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Abstract: Carnot batteries, a type of power-to-heat-to-
power energy storage, are in high demand as they can
provide a stable supply of renewable energy. Latent
heat storage (LHS) using alloy-based phase change mate-
rials (PCMs), which have high heat storage density and
thermal conductivity, is a promising method. However,
LHS requires the development of a PCM with a melting
point suitable for its application. For the Carnot battery,
the reuse of a conventional ultra-supercritical coal-fired
power plant with a maximum operating temperature of
approximately 650°C is considered. Therefore, developing a
600°C-class alloy-based PCM is crucial for realizing a highly
efficient and environmentally friendly Carnot battery. Using
thermodynamic calculation software (FactSage), we found
that Al-5.9 mass% Si-1.6 mass% Fe undergoes a phase trans-
formation at 576–619°C, a potential 600°C-class PCM. In this
study, we investigated the practicality of an Al–Si–Fe PCM as
an LHS material based on its heat storage and release
properties and form stability. The examined Al–Si–Fe
PCM melted until approximately 620°C with a latent
heat capacity of 375–394 J·g−1. Furthermore, the PCM was
found to have a thermal conductivity of approximately
160W·m−1·K−1 in the temperature range of 100–500°C, which
is significantly better than that of conventional sensible heat
storage materials in terms of heat storage capacity and
thermal conductivity.

Keywords: thermal energy storage, latent heat storage,
phase change material, aluminum alloy, Carnot battery

1 Introduction

Renewable energy is desired as the main source of electri-
city to realize a decarbonized society. However, variability
and intermittency have been identified as the drawbacks
of renewable energy [1]. Consequently, introducing large-
scale energy storage in the power grid ensures a steady
energy supply. Thermal energy storage (TES) is an attrac-
tive technology owing to its advantages, such as low cost,
long lifetime, no geographical restrictions, and suitability
for long-term energy storage [2,3].

Carnot batteries, a power-to-heat-to-power system that
uses TES as an energy storage process, are receiving
increasing attraction as they can provide a stable supply
of renewable energy [4,5]. Carnot battery is a system that
temporarily stores renewable energy as thermal energy
and generates electricity according to the demand. In par-
ticular, its development is in progress in Europe, and SIE-
MENS Gamesa has already demonstrated a facility with an
energy storage capacity of 130 MWh, using volcanic rocks
as a TES material [6]. Many other demonstrations and stu-
dies on the applicability of Carnot batteries have been
reported. Novotny et al. reviewed the Carnot battery,
whose commercial development is underway [7]. One of
the main aims of developing the Carnot battery is to reuse
the power generation systems and infrastructure of con-
ventional coal-fired power plants; companies such as SIE-
MENS Gamesa [6], Salt X [8], and RWE Power [9] have
indicated their intentions. In addition, integrating high-
temperature TES into coal-fired power generation can
improve the load flexibility of power generation and
reduce coal consumption, as reported in a modeling study
by Cao et al. [10]. Thus, the Carnot battery concept can
help realize decarbonization in an environmentally friendly
and economical manner by reusing conventional power
generation plants.

The advancement of the Carnot battery requires devel-
oping a high-temperature TES suitable for conventional
steam turbine applications. To increase the power genera-
tion efficiency of steam turbines, it is generally desirable to
increase the input steam temperature to the maximum

Yuto Shimizu: Graduate School of Engineering, Hokkaido University,
Kita 13 Nishi 8, Kita-ku, Sapporo, 060-8628, Japan



* Corresponding author: Takahiro Nomura, Faculty of Engineering,
Hokkaido University, Kita 13 Nishi 8, Kita-ku, Sapporo, 060-8628, Japan,
e-mail: nms-tropy@eng.hokudai.ac.jp, tel: +81 11 706 6842;
fax: +81 11 706 6849

High Temperature Materials and Processes 2023; 42: 20220280

Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/htmp-2022-0280
mailto:nms-tropy@eng.hokudai.ac.jp


possible extent. Conventional coal-fired power generation
in the several 100 to 1,000MW class uses ultra-supercritical
steam turbines; however, the input steam temperature is
limited by the heat resistance temperature of the steel
materials that compose the turbine. Consequently, the
operating temperature of steam turbines has increased
with the development of more suitable materials [11,12].
Ultra-supercritical steam power generation from 1950 to
2000 had an input steam temperature of 540–580°C, whereas,
since 2000, most plants have operated with input steam tem-
peratures of approximately 600–620°C [11]. The structural
material mainly used in such plants is austenitic stainless
steel with a heat resistance temperature of approximately
650°C [12]. Therefore, it is crucial to develop a 600°C-class TES
system that can operate at temperatures up to 650°C for
developing a Carnot battery, which is a reused conventional
coal-fired power generation system.

The two main types of high-temperature TES are sen-
sible heat TES (SHTES) and latent heat TES (LHTES). SHTES
uses the specific heat of materials in the solid or liquid
state, such as stone, concrete, or molten salt, to store
heat. In particular, molten salts are widely used as
commercial high-temperature SHTES materials [13,14].
Moreover, concentrated solar thermal power generation
integrated with high-temperature TES with a heat storage
capacity of 1,000 MWh using NaNO3-40 mass% KNO3 (solar
salt) has been commercialized [14,15]. However, the usual
utilization temperature of solar salt is limited to 565°C, the
thermal decomposition temperature [14].

LHTES is a technology that stores heat mainly using
the solid–liquid phase change of phase-change materials
(PCMs). PCM provides a high heat storage density, a con-
stant temperature heat supply at the melting point (Tm),
and the ability to operate only with heat input and output.
Therefore, a compact and exergy-efficient system can be
designed for LHTES compared to that for SHTES. As the
operating temperature of LHTES depends on the melting
point of the PCM, an appropriate PCM must be selected for
application [16]. For example, to design an LHTES for high-
efficiency, ultra-supercritical steam power generation
operating at temperatures up to 650°C, a PCM that melts
completely below 650°C with the highest possible melting
point is particularly suitable. Generally, LHTES uses organic
PCM in the low-temperature range and molten salts or
metal/alloy PCM in the high-temperature range.

Molten salt and metal/alloy systems are high-tempera-
ture PCMs in the 500–650°C class [16,17]. In the molten salt
system, fluoride salts (e.g., KF-60 mol% KBr: Tm = 576°C and
LiF-35 mol% NaF-13 mol% CaF2: Tm = 615°C) and chloride
salts (e.g., KCl-55 mol% KF: Tm = 605°C and LiCl-5.5 mol%

MgF2: Tm = 573°C), and in alloy systems, Al-based (Al-33.08
mass% Cu: Tm = 548°C, Al-11.7 mass% Si-5.16 mass% Mg:
Tm = 555°C, Al-12 mass% Si: Tm = 576°C) and Cu-based alloys
such as Cu-46.3 mass% Al-4.6 mass% Si (Tm = 571°C) have
been reviewed by Costa and Kenisarin [17]. Alloy-based
PCMs have several advantages, such as no thermal decom-
position, low reactivity with other materials, tens to hun-
dreds of times higher thermal conductivity [18], and small
volume expansion during solid–liquid phase transforma-
tion [19], when compared with the molten salt systems.
However, there are extremely few alloy-based PCMs that
melt at approximately 600°C, and even those compositions
that have been reported contain Cu and Mg, resulting in
high material costs.

Therefore, we attempted to find a 600°C-class alloy-
based PCM that melts completely at temperatures below
650°C. Figure 1 shows the phase diagram of (a) Al–Si–Fe
ternary system, (b) Al–Si–Fe ternary system on Al-rich
corner, and (c) Al0.992Fe0.008-Si on Al0.992Fe0.008-rich side,
which were prepared from the “Phase Diagram” module
and the “SGTE 2020 alloy” database in FactSage 8.1 soft-
ware. From Figure 1(a) and (c), we found that Al-5.9 mass%
Si-1.6 mass% Femelts in the temperature range of 576–619°C.
Figure 2 shows the relationship between the accumulated
heat storage capacity (ΔH) and temperature for the Al-5.9
mass% Si-1.6 mass% Fe alloy, which was prepared from the
“Equilib” module and the “SGTE 2020 alloy” database in
FactSage 8.1 software. As shown in Figure 2, the Al-5.9
mass% Si-1.6 mass% Fe alloy is expected to have a total
latent heat (Lm,total) of 436 J·g−1, consisting of the latent
heat at the low-temperature side (Lm1:173 J·g−1) at 576°C
and that at the high-temperature side (Lm2:317 J·g−1) between
576 and 619°C.

Al–Si–Fe PCM is promising as a 600°C-class high-tem-
perature PCM and has many advantages in terms of cost
and environmental aspects. Al–Si alloys and Fe are among
the most used metallic materials, so they are inexpensive.
In addition, approximately one million tons of Al is pro-
duced annually, and approximately 35% is recycled from
scrap materials [20]. Furthermore, as Fe is a major impurity
in Al-based products and is always present in commercial
materials, it negatively affects the castability and mechan-
ical strength of recycled Al alloys [20,21]. Therefore, Al alloys
containing Fe are usually available as inexpensive scrap
materials before recycling.

During the recycling of Al alloys containing 1.2% or
more Fe, depending on the composition and intended use
of the product, measures such as diluting the Fe concentra-
tion with high-purity Al (downcycling) [20,22], separating
Al–Si–Fe intermetallic compounds by filtration [23] or
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gravitational segregation [21], and controlling the micro-
structure of Al–Si–Fe intermetallic compounds by adding
other elements [21,24] are required.

However, as mentioned previously, Al-containing Fe
can be effectively used as a PCM. Naturally, it can also be
recycled and used as an LHTES material. Moreover, a pro-
cess can be proposed to reduce impurity concentration
when using Al-based PCM as LHTES material. In that
case, it may satisfy the increasing demand for recycling
Al alloys in the future. Therefore, the Al–Si–Fe PCM is

considered an excellent heat storage material as it is
cost-effective and environment-friendly.

Therefore, this study attempted to develop an optimal
Al–Si–Fe PCM, a 600°C-class alloy PCM that completely
melts below 650°C, with a composition of Al-5.9 mass%
Si-1.6 mass% Fe by changing the Si and Fe contents, refer-
ring to the phase diagram shown in Figure 1(b) and (c). In
addition, we conducted long-term atmospheric exposure
tests of the Al–Si–Fe PCM in solid–liquid coexistence and
cyclic melting and solidification tests to evaluate the

Figure 1: Phase diagram of (a) Al–Si–Fe ternary system, (b) Al–Si–Fe ternary system on Al-rich corner, and (c) Al0.992Fe0.008-Si on Al0.992Fe0.008-rich side,
which were prepared from the “Phase Diagram”module and the “SGTE 2020 alloy” database in FactSage 8.1 software (the six compositions prepared
in this study are illustrated on the (b) Phase diagram of the Al–Si–Fe ternary system on Al-rich corner).
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stability of the PCM microstructure and thermal storage
performance.

2 Materials and methods

2.1 PCM preparation

Granulated Al (99.5%, High Purity Chemistry, Japan), Si
(99.999%, High Purity Chemistry, Japan), and Fe (99.98%,
Alfa Aesar, United States) were used as raw materials. A
total of 10 g was weighed to obtain the six compositions
illustrated in Figure 1(b) phase diagram of Al–Si–Fe ternary
system on Al-rich corner: Al-4.8Si-1.6Fe, Al-5.9Si-1.6Fe, Al-
6.9Si-1.5Fe, Al-5.9Si-0.5Fe, Al-5.8Si-2.5Fe (mass%). The sam-
ples were placed in an alumina crucible with a height of
32mm and an inner diameter of 20mm. The alloy samples
were obtained in an Ar atmosphere at 1,600°C for 5min in a
high-frequency induction furnace. Hereafter, the name of
each sample is indicated below by “Composition-PCM.” For
example, an Al-5.9 mass% Si-1.6 mass% Fe alloy sample is
described as Al-5.9Si-1.6Fe-PCM.

2.2 Material characterization

The phase transition temperature, thermal storage, and
release properties of the as-prepared PCM were measured
using differential scanning calorimetry (DSC) (STA 449 F3

Jupiter, NETZSCH, Germany). For the DSC measurements,
samples machined to a diameter of 5.2 mm and a height of
0.1 mm or less were placed in a Pt pan (85 μL) with an Al2O3

liner and heated and cooled at ±5°C·min−1 under an Ar flow
rate of 50 mL·min−1. In that measurement, the sample was
heated to 820°C, held for 20min, and then cooled.

The DSC measurements were taken on samples of all
the compositions prepared. However, the other analyses
were performed only for Al-5.9Si-1.6Fe-PCM, which was
selected as a representative composition.

The sample’s density at 25°C (ρ0) was measured using an
ultra-pycnometer (Ultrapycnometer 1000, Quantachrome
Instruments, United States). The measurement showed
that the density (ρ0) of the Al-5.9Si-1.6Fe-PCM sample at
25°C was 2.84 g·cm−3. The coefficient of linear thermal
expansion (αCLTE) of the samples was measured using a
thermomechanical analyzer (TMA) (TMA7300, Hitachi
High-Tech Science Corporation, Japan). The coefficient of
thermal expansion (αCTE) was calculated from the αCLTE
using the following equation:

=α α3 .CTE CLTE (1)

Furthermore, the density (ρ) considering the coeffi-
cient of thermal expansion was calculated from the fol-
lowing equation:

( ( ))= + −ρ ρ α T T/ 1 ,
0 CTE 0 (2)

where T is the sample temperature, and T0 is 25°C.
Thermal diffusivity (αTD) and specific heat (Cp) were

measured using a laser flash thermal analyzer (TC-7000,
ULVAC, Japan). The measurements were taken at 100°C

Figure 2: Temperature dependence of the accumulated heat storage capacity (ΔH) of Al-5.9 mass% Si-1.6 mass% Fe alloy, which was prepared from
the “Equilib” module and the “SGTE 2020 alloy” database in FactSage 8.1 software.
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intervals from 100 to 500°C. The thermal conductivity (k)
was calculated from the thermal diffusivity, specific heat,
and density using the following equation:

= × ×k α C ρ.TD p (3)

The alloy microstructure and elemental distribution
were observed using scanning electron microscopy (SEM)
and energy-dispersive spectroscopy (EDS) (JSM-7001FA,
JEOL Ltd., Japan) on a cross-section of the sample cut
through the center of the crucible along the direction of
gravity. The observation positions were the bottom and
center of the crucible and the top (near the atmosphere’s
surface). The phase composition was determined via powder
X-ray diffraction (XRD) using a 1D silicon strip detector
(MiniFlex600, Cu Kα, Rigaku, Japan).

2.3 Investigation of phase segregation of
PCM in solid–liquid coexistence

Al-5.9Si-1.6Fe-PCM was used as a representative composi-
tion, and phase segregation was investigated by main-
taining the solid–liquid coexistence for a long time. An
electric furnace was used for the tests. The sample was
heated to 650°C, held at the same temperature for 1 h. It
was then cooled to 600°C, maintained for 100 h, and finally
cooled to 500°C. The test was conducted in an atmosphere
at a heating and cooling rate of 10°C·min−1. After cooling to
500°C, the samples were furnace-cooled. The microstruc-
ture and elemental distribution of the sample cross-section
were observed using SEM and EDS after the test under the
same conditions described in Section 2.2.

2.4 Investigation of PCM microstructural
stability during cyclic melting and
solidification

Melting and solidification cycle tests were conducted using
an electric furnace (FT-01P, FULL-TECH CO., LTD., Japan) to
obtain a representative composition of Al-5.9Si-1.6Fe-PCM.
The sample was then heated to 650°C and cooled to 500°C
for 100 cycles. The heating and cooling rates were set at
10°C·min−1. The test was conducted under three conditions:
1) atmosphere, 2) air (Air, Air Water INC., Japan), and 3)
high-purity N2 (99.9995%, Air Water INC., Japan) in dehy-
dration circulation. For air and N2 dehydration circulation,
the atmosphere was controlled by placing a small electric
furnace inside a glove box (UN-800 L; UNICO, Japan).

The air atmosphere was prepared by vacuum displa-
cement of air (Air Water, a high-pressure industrial gas)
into a glove box thrice. The melting and solidification cyclic
tests were then initiated, and the air was distributed at
250 mL·min−1 during the test. The humidity was measured
using a hygrometer; it was 0.0 and 1.5% relative humidity
(RH) at the beginning and end of the test, respectively.

The dehydrated N2-circulating atmosphere was pre-
pared by replacing the glove box with high-purity N2 thrice
and then dehydrating the atmosphere for 12 h using a gas
circulation purifier (MF-70, UNICO, Japan). Melting and
solidification cyclic tests were initiated, and the atmo-
sphere was constantly dehydrated. The humidity during
the test was always 0.0% RH.

The microstructure and elemental distribution of the
sample cross-section were observed using SEM and EDS
after the test under the same conditions described in
Section 2.2. In addition, DSC measurements were taken
under the same conditions described in Section 2.2 for
the samples subjected to cyclic testing under N2 in dehy-
dration circulation.

3 Results

3.1 Thermal storage and release
performances

Figures 3 and 4 show the DSC curves for (a) heating and (b)
cooling of samples with fixed Al-Fe and Al-Si ratios and
varying Si and Fe contents, respectively, based on Al-
5.9Si-1.6Fe. In addition, Table 1 shows the characteristic
values of (a) melting and (b) solidification evaluated from
the DSC curves of all compositions of Al–Si–Fe alloy sam-
ples. Figures 3(a) and 4(a) show that all the prepared
Al–Si–Fe PCM samples have two melting peaks at approxi-
mately 580 and 620°C (low-temperature side: Pm1 and high-
temperature side: Pm2). The standard composition sample,
Al-5.9Si-1.6Fe-PCM, has latent heat capacities of 204 and
182 J·g−1 on the Pm1 (Lm1) and Pm2 (Lm2) sides, respectively,
during melting, and the total latent heat capacity (Lm,Total)
is 386 J·g−1. On the other hand, from Figures 3(b) and 4(b),
three peaks (low-temperature side: Ps1, center: ′P

s2, and
high-temperature side: Ps2) are observed between approxi-
mately 580 and 620°C during solidification for all Al–Si–Fe
PCM samples. The Al-5.9Si-1.6Fe-PCM has latent heat capa-
cities of 158 and 229 J·g−1 on the Ps1 (Ls1) and the Ps2 (Lm2)
sides, respectively, during solidification, and the total latent
heat capacity (Ls,Total) is 387 J·g−1. Figures 3(a) and 4(a) show
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Figure 4: DSC curves of (a) heating and (b) cooling of samples with constant Al-Si ratio and varying Fe addition (atmosphere: Ar; flowrate: 50 mL·min−1;
heating/cooling rate: ±5 K·min−1; sample pan: Al2O3 liner (85 µL) in Pt pan (and Pt lid)).

Figure 3: DSC curves of (a) heating and (b) cooling of samples with constant Al-Fe ratio and varying Si addition (atmosphere: Ar; flowrate: 50 mL·min−1;
heating/cooling rate: ±5 K·min−1; sample pan: Al2O3 liner (85 µL) in Pt pan (and Pt lid)).
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that the total latent heat is almost equal with varying Si or
Fe content. However, the latent heat Lm1 and Ls1 on the low-
temperature side decreases with increasing Si, whereas Lm1

and Ls1 increase with increasing Fe content. The endset
temperature at the end of melting shifts to the lower tem-
perature side with increasing Si content. As stated earlier,
although the ratio of Lm1 (Ls1) to Lm2 (Ls2) is slightly different
for different PCM compositions, there is little difference in
the total latent heat capacity. Therefore, Al-5.9Si-1.6 Fe found
in FactSage 8.1 software was a representative composition in
the thermal properties and microstructural stability inves-
tigations of 600°C-class Al–Si–Fe PCMs in this study.

3.2 Thermal properties

Figure 5 shows the (a) TMA curve and (b) linear expansion
coefficient of Al-5.9 Si-1.6 Fe-PCM and Al used as a reference
sample. The linear expansion coefficient of the Al-5.9 Si-1.6
Fe-PCM is 24.6 × 10−6°C in the temperature range of 50 to
480°C, which is approximately 4.3% smaller than that of Al
(25.7 × 10−6°C−1).

Figure 6 shows the (a) thermal diffusivity and specific
heat and (b) thermal conductivity of the Al-5.9Si-1.6Fe-PCM.
The thermal diffusivity of Al-5.9Si-1.6Fe-PCM gradually

decreases from 0.67 to 0.54 as temperature increases
from 100 to 500°C, and the specific heat increases from
0.87 to 1.12 J·g−1·K−1. The thermal conductivity is approxi-
mately 160W·m−1·K−1 in the same temperature range.

Table 1: Characteristic values of (a) melting and (b) solidification for all the prepared Al–Si–Fe PCM samples

(a) Melting characteristics

Composition Onset [°C] Pm1 [°C] Pm2 [°C] Endset [°C] Lm1 [J·g−1] Lm2 [J·g−1] Lm, Total [J·g−1]

Al-4.8Si-1.6Fe 573 582 624 630 139 236 375
Al-5.8Si-2.5Fe 573 583 620 624 187 194 381
Al-5.9Si-1.6Fe 573 584 619 624 204 182 386
Al-5.9Si-0.5Fe 573 584 620 624 234 155 389
Al-6.4Si-1.5Fe 573 584 616 621 217 174 391
Al-6.9Si-1.5Fe 574 585 614 618 249 145 394

(b) Solidification characteristics

Composition Onset [°C] Ps2 [°C] P′s2 [°C] Ps1 [°C] Endset [°C] Ls1 [J·g−1] Ls2 [J·g−1] Ls, Total [J·g−1]

Al-4.8Si-1.6Fe 615 611 602 561 556 110 264 374
Al-5.8Si-2.5Fe 629 605 692 561 556 151 233 384
Al-5.9Si-1.6Fe 609 606 597 560 554 158 229 387
Al-5.9Si-0.5Fe 614 609 574 561 555 180 211 391
Al-6.4Si-1.5Fe 607 603 597 560 555 182 207 389
Al-6.9Si-1.5Fe 603 600 596 559 554 191 203 394

Ps1: low-temperature-side solidification peak; Ps2: high-temperature-side solidification peak; P′s2: middle solidification peak; Ls1: latent heat of
low-temperature-side solidification peak; Lm1: latent heat of high-temperature-side solidification peak; Ls, Total: total latent heat of solidification.
Pm1: low-temperature-side melting peak; Pm2: high-temperature-side melting peak;.
Lm1: Latent heat of low-temperature-side melting peak; Lm2: Latent heat of high-temperature-side melting peak; Lm, Total: Total latent heat of melting.

Figure 5: (a) TMA curves and (b) linear expansion coefficient of an
Al-5.9Si-1.6Fe-PCM and a reference sample of pure Al.

Al–Si–Fe alloy-based phase change material  7



3.3 Microstructure

Figure 7 shows the SEM images and EDS elemental map-
ping of (a) mm order and (b) µm order at the top, middle,
and bottom of the as-prepared Al-5.9Si-1.6Fe-PCM sample
cross-section. From the SEM and EDS observations in
Figure 7, the microstructures of the top (Figure 7(a-1, 2),

(b-1, 2)), middle (Figure 7(a-3, 4), (b-3, 4)), and bottom
(Figure 7(a-5, 6), (b-5, 6)) of the sample were similar in
both the mm and µm orders. EDS mapping of µm order
showed that a total of three phases were observed in the
top (Figure 7(b-2)), middle (Figure 7(b-4)), and bottom
(Figure 7(b-6)) of the sample at any location: an Al-domi-
nant phase, Si crystals and Al–Si–Fe intermetallic

Figure 6: (a) Thermal diffusivity and specific heat and (b) thermal conductivity of Al-5.9Si-1.6Fe-PCM (thermal diffusivity: αTD; specific heat: Cp; thermal
conductivity: k; density: ρ; density at 25°C: ρ0 (2.84 g·cm−3); sample temperature: T, T0: 25°C).

Figure 7: SEM images and EDS elemental mapping of (a) mm order and (b) μm order at the top, middle, and bottom of the as-prepared Al-5.9Si-1.6Fe-
PCM sample cross-section (in the EDS mapping, red indicates Al, yellow-green indicates Si, and blue indicates Fe).
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compound. Therefore, neither phase was segregated in the
sample, and an even microstructure was formed throughout.
Figure 8 shows the XRD pattern of the Al-5.9 Si-1.6 Fe-PCM.
The XRD patterns detected Al, Si, and Al4.5FeSi phases in the
sample.

3.4 Microstructure after long-term
solid–liquid coexistence

Figure 9 shows the SEM images and EDS elemental map-
ping of a) mm order and b) µm order at the top, middle,
and bottom of the cross-section of Al-5.9Si-1.6Fe-PCM sample
after long-time solid–liquid coexistence retention test at
600°C for 100 h in the atmosphere and c) photograph of
the sample cross-section. Similar to the microstructure of
the as-prepared Al-5.9 Si-1.6 Fe-PCM sample cross-section
shown in Figure 7 EDS mapping of the top (Figure 9(a-2),
(b-2)), middle (Figure 9(a-4), (b-4)), and lower (Figure 9(a-6),
(b-6)) of the sample after long-time solid–liquid coexistence
retention test showed a total of three phases: an Al-dominant
phase, Si crystals, and Al–Si–Fe intermetallic compound. The
three phases, Al and Si and Al–Si–Fe intermetallic com-
pound, were observed evenly at all positions of the top
(Figure 9(a-1, 2), (b-1, 2)), middle (Figure 9(a-3, 4), (b-3, 4)),
and bottom (Figure 9(a-5, 6), (b-5, 6)) of the sample, and
there was no segregation of either phase in the sample,
and an even microstructure was formed throughout. How-
ever, the microstructure was coarser than the as-prepared

Figure 8: XRD patterns of the Al-5.9Si-1.6Fe-PCM.

Figure 9: SEM images and EDS elemental mapping of (a) mm order and (b) µm order at the top, middle, and bottom of the cross-section of Al-5.9Si-
1.6Fe-PCM sample after long-time solid–liquid coexistence retention test at 600°C for 100 h in the atmosphere, and (c) photograph of the sample
cross-section (in the EDS mapping, red indicates Al, yellow-green indicates Si, and blue indicates Fe).
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Al-5.9Si-1.6Fe PCM sample. The quantitative point analysis
results of the Al-dominant phase (① in Figure 9) and the
Al–Si–Fe intermetallic compound phase (② in Figure 9) are
shown in Figure 9. In the ① phase, 89.5% Al, 10.4% Si, and
0.1% Fe were detected, and in the ② phase, 66.1% Al, 16.8%
Si, and 17.1% Fe were detected; the phase in the Al–Si–Fe
intermetallic compound corresponding to the configuration
in② is Al4.5FeSi [25]. The atomic percentages of Al4.5FeSi are
Al-15.4%Fe-15.4%Si, which is generally consistent with the
quantitative values for the Al-Fe-Si intermetallic compound
shown in Figure 9 (Al-17.1% Fe-16.8% Si). Al4.5FeSi is also
classified as a phase called τ by previous studies, in which
the composition of τ is indicated by Al64.5–67.5Fe15.5–16.5Si17–19
[25]. Considering this point, the difference between the
quantitative values of the Al-Fe-Si compounds shown in
Figure 9 (Al-17.1% Fe-16.8% Si) and Al-15.4% Fe-15.4% Si
can be considered within a small margin of error. Finally,
the microstructure in ③ is a eutectic microstructure con-
sisting of the Al phase in ① and two components of Si.

3.5 Microstructure after melting and
solidification cycles

Figure 10 shows the images of the samples before and after
100 cycles of melt-solidification tests in (a) atmosphere, (b)

air, and (c) dehydrated N2 circulation. Figure 10(a-1, -2)
shows that pores were formed, and the apparent volume
expanded inside the sample tested in the atmosphere. Pore
formation and apparent volume expansion were also
observed in the sample tested in air, although the effect
was smaller than in air. Figure 10(c-1, -2) shows that
neither void formation nor volume expansion was observed
under dehydrated N2 circulation.

Figure 11 shows the SEM images and EDS elemental
mapping of mm and µm orders at the top, middle, and
bottom of the cross-section of the Al-5.9Si-1.6Fe-PCM sample
after 100 melting and solidification cyclic tests in (a) atmo-
sphere, (b) air, and (c) dehydrated N2 circulation atmo-
sphere. In the SEM observations, porosity was observed in
the sample after cyclic testing in the atmosphere and air.
However, Al–Si and Al–Si–Fe intermetallic compounds were
observed between the top, middle, and bottom without seg-
regation, as well as the microstructure before cyclic testing,
as shown in Figure 7. In particular, neither the segregation
of specific phases nor porosity was observed in the sample
cross-sections that were cyclically tested under dehydrated
N2 circulation. Figure 12 shows the SEM images and EDS
quantitative point analysis of a) the dense alloy surface
and b) the void-forming area of the Al-5.9Si-1.6Fe-PCM
after cyclic testing of melting and solidification in the
atmosphere. The surface of the void-forming area had

Figure 10: Images of samples before and after cyclic testing in (a-1, -2, -3) atmosphere, (b-1, -2, -3) air, and (c-1, -2, -3) dehydrated N2 circulation,
respectively (the top, middle, and bottom points are shown in (a-3), (b-3), and (c-3) correspond to the locations of the SEM-EDS observations in
Figure 11).
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Figure 11: SEM images and EDS elemental mapping of mm and µm orders at the top, middle, and bottom of the cross-section of Al-5.9Si-1.6Fe-PCM
sample after 100 melting and solidification cyclic tests in (a) atmosphere, (b) air, and (c) dehydrated N2 circulation atmosphere (the top, middle, and
bottom observation points in (a), (b), and (c), respectively, correspond to the sample positions shown in Figure 10(a-3), (b-3), and (c-3)) (in the EDS
mapping, red indicates Al, yellow-green indicates Si, and blue indicates Fe).
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approximately 22% more O detected in the average com-
position than the alloy-dense surface.

3.6 Cyclic stability of heat storage and
release performance

Figure 13 shows the DSC curve after the melting and soli-
difying cyclic testing of the Al-5.9Si-1.6Fe-PCM sample 100

times in dehydrated N2 circulation. The Al-5.9Si-1.6Fe-PCM
sample after 100 cycle tests melted in two steps from 573 to
626°C and solidified in three steps from 611 to 556°C, similar
to the sample before the cyclic test, as shown in Figures 2
and 3. Thus, there was no degradation in the heat storage
performance of the Al-5.9Si-1.6Fe-PCM, even after repeated
melting and solidification. However, comparing the latent
heat capacities separated into low-temperature (Lm1, Ls1)
and high-temperature (Lm2, Ls2) sides, the ratio of the high-
temperature-side latent heat capacities (Lm2 and Ls2) to the
total latent heat capacities (Lm, Total) increased for the Al-
5.9Si-1.6Fe-PCM after 100 cycles of testing.

4 Discussion

4.1 Microstructure formation process during
solidification

The DSC curve of the Al–Si–Fe alloy PCM shown in Figure 3
shows two melting peaks (Pm1 and Pm2), whereas three
peaks (Ps2, ′P

s2, and Ps1) were observed for solidification.
The melting reaction is explained by the eutectic reaction
at 576°C (Pm1) and the subsequent melting reaction of Al
and Al4.5FeSi up to 619°C (Pm2), as shown in Figure 1(b). In
contrast, the solidification reaction eventually yielded
equilibrium phases of Al, Si, and Al4.5FeSi, but unlike

Figure 12: SEM images and EDS quantitative point analysis of (a) the alloy dense surface and (b) the void-forming area of Al-5.9Si-1.6Fe-PCM after
cyclic testing of melting and solidification in the atmosphere.

Figure 13: DSC curve of the Al-5.9Si-1.6Fe-PCM sample after 100 melting
and solidification cyclic tests in a nitrogen atmosphere (atmosphere: Ar;
flowrate: 50 mL·min−1; heating/cooling rate: ±5 K·min−1; sample pan:
Al2O3 liner (85 µL) in Pt pan (and Pt lid).
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melting, it occurred in three stages. Therefore, we discuss
a three-step solidification mechanism. Figure 14 shows a
schematic of the solidification process of the Al–Si–Fe
alloy PCM. When the Al–Si–Fe PCM is cooled from the
liquid state to below 620°C, an Al solid solution (α-Al)
crystallizes. A certain amount of Si dissolves in α-Al, but
almost no Fe is soluble in α-Al. Consequently, the Fe con-
centration in the liquid phase increases as α-Al crystal-
lizes, facilitating the crystallization of Al4.5FeSi. According
to the equilibrium theory, α-Al and Al4.5FeSi should crys-
tallize simultaneously. However, because the Fe content
in the alloy is much lower than that of Al, it can be
inferred that the coagulation for crystallization would
be delayed compared to that of Al. As the temperature
decreases to 576°C, the liquid phase forms a eutectic struc-
ture of α-Al and Si. In the phase diagram, the eutectic
structure consists of three phases, including Al4.5FeSi;
however, in the case of Al-5.9Si-1.6Fe, the amount is con-
siderably small. After the Al–Si–Fe alloy PCM is comple-
tely solidified, Si precipitation may occur owing to the
decrease in the Si solid solution limit of α-Al with cooling.
Therefore, the three solidification peaks in the DSC curves
of the cooling of the Al–Si–Fe PCM in Figures (2-b) and
(3-b) were determined to be due to the crystallization of
α-Al in Ps2, Al4.5FeSi in ′P

s2, and the eutectic reaction of α-Al
and Si in Ps1, respectively.

4.2 Microstructural stability in solid–liquid
coexistence

As described in Section 3.4, the Al-5.9Si-1.6Fe-PCMwas char-
acterized by equilibrium phases even after being treated at
600°C for 100 h in solid–liquid coexistence. There was no
phase segregation because segregation of a particular phase
was observed. However, previous studies have shown that
Al4.5FeSi may precipitate and segregate in Al–Si–Fe alloys
depending on their composition [21,23]. In an earlier study
using an Al-10% Si-2% Fe alloy, segregation of Al4.5FeSi was
observed even after maintaining the alloy at 600°C for only
2 h in a solid–liquid coexisting state [21]. However, such
phase separation should be accompanied by gravitational
segregation of Al4.5FeSi and the liquid phase in a two-phase
state in the alloy system or filtration of Al4.5FeSi that crystal-
lized as the primary crystal [21,23]. In this study, Al4.5FeSi did
not phase-segregate because α-Al was also present in the
liquid at the same time when Al4.5FeSi crystallized, as shown
in the phase diagram in Figure 1(b). Furthermore, if the
solidification mechanism shown in Figure 14 is correct, the
solidification process of Al-5.9 Si-1.6Fe-PCM, Al4.5FeSi
crystallizes after α-Al crystallizes as the primary crystal.
Thus, phase separation due to gravitational segregation
of Al4.5FeSi is unlikely to occur. Therefore, the Al-5.9Si-
1.6Fe-PCM can be used as a stable LHTES material because

Figure 14: Schematic diagram of the microstructure formation process during solidification of Al–Si–Fe alloy PCM.
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the segregation of certain phases does not occur even if the
solid–liquid coexistence state between approximately 580
and 620°C is maintained for a long time.

4.3 Microstructural changes and stability
during melt–solidification cycle tests

As described in Section 3.5, porosities were observed in the
sample after 100 cycles of melting and solidification tests of
Al-5.9Si-1.6Fe-PCM in the atmosphere or air. Moreover, the
porous alloy surface was oxidized. There are two possible
causes for the formation of porosity in the sample – the
effect of the volume change of material expansion and
shrinkage associated with solid–liquid phase transforma-
tion and the bubbling of hydrogen dissolved in the alloy.

First, the porosity formation due to volume expansion
and shrinkage associated with the solid–liquid phase trans-
formation is attributed to the formation of oxides on the
alloy surface during the cyclic tests, inhibiting the shape
change of the sample. The alloy sample undergoes volu-
metric expansion during the liquid-phase transformation
associated with temperature rise. In contrast, the oxide
formed during the volumetric expansion may inhibit the
movement of the liquid surface and the interface between
the surface and crucible during shrinkage associated with
solidification. Therefore, the volume shrinkage because of
solidification could be compensated for by the formation of
pores inside the sample, resulting in an apparent volume
expansion.

The formation of porosity due to hydrogen bubbling is
caused by the hydrogen produced by the reaction between
Al and atmospheric water vapor, as shown in the following
equation [26]:

+ → +2Al 3H O Al O 6H.2 2 3 (4)

The hydrogen produced by the reaction in the afore-
mentioned equation dissolves into the molten Al alloy; the
Al alloy forms porosities by trapping its solid-solution
hydrogen during solidification. In particular, Al alloys are
difficult to desorb even though hydrogen is easily soluble
in Al alloys because the gap between the liquid solids in the
solid hydrogen solution at the melting point is large, and
the alumina film inhibits hydrogen permeation [27].

Therefore, in conventional Al-alloy castings and for-
gings, porosities caused by hydrogen trapping are identi-
fied as a problem that reduces the quality of the product. In
this study, the amount of porosity formation in the Al-5.9Si-
1.6Fe-PCM was lower in the air than in the atmosphere.
Furthermore, no porosity was observed in the samples

repeatedly tested under dehydrated N2 circulation.
Therefore, the solid solution of hydrogen and bubbling of
hydrogen significantly influence the porosity formation.
We inferred that the effect of porosity formation was par-
ticularly pronounced in this study because the melting and
solidification processes were repeated 100 times, which is
not usually followed in the manufacturing process of Al
alloy products. Thus, the melting and solidification cyclic
tests in the atmosphere or air led to problems of porosity
formation and volume expansion in the Al–Si–Fe alloy
PCM. In contrast, the cyclic tests under dehydrated N2 cir-
culation caused neither the problem nor any segregation of
specific phases. Therefore, it can be inferred that the
Al–Si–Fe PCM can be considered microstructurally stable
and repeatedly used by avoiding the porosity formation
caused by inhibiting shape changes due to oxides on the
alloy surface and hydrogen trapping.

Furthermore, as described in Section 3.6, the total
latent heat of the Al-5.9Si-1.6Fe-PCM did not decrease after
repeated testing; however, the high-temperature-side latent
heat (Lm2 and Ls2) in the total latent heat increased. This is
attributed to the compositional irregularities in the alloy
sample; however, as mentioned earlier, no microstructural
segregation was observed. Moreover, the melting and soli-
dification of the sample after cyclic testing occur in two or
three steps from approximately 580 to 620°C, which is the
same not only for the Al-5.9Si-1.6Fe-PCM but also for all the
Al–Si–Fe PCM samples prepared with different composi-
tions. In other words, slight changes in the phase-change
behavior owing to melt–solidification cyclic tests do not
pose a problem when using Al–Si–Fe alloys as 600°C-class
PCMs.

The abovementioned microstructural stabilities, such
as void formation and segregation in Al–Si–Fe PCM, were
discussed. It was shown that the apparent volume expan-
sion of the PCM during repeated melting and solidification
could be overcome by avoiding oxidation and hydrogen
dissolution by using the PCM in an inert atmosphere. If
the Al–Si–Fe PCM could be made available in non-inert
atmospheres, it would be easier to use as a 600°C-class
LHTES material. Encapsulation of Al–Si–Fe PCM is one
promising option for that technique. Encapsulated alloy-
based PCMs for high-temperature LHTES have been reported
in various sizes ranging from µm to cm order using such
alloys as Zn-based [28], Al-based (e.g., Al [29,30], Al-Si
[31,32], Al-Ni [33] and Al-Zn [34]) and Cu-based (e.g., Cu
[35] and Cu-Al [36]) alloys. Encapsulation of alloy-based
PCM is expected to prevent the oxidation and hydrogen
dissolution of PCM, which were problems in this study,
even in a non-inert atmosphere. Furthermore, the pro-
blems of phase separation due to the segregation of
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certain phases in PCMs, which concerns macro-scale PCMs,
may not be a problem when PCMs are encapsulated. This is
because encapsulated PCMs undergo phase change only
inside each capsule, and phase separation does not occur
on a scale more significant than the capsule size. Therefore,
there is a concern that macro-scale PCM may cause large-
scale phase separation and uneven thermal properties
depending on the size. However, for small encapsulated
PCM in the range of µm to cm order, phase separation is
impossible beyond the size of each capsule. Thus, there is
no need to be concerned about phase separation. In par-
ticular, microencapsulation using self-oxidation has been
reported for Al alloys in a variety of compositions, such as
Al [29,30], Al–Si [31], Al–Ni [33], and Al–Zn [28,34]. From
the aforementioned facts, microencapsulation of alloys is
an especially promising option to use Al–Si–Fe PCMs in a
microstructurally stable manner, not limited to inert
atmospheres.

4.4 Comparison with conventional heat
storage material

Figure 15 shows a) a comparison of the volume-based heat
storage densities of the conventional SHTES materials of
concrete, high alumina brick, and solar salt, and Al-5.9Si-
1.6Fe-PCM in this study at ΔT = 300°C and b) their respec-
tive physical properties. The Al-5.9Si-1.6Fe-PCM has more

than twice the heat storage density of conventional SHTES
materials, even when assuming a ΔT of 300°C. Therefore,
the Al–Si–Fe PCM can be used to design a more compact
heat storage systemwith a higher heat storage density than
that of conventional SHTES materials. Generally, a smaller
heat storage system is expected to reduce the heat exchange
rate because of the smaller heat transfer area for heat
exchange; however, this is not a problem in the case of
the Al–Si–Fe PCM. This is because the thermal conductivity
of Al-5.9Si-1.6Fe-PCM (164W·m−1·K−1) is much higher than
that of conventional SHTES materials such as alumina brick
(9.7 W·m−1·K−1 [19]) and solar salt (NaNO3-40%KNO3)
(0.6 W·m−1·K−1 [37]), as shown in Figure 15(b). Therefore,
the Al–Si–Fe PCM can be designed to have a more compact
and rapid heat exchange TES system than conventional
SHTES materials.

5 Conclusion

In this study, we investigated an Al–Si–Fe PCM that melts
until 620°C; this is suitable for a Carnot battery that reuses
the ultra-supercritical steam turbine of coal-fired power
generation. The main conclusions are as follows.
• There was no significant difference in the heat storage
performance, including the total latent heat capacity,
among the six compositions of Al–Si–Fe PCMs in this
study. Therefore, Al-5.9Si-1.6Fe found in FactSage 8.1

Figure 15: (a) Heat storage density per volume at ΔT = 300°C for conventional solid and liquid sensible heat storage materials and Al-5.9Si-1.6Fe-PCM
and (b) physical properties of various heat storage materials.
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software was used as a representative composition in the
investigations of thermal properties and microstructural
stability of 600°C-class Al–Si–Fe PCMs.

• The Al-5.9Si-1.6Fe-PCM melted in two steps from 573 to
624°C and had a high latent heat capacity of 386 J·g−1. The
thermal conductivity in the high-temperature solid state
was approximately 160W·m−1·K−1, which is tens to hun-
dreds of times higher than that of conventional solid or
liquid SHTES materials such as alumina bricks and
molten nitrate salts.

• The Al-5.9Si-1.6Fe-PCM showed no segregation in the PCM
after a high-temperature holding test at 600°C for 100 h
in solid–liquid coexistence and 100 cycles of melting and
solidification tests in dehydrated N2 circulation. In addi-
tion, the Al-5.9Si-1.6Fe-PCM maintained its original latent
heat storage capacity after repeated melting and solidi-
fication tests in dehydrated N2 circulation.

• The repeated melting and solidification of Al-5.9Si-1.6Fe-
PCM under atmospheric conditions caused the accompa-
nying volume expansion and shrinkage and oxidation of
the alloy by oxygen and water vapor and solid solution
and bubbling of hydrogen. This resulted in porosity for-
mation inside the PCM. Porosity formation was elimi-
nated under dehydrated N2 circulation. In other words,
porosity formation and volume expansion are not pro-
blematic when the PCM is used in an inert or closed
system rather than in an open atmosphere.

• The Al-5.9Si-1.6Fe-PCM has a heat storage density on a
volume basis that is more than twice that of conventional
SHTES materials such as alumina bricks and molten
nitrate salt, even when a ΔT of 300°C is assumed.

Thus, the Al–Si–Fe PCM can be applied to high-tem-
perature heat applications such as the Carnot battery. In
the future, the encapsulation of the Al–Si–Fe PCM and the
development of corrosion suppression technology by slurry
introduction are expected to make the Al–Si–Fe PCM an
even more versatile LHTES material.
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