. So, by assuming that the enthalpy and entropy differences are not

sensitive functions of the temperature, AGjs may be approximated by:

a6, = AHeATL (23)

AHs is the latent heat of fusion, AT = Tp, — T is the undercooling and Ty, is the liquidus temperature.

The early models for the crystal growth rate are those of Wilson in 1900 and Frenkel in 1930, in
which the factor v, in equation (20) is related to atomic diffusivity D ~ exp(-4Ha/RT). The modern
form of the Wilson-Frenkel model is [146]:

_ 6a,D(T) CAS ), _AG
1/_7|2 fexp( A j[l exp[ AT ﬂ (24)

Where | is the diffusion jump distance.

The diffusion coefficient can be expressed by the Stokes-Einstein relation:

KgT

0 3mnma,

(25)

Where kg is the Boltzman constant and # is the viscosity of the melt.
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By the substitution of equation (25) in (24) the expressions for interface-controlled crystal growth

limited by the atoms or molecules diffusion (diffusion-limited kinetics) is obtained.

2k, T CAS )L _AG
v:lzﬂn(_l_)fexp( A j[l exp( AT ﬂ (26)

In diffusion limited growth kinetic as it is shown in Figure 58 the crystal growth rate increases as

undercooling degrees increases up to reach a maximum, and then slows down with the increasing of
undercooling. The diffusion is thermally activated process and, therefore, the lower the temperature

the lower the rate of species diffusion thought up to the liquid mobility is suppressed.

Growth Rate

Temperature \

Figure 58. Growth rate versus undercooling for diffusion-limited kinetic [148].

Mechanism of interface-controlled growth

In an interface-controlled growth, the mechanism of grow can be continuous or lateral. The
continuous growth mechanism happens when the atoms or molecules can attach to the growing
crystal surface at any site (rough surfaces). In this case, the interface spread perpendicular of itself
and uniformly. The lateral growth mechanism occurs when the surface of a crystal is essentially
atomically flat (smooth surfaces). The growing happen by lateral migration of growth layers of one-
molecule thicknesses, which are found at specific points of the growing crystal surface. In this case,
the atoms or molecules can only attach to the edges of these layers in growth. In this case, the
interface spread laterally of itself and non-uniformly. The lateral growth mechanism can be divided
in two idealized types: surface-nucleation and screw dislocation as Figure 59 shown. In the surface-
nucleation mechanism, each layer is initiated by one or more one-molecule-thick nuclei, the
formation of which obeys the classical laws of nucleation kinetics. In such case, the density of
growth sites is provided by the nucleation process. However, defects in the crystal structure can

help to form new layers, so that a nucleation process is not necessary for growth (Figure 59 (a)). In
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the screw dislocation the emergence of a dislocation in the crystal surface drives a permanent step
that twists on itself creating a spiral ramp. This spiral ramp maintains the edge of the layer and
therefore, the crystal growth [149] (Figure59 (b)).

Nl

(A) (B)

Figure 59. Schematic representation of (a) surface nucleation and (b) screw dislocation [149].

A way to know which type of growth mechanism occurs in a given system is analysis the
dependence of f (fraction of interface sites that are active growth sites) with temperature from the

equation (26).

In this way, the equation (b) can be re-written as:

kf = vn(T) e (27)
IsA
(ZkBT/n){l—exp[— RT.T ﬂ
Where
1 AS,
k:IZexp(— R ] (28)

By assuming that the entropy difference, 4Sa, and the diffusion jump distance, I, are not
sensitive functions of the temperature, the pre-factor k can be considered as a constant and equation
(27) can be used to analyze the temperature dependence of f. In this way, for continuous growth f is
generally assumed to be independent of the temperature and large. In surface-nucleation mechanism
the density of active growth sites f depends on the density of growth sites provided by the
nucleation process or by defects in the crystal structure. Finally, the screw dislocation mechanism

the fraction f is proportional to the undercooling [146].

Other proposed way to analysis the f dependence with temperature is by the expression of
reduced growth rate (v;) [150]:
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Vr — VU(T) — kBT2 f (29)
{ [ AH AT H 37a;
1-exp|l ————
RT,T
Where:
= fkfiT 1—exp _AHAT (30)
3ma;n(T) RT,T

In this case for continuous mechanism the plot v, versus T should be straight lines with zero
slopes. In surface nucleation mechanism is expected the approximately exponential increasing of v,
with T. Finally, for screw dislocation mechanism the plots of v, versus T should be straight lines
with positive slopes.

Experimental

By infrared thermography is analyzed the crystal growth kinetic in an undercooled eutectic
metal alloy. The crystallization at constant bulk temperature happened spontaneously and the
growth of the solid phase is observed using infrared camera at several undercooled temperatures.

The recorder thermal images allow determining:
(a) The position of crystallization front at any time.
(b) The velocity of advancement of the front at any point and time.
(c) And the temperature at the points of the interface at any time.

By means of this information the control process of crystal growth kinetic is determined as it will

explain later.

Material

The investigated material is the Zngg7Al113 (at.%) (95%Zn-5%Al (mass%)) binary eutectic
metallic alloy. This eutectic alloy is formed by Zn (hexagonal closed-packet (hcp) structure,
P6s/mmc space group) solid solution and Al (face-centred cubic (fcc) structure, space group Fm-
3m) solid solution as primary phases. The Zngg;Al1;3 alloy corresponds to crystallized lamellar
microstructure as is shown in the Figure 60. Its theoretical melting temperature is 380 °C and the
experimental melting/solidification temperatures are ~382 and ~376 °C, respectively, with a heat of

fusion of ~119 J/g (for more detail see chapter (4.1.2)).
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Figure 60. SEM images of the Zngg;Aly; 3 lamellar eutectic alloy at 10 K/min cooling rate at 800X (100 pwm) and
1500X (50 um) magnifications.

Experimental setup

A schematic picture of the experiment set-up is show in the Figure 61. The main elements of the
set-up are an infrared camera a heating/cooling system for temperature control. The heating/cooling
system is compound by a micro-furnace, heating control system and cooling pump for temperature
regulation. The micro-furnace includes thermal resistances on the bottom, an alumina insulation
cavity in the middle and a graphite crucible inside of the alumina cavity. The alumina cavity in
equipped with thermocouples for temperature control. The infrared camera (FLIR SC7000,
detection window: 1.5-5 pum) is equipped with an optical microscope G1 (F/2) objective (provider
by FLIR). The highest spatial resolution reachable is about 20 um. Digital full frame rate of the
camera ranges from 170 Hz to 380 Hz, and up to 11 kHz-32 kHz with windowing. The sep-up is
mounted on a vibration free solid support. The heating system allows working temperature from
ambient to 1000 °C.

A HN :
Infrared camera |

Computer |

o

F 4

and
Thermal
resistance

Figure 61. Picture of experimental setup.
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Experimental procedure

A disc form metal alloy sample is placed in graphite crucible inside the micro-furnace. The
sample is heated between 10 and 60 °C above its melting temperature and is maintained in liquid
phase for 10 or 15 min. Then, the heating/cooling system is used to reach the selected working
temperature (To), which is below the melting point. Ty is maintained constant thereafter.
Subsequently, the crystallization is spontaneously initiated by itself and the thermal behaviour of
the sample during crystallization is observed by the infrared camera. Simultaneously, the
temperature of the alumina cavity is measured by the thermocouples. This procedure is repeated
several times with the same sample in order to recorder by infrared camera the crystallization

process at different undercooling (AT = Tn, — To) temperatures.

The infrared camera does not provide direct measurements of temperature, therefore, a
calibration is necessary to transform electrical signal (DL = Digital Level) values into temperature
data. For this propose, the sample is placed in the experimental setup and reach thermal equilibrium,
a series of images are recorded by infrared camera and the temperature of the sample is measured
by the thermocouples. This procedure is repeated for different working temperatures for melt and
solid sample. The calibration curve is obtained by representing the space-time average DL-values in

a series of infrared images against sample temperature.

In order to analysis the crystal growth kinetic of the Zngg7Al1;3 eutectic alloy a disc form
sample (called n° 8) with 10 mm of diameter and 0.70 mm average thickness was measured. The
sample weight was 281.92 mg and its surface was rough (no polished). On the other hand, in order
to determine the optimal the sample thickness several specimens with different thickness between
0.71 and 0.60 mm were subjected to shorter testing.

8.2.3.4. Data processing to determine the crystal growth velocity from the infrared images

At each Ty working temperature (measured by thermocouples placed in the alumina cavity) the
raw DL images are recorded by infrared camera while the crystallization process takes place. The
images are recorded at 25, 50 and 100 Hz depending of AT value. As an example, the Figure 62
shows 100 Hz DL maps (300x 250 pixels) obtained at different times (1, 3, 6 and 11 seconds)
during the experiment at 2 °C of AT. The white line corresponds to solid-liquid interface, which
moves to the left as the solidification process occurs. Thus the solid phase is to the right of solid-

liquid interface, while the liquid phase is to the left of it.
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Figure 62. Snapshots of infrared images recorded over time at 1, 3, 6 and 11 seconds, respectively, for the Zngg;Al;; 3
alloy at undercooled temperature of 2 °C. The white line corresponds to solid-liquid front. The solid phase is to the right

size of the solid-liquid interface and the liquid phase in the left size.

By calibration curve DL data are transformed in temperature values. At any time, the maximum
temperature values are observed in the crystallization front, where, latent heat release happens. In
this way, by the maximum temperature identification in each interface row, the interface position
s(x,y,z) is determined for each sampling time. The graphical representation of s(x,y,z) is used to
determine the trajectories and the velocity of the interface points as well as the temperature profile
along these trajectories. For this procedure, a limited number of crystallization front points are

selected. This procedure is carried out for all tested undercoolling temperatures.

To determine the crystal growth velocity for each undercolling temperature the distance traveled
by selected front points is calculated as a function of time, d(t), where, the velocity of the points is
determined by the time derivation of d(t) function. In this way, if the crystal growth is controlled by
species diffusion in the melt, d(t) is proportional to the square root of time. However, if the crystal
growth is controlled by the reactions at the crystal-melt interface or by flow of latent heat away
from the growing crystal surface, d(t) is a linear function of time, where, the velocity is given by the
slope of d(t).

Preliminary results and future work

In order to record the crystallization process in adequate conditions, e.i., in a isothermal step of
cooling protocols and not in a cooling ramp and due to the spontaneous and fast crystallization of
metal alloys numerous cooling protocols were tested for each undercooling temperature (AT), as

well as, numerous heating protocols to the melting temperature determination. At the same time,
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7. Ongoing work

due to the fast crystallization process only low subcooling temperatures from 1 °C to 15 °C with 1
°C of step were recorded. In this way, for n® 8 sample with 0.70 mm of thickness from 15 °C of
subcooling temperature the crystallization happened in the cooling ramps (at no constant
temperatures) in any of tested protocols. On the other hand, thickness analysis suggested a minimum
value needed of 0.70 mm in order to observe the crystallization process in isothermal step of cooling ramp.
This observation suggests that samples larger thicknesses might allow measurements at subcooling

temperatures higher than 15 °C.

Currently the calibration curve and the DL data treatment are in process. Therefore, only the

results visually observed during the experimental measurements are described bellow.

The visual analysis of recorded videos shows the expected behaviour in performed tests, where,
the increasing of growth rate was observed as undercooling increases. On the other hand, in order to
analysis the reproducibility of the results the same sample n° 8 was analyzed twice using the same
protocol and the same subcooling temperature. The results for lowest undercolling temperatures of
1 and 2 °C showed relevant differences in the visually estimated crystallization times. This
phenomenon may be caused by the presence of different of nucleation sites. It has to be underlined
that this visual analysis can lead to an error and therefore, DL data treatment must be performed in

order to confirm these preliminary hypothesis and observations.
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