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Thermal storage ceramics using metals as phase change materials (PCMs) have
both high thermal conductivity and high heat storage density. However, in the
process of use is very easy to occur in the metal phase change material leakage,
will seriously affect the service life of the thermal storage ceramics. In this study,
ceramic composite phase change heat storage materials with Al-12Si alloy as
phase change material were prepared. Firstly, Al-12Si was pretreated by sol-gel
method and high temperature heat treatment to obtain the pretreated Al-12Si
alloy powderwith dense alumina shell layer. After that, the pretreated Al-12Si alloy
powder was mixed and pressed with alumina, silicon dioxide, magnesium oxide,
and mullite respectively, and sintered at 1,100°C, 1,200°C, or 1,300°C. The
experimental results show that the metal phase change materials and the four
ceramic materials show good chemical compatibility, and pretreated Al-12Si
essentially retains its initial shape and is uniformly dispersed in the heat storage
material. Among all the samples, the pre-treated Al-12Si/mullite ceramic thermal
storage materials with a sintering temperature of 1,200°C showed the best
thermal storage performance. The thermal conductivity of the samples was up
to 17.94 W/(m·K). The latent heat storage value was 139.51 J/g before thermal
cycling, 138.27 J/g after 100 thermal cycling, whichwas only decreased by 0.89%,
and there was almost no alloy leakage. This study has successfully realized that
the ceramic thermal storage material possesses high thermal conductivity, high
thermal storage density and excellent thermal cycling performance at the same
time, and provides a new method for the production and preparation of Al-12Si/
ceramic heat storage materials, which has great potential for application in heat
storage systems.
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1 Introduction

Energy is the basis for human survival and development, and the
energy crisis is a serious problem facing the world in the twenty-first
century (Ramachandran et al., 2023). Thermal energy storage (TES)
can effectively support the application scenarios of “zero-carbon
heating” and “zero-carbon building,” provide scientific solutions for
realizing the goals of carbon peaking and carbon neutrality (Zhang
et al., 2024). It has a wide range of application prospects in the rapid
economic development and energy shortage, and has received
extensive attention from scholars at home and abroad.

Thermal storage material is the core and key of TES systems,
which not only needs to have good thermal storage capacity and
thermal conductivity, but also should have enough strength and
cyclic stability to ensure its long service life (Ali et al., 2024). In
recent years, sensible heat storage (SHS) materials such as concrete
(Boquera et al., 2021), magnesium oxide (Yan et al., 2018), alumina
(Khare et al., 2013), cordierite and mullite (Cheng et al., 2018), as
well as latent heat storage (LHS), phase change materials (PCMs)
such as nitrate (Takahashi et al., 1988), carbonate (Lu et al., 2019)
and chloride (Zhao et al., 2014) have been widely used in TES
systems. In order to improve the heat storage capacity of SHS
materials and prepare stable LHS materials, composite heat
storage materials consisting of SHS materials with high sensible
heat storage capacity and PCMs with high latent heat storage
capacity have been prepared. These composite heat storage
materials can realize the perfect combination of high heat storage
density, high thermal conductivity and high mechanical properties.
Among these heat storage materials, ceramic materials with good
mechanical properties and cyclic stability are usually used to provide
the supporting skeleton and sensible heat storage. Li et al. (2019)
successfully prepared an inorganic salt-based composite phase
change material suitable for medium and high temperature heat
storage with stable shape by using NaLiCO3, which has a melting
temperature of about 500°C, as a PCM and MgO as a SHS material
for the ceramic skeleton. Jiang et al. (2018) successfully prepared

Na2SO4-NaCl/Al2O3 and Na2SO4-NaCl/mullite composites through
the use of cold press sintering method. These new composites
exhibit excellent thermal stability, not only avoiding the cracking
phenomenon, but also performing well in weight loss, which is only
0.50% and 0.74%, respectively. Even more noteworthy is the
reduction of latent heat by only 1% and 2%. However, the low
thermal conductivity of molten salts and ceramic materials seriously
hinders the heat transfer performance of thermal storage materials
(Jiang et al., 2018; Jiang et al., 2020; Sun et al., 2020; Ma et al., 2021).
The commonly used solution is to add graphite, silicon carbide, or
other materials with high thermal conductivity to the thermal
storage ceramics (Jiang et al., 2020). Li et al. (2016) investigated
the thermal properties of thermal storage ceramics with NaNO3 as
the PCM and found that a 20 wt% addition of silicon carbide could
increase the thermal conductivity of this composite from 0.70 W/
(m·K) at 300°C to 3.25 W/(m·K). Xiao et al. (2013) used sodium
nitrate, potassium nitrate and their mixtures as the base materials,
and, EG as an additive to improve the thermal conductivity. The
apparent thermal conductivities of the nitrates/10 wt% EG mixture
PCMs are increased by about 30%–40%, compared to those of pure
nitrates. Ge et al. (2014) improved the thermal conductivity of
thermal storage ceramics with Li2CO3-Li2CO3 as the PCM andMgO
as the backbone material by adding graphite, and they increased the
thermal conductivity of the thermal storage ceramics from about
3 W/(m·K) to about 5 W/(m·K). However, the oxidation of such
materials at high temperatures makes the thermal cycle life of heat
storage ceramics seriously degraded (Li et al., 2020), which has
limited their wide application.

If metallic PCMs with high latent heat and high thermal
conductivity are composited with ceramic materials, the goal of
improving the thermal conductivity and thermal storage value of
the thermal storage materials can be achieved at the same time. The
high latent heat of Al-Si alloys 490–520 J/g (Farkas and Birchenall,
1985) makes them a popular research topic in the field of heat storage.
In addition, due to the high thermal conductivity of Al-Si alloys
(Nomura et al., 2018), adding them to thermal storage ceramics can
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effectively improve the thermal conductivity. Therefore, Al-Si alloys
should be considered as important candidate PCMs for thermal storage
ceramics to provide latent heat and high thermal conductivity.
However, the corrosive and oxidizing nature of molten alloys
(Kawaguchi et al., 2020) can shorten their service life, and molten
metal leakage that occurs during use can seriously affect the thermal
cycling stability of heat storage ceramics. In previously reported studies,
these problems were solved by encapsulating Al-Si alloys with ceramic
materials into capsules (He et al., 2015a; Katiyar and Saha, 2022), whose
outer shell separates the molten alloys from the environment,
preventing them from leaking and resisting corrosion. Therefore,
first encapsulating Al-Si alloys and then using them as PCMs in
thermal storage ceramics is a feasible way to achieve high thermal
storage capacity and high thermal conductivity at the same time.

Based on the above discussion, if thermal storage ceramics with
Al-Si alloys as PCMs without any leakage of molten alloy are
successfully prepared, thermal storage materials with high
thermal conductivity, high thermal storage and good thermal
cycling performance will be obtained.

In this study, Al-12Si alloy powder was selected as the PCM, and
alumina, silicon dioxide, magnesium oxide and mullite were used as
the ceramic matrix materials. The novelty of this study lies in the fact
that the Al-12Si alloy was firstly pretreated with cladding by two steps:
sol-gel method and heat treatment. The metallic PCM is transformed
into a core-shell structure of Al-12Si/Al2O3 to prevent the leakage of
the liquid Al-12Si alloy during thermal storage use. Further, the
pretreated Al-12Si alloy is mixed with the ceramic matrix material

and cold-pressed sintered, so that the Al-12Si alloy phase change
material can be stabilized and immobilized in the thermal storage
material. The effects of different ceramic matrix materials and
different sintering temperatures on the thermal performance,
thermal conductivity and thermal cycle stability of Al-12Si/ceramic
composite thermal storage materials were investigated. The results
show that these thermal storage ceramics have excellent physical and
thermal properties, especially high thermal conductivity and latent
heat value with good thermal stability.

2 Materials and methods

2.1 Raw materials

Al-12Si eutectic alloy possesses high latent heat value (560 J/
g), high thermal conductivity [160 W/(m·K)], small volume
expansion (63.9 × 10−6) and small subcooling. Therefore, in
this study, Al-12Si (particle size range: 40–60 μm) was used as
the PCM, provided by Array Additive Technology Co. The
melting point and latent heat of phase transition of the alloy
were measured to be 582.0°C and 512.6 J/g, respectively, as shown
in Figure 1.

In this study, magnesium oxide, silicon dioxide, alumina and
mullite with particle size ≤75 μm were used as ceramic base
materials. The chemical compositions of Magnesium oxide,
Silicon dioxide, Alumina and Mullite are listed in Table 1.

2.2 Sample preparation

2.2.1 Pretreatment of Al-12Si alloy
The Al-12Si powder was kept in water at a constant temperature

of 80°C for 1 h to roughen the surface and generate a small amount
of boehmite (AlOOH) precursor. Then immersed in aluminum sol
(the solid content was about 20%, in which the particle size of Al2O3

was 50–70 nm), and continued to be stirred for 3 h, after which it
was cleaned with anhydrous ethanol and filtered. At this point, a
core-shell structure Al-Si alloy powder with Al-Si alloy as the core
and boehmite and alumina as the shell was obtained. Finally, the
alloy powder placed in a muffle furnace for the high temperature
treatment at 1,200°C for 2 h to complete the pretreatment of the Al-
12Si. It can get the core-shell structure pretreated Al-Si alloy powder
with Al-Si alloy as the core and dense alumina as the shell.
According to Takahiro’s work, boehmite shell layer was first
formed on the surface of the alloy powder during the
pretreatment process, and then transformed into an alumina

FIGURE 1
DSC analysis of Al-12 Si alloy power.

TABLE 1 Chemical composition of raw materials.

Oxides (wt%) Al2O3 SiO2 MgO Fe2O3 CaO Others

Magnesium oxide — 1.26 96.52 0.52 1.25 0.45

Silicon dioxide — 99 — — — 1

Alumina 99.9 — — — — 0.1

Mullite 69.03 24.96 0.82 1.65 0.66 2.88
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shell layer by polycondensation and oxidation reaction in the high
temperature treatment (Kawaguchi et al., 2020). The microscopic
morphology and elemental distribution of Al-12Si alloy powder
before and after pretreatment are shown in Figure 2. The surface of
pretreated Al-12Si alloy powder showed uniformly distributed
Al2O3 films and chains, and this homogeneous alumina shell
layer will effectively prevent leakage of the Al-12Si alloy during
the phase change thermal storage process.

2.2.2 Preparation of ceramic heat storagematerials
Magnesium oxide, Silicon dioxide, Alumina and Mullite

powders were mixed homogeneously with Pre-treated Al-12Si
alloy powders in a ratio of 1:1 by mass respectively as shown in
Table 2, in addition to an additional 2 wt% of water was added to the
mixtures to ensure press molding stability. The mixture was pressed
into a cylindrical steel film of Φ20 mm under an isometric pressure
of 120 MPa and held for 30 s. The produced billets were dried in an
oven at 110°C for 1 h and then sintered under air atmosphere at
1,100°C, 1,200°C or 1,300°C for 2 h, with a temperature increase rate
of 10°C/min, followed by furnace cooling.

2.3 Characteristics

2.3.1 Phase analysis and microstructure of
the samples

The surface micromorphology of the samples was observed using
scanning electron microscopy (SEM; GeminiSEM 300). Prior to the
observation, the surfaces of the samples were coated by graphite to
increase the conductivity. The phase composition of the samples was
determined using X-ray diffraction (XRD; SmartLab), the scanning
angle is 10°–90°. The samples used in these tests were disks with a
diameter of 20 mm and a thickness of 6–7 mm while the surfaces of
the samples were ground to flatten them.

2.3.2 Properties of the samples
In this section, density, compressive strength, thermal

conductivity, enthalpy of phase transition and phase transition
temperature are the arithmetic mean of the results of three tests.

The bulk density of the samples was measured at ambient
temperature using water as the medium according to Archimedes’
principle. The compressive strength of the samples at room temperature

FIGURE 2
(A–C) Micro-morphology and elemental distribution of Al-12Si before pretreatment; (D–G) Micro-morphology and elemental distribution of
pre-treated Al-12Si.

TABLE 2 Compositions of samples.

Raw material Contents of raw materials in different samples (wt%)

Sample 1 Sample 2 Sample 3 Sample 4

Pre-treated Al-12Si 50 50 50 50

Alumina 50 0 0 0

Silicon dioxide 0 50 0 0

Magnesium oxide 0 0 50 0

Mullite 0 0 0 50
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was tested using amicrocomputer controlled electronic universal testing
machine [CMT5250 (UTC2014-056)]. The range of testing accuracy
was ±0.5%. The samples used in the experiments were cylinders with a
diameter of 20 mm and a thickness of 30–40 mm.

Thermal conductivity values were measured at room temperature
by Thermal Constant Analysis Instrument (Hot Disk, TPS2200), the
samples were cylinders with a diameter of 20mm and a thickness range
of 5–10 mm, and the accuracy of the test ranged from ±0.5%.

The enthalpy and temperature of phase change of the samples
were measured using the TG-DSC simultaneous thermal analyzer
(STA449F5, NETZSCH) in an air atmosphere. The temperature
increase rate during the test was 10°C/min, the test temperature
range was 50°C–800°C, the samples were 8–12mg of sample powder,
and the test accuracy range was ±0.3%.

3 Results and analyses

3.1 Compatibility analysis

Figure 3 shows the XRD patterns of different samples before and
after mixed sintering. As shown in Figure 3A, no new crystalline

phase is generated in pre-treated Al-12Si/alumina ceramic thermal
storage materials compared to pre-treated Al-12Si and alumina. The
pre-treated Al-12Si/silicon dioxide ceramic thermal storage
materials also have no new crystalline phase generation
compared to pre-treated Al-12Si and silicon dioxide as shown in
Figure 3B. As shown in Figure 3C, compared with pre-treated Al-
12Si and magnesium oxide, pre-treated Al-12Si/magnesium oxide
ceramic thermal storage materials showed new crystalline phases
MgAl2O4, which formed from the solid solution of MgO and Al2O3,
other than that no other new crystalline phase is generated. As
shown in Figure 3D, no new crystalline phase was also generated in
pre-treated Al-12Si/mullite ceramic thermal storage materials
compared to pre-treated Al-12Si with mullite.

It can be observed from the SEM images shown in Figure 4
that almost all of the Pretreated Al-12Si alloy particles in the
thermal storage ceramic samples remain spherical and identical
to the original morphology, which means that the Al-12Si alloy
particles were successfully encapsulated by the alumina shells
during the heat treatment of the samples. This encapsulation is
important because the Al-12Si alloy particles can undergo a phase
transition within the shell without severe oxidation, thus
ensuring a longer service life of the Al-12Si alloy as well as a

FIGURE 3
XRD patterns of (A) Pre-treated Al-12Si/alumina ceramic thermal storage material; (B) Pre-treated Al-12Si/silicon dioxide ceramic thermal storage
material; (C) Pre-treated Al-12Si/magnesium oxide ceramic thermal storage material; (D) Pre-treated Al-12Si/mullite ceramic thermal storage material
before and after mixed sintering.
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higher latent heat storage density and thermal conductivity of the
thermal storage ceramics (Alehosseini and Jafari, 2020). It was
also observed that the Pre-treated Al-12Si alloy particles were
very well dispersed in the samples.

From the above, it can be seen that Pre-treated Al-12Si and the
four ceramic powders are simple physical combinations during the
mixing and sintering process, and they all possess good chemical
compatibility and can be fully mixed. Therefore, we further
discussed the effect of different sintering temperatures on the
microstructure and properties of four pre-treated Al-12Si/ceramic
thermal storage material samples.

3.2 Effect of sintering temperatures on the
microstructure and properties of ceramic
thermal storage material samples

3.2.1 XRD and SEM analysis of samples prepared at
different sintering temperatures

Figures 5, 6 show the XRD patterns and SEMmicrographs of the
ceramic heat storage samples sintered at different temperatures for
2 h, respectively. As shown in Figure 5, the crystalline phases of each
sample remain consistent and almost unchanged at different
sintering temperatures. However, the intensity of the peaks of
Al2O3 in Figures 5A, B, D, and the peak of MgAl2O4 in
Figure 5C increased slightly with the sintering temperature. This
is mainly due to the greater oxidation of aluminium at higher
sintering temperatures, leading to an increase in the content of
Al2O3, which also increases the formation of solid solution
MgAl2O4 in the pretreated Al-12Si/magnesium oxide ceramic heat

storage material. The occurrence of this phenomenon is
simultaneously supported by the decrease in the strength of the
aluminium peak, which implies that the depletion of aluminium is
caused by the oxidation of aluminium in the particles of the Pre-
treated Al-12Si alloy. Silicon is a relatively stable material compared
to aluminium, so the silicon peaks remain almost unchanged as the
sintering temperature increases (Ciriminna et al., 2011). Figure 6
shows that the pre-treated Al-12Si/magnesium oxide ceramic
thermal storage materials showed localized liquid phase
coalescence at elevated sintering temperatures, suggesting that a
small amount of leakage of Al-12Si occurred as the sintering
temperature increased. However, this phenomenon did not appear
in the rest of the ceramic thermal storage samples, indicating that the
pre-treated of Al-12Si alloy particles was successful, and the sintering
of the mixed ceramic substrate was also an effective way to prevent
leakage. However, the formation of solid solution MgAl2O4 is
continuously depleting the dense Al2O3 film on the surface layer
of Pre-treated Al-12Si, which leads to a slight Al-12Si leakage in pre-
treated Al-12Si/magnesium oxide ceramic thermal storage materials.

3.2.2 Physical and mechanical properties of
samples prepared at different sintering
temperatures

Figure 7A shows the compressive strength of different ceramic
heat storage material samples prepared at 1,100°C, 1,200°C and
1,300°C. The compressive strength of the four types of ceramic heat
storage materials increases and then decreases as the sintering
temperature increases, and the compressive strength of the
samples prepared at 1,300°C shows very little change compared
to that of the samples prepared at 1,200°C, which indicates that the

FIGURE 4
SEM micrographs of (A) Pre-treated Al-12Si/alumina ceramic thermal storage material; (B) Pre-treated Al-12Si/silicon dioxide ceramic thermal
storage material; (C) Pre-treated Al-12Si/magnesium oxide ceramic thermal storage material; (D) Pre-treated Al-12Si/mullite ceramic thermal
storage material.

Frontiers in Energy Research frontiersin.org06

Zhang et al. 10.3389/fenrg.2024.1455576

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1455576


samples prepared at these two temperatures have similar properties.
This conclusion is supported by the densities of the different ceramic
heat storage material samples shown in Figure 7B, where the
densities of the samples prepared at these two temperatures are
approximately equal. This may be due to the fact that Pre-treated Al-
12Si and ceramic matrix have similar properties at high
temperatures. Due to the slight leakage of Al-12Si, the effect of
metal melt flow and cooling agglomeration makes pre-treated Al-
12Si/magnesium oxide ceramic thermal storage materials have the
highest compressive strength of 28.59MPa and density of 2.37 g/cm3

at a sintering temperature of 1,200°C.
The thermal conductivity of the thermal storage material is also

very important in practical industrial application scenarios. The
higher the thermal conductivity, the faster the process of storing/
releasing heat, the higher the energy storage efficiency of the energy
storage system, and the lower the heat loss and thermal diffusion in
the process. As can be seen from Table 3, the thermal conductivity of
the ceramic thermal storage materials with different matrices shows
a tendency of first increasing and then decreasing with the increase
of sintering temperature of the samples, all of which have higher
thermal conductivity under the sintering temperature of 1,200°C. In

particular, pre-treated Al-12Si/mullite ceramic thermal storage
materials prepared at a sintering temperature of 1,200°C have a
thermal conductivity of up to 17.94 W/(m·K), which is about
7–17 times higher than that of ordinary thermal storage ceramics
(Lu et al., 2020; Shi et al., 2022). This is due to the fact that the
specimens prepared at 1,200°C are better sintered and have a lower
porosity than the specimens prepared at 1,100°C. The samples
prepared at 1,200°C consume less aluminium and have a higher
Al-12Si alloy content during the heating process compared to the
samples prepared at 1,300°C. When the sintering temperature is
higher than 1,200°C, even though the thermal conductivity of the
samples decreases, it is still much higher than that of the molten salt-
based thermal storage ceramics whose thermal conductivity is
improved by adding graphite (Yu et al., 2019; Yu and Tao, 2022),
for example,. This suggests that even though the sintering
temperature is much higher than the melting point of the Al-
12Si alloy particles, the Al-12Si alloy particles may still be
present in the initial form, and has successfully increased the
thermal conductivity of the samples.

From Figure 8, it can be seen that the latent heat values of the
ceramic thermal storage materials with different matrices show a

FIGURE 5
XRD patterns of (A) Pre-treated Al-12Si/alumina ceramic thermal storage material; (B) Pre-treated Al-12Si/silicon dioxide ceramic thermal storage
material; (C) Pre-treated Al-12Si/magnesium oxide ceramic thermal storage material; (D) Pre-treated Al-12Si/mullite ceramic thermal storage material
with different sintering temperatures.

Frontiers in Energy Research frontiersin.org07

Zhang et al. 10.3389/fenrg.2024.1455576

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1455576


decreasing trend with increasing sintering temperature, mainly due
to the fact that, with increasing sintering temperature, the amount of
aluminium oxidation in the Al-12Si alloy particles increases. Among
them, the latent heat value of pre-treated Al-12Si/magnesium oxide
ceramic thermal storage materials decreases rapidly with increasing
sintering temperature, which is mainly attributed to the leakage loss
of Al-12Si alloy particles. With the exception of Al-12Si/magnesium
oxide ceramic thermal storage materials, the latent heat values of the
three ceramic heat storage material samples were all above 140 J/g,

which is much higher than many reported values for heat storage
ceramics (Jiang et al., 2019).

From the above results and discussion, it can be seen that higher
sintering temperatures are beneficial to the mechanical properties
and thermal conductivity of the samples, but are not conducive to
maintaining the high latent heat of the Al-12Si alloy. Therefore, the
application of Al-12Si alloy as a phase change material in thermal
storage ceramics requires a balance between mechanical properties,
thermal conductivity and thermal storage properties.

FIGURE 6
SEM micrographs of (A,E,I) Pre-treated Al-12Si/alumina ceramic thermal storage material; (B,F,J) Pre-treated Al-12Si/silicon dioxide ceramic
thermal storage material; (C,G,K) Pre-treated Al-12Si/magnesium oxide ceramic thermal storage material; (D,H,I) Pre-treated Al-12Si/mullite ceramic
thermal storage material with different sintering temperatures.

FIGURE 7
(A) Compressive strength and (B) Density of different ceramic thermal storage material samples with different sintering temperatures.
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TABLE 3 Thermal conductivity of different ceramic thermal storage material samples with different sintering temperatures.

Ceramic thermal storage materials Thermal conductivity of samples at different sintering temperatures
W/(m·K)

1,100°C 1,200°C 1,300°C

Pre-treated Al-12Si/Alumina 8.331 13.75 10.99

Pre-treated Al-12Si/Silicon dioxide 9.341 16.28 11.25

Pre-treated Al-12Si/Magnesium oxide 10.96 16.91 13.13

Pre-treated Al-12Si/Mullite 12.85 17.94 14.82

FIGURE 8
DSC analysis of (A) Pre-treated Al-12Si/alumina ceramic thermal storage material; (B) Pre-treated Al-12Si/silicon dioxide ceramic thermal storage
material; (C) Pre-treated Al-12Si/magnesium oxide ceramic thermal storage material; (D) Pre-treated Al-12Si/mullite ceramic thermal storage material
with different sintering temperatures.
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Thermal cycling test of heat storage ceramics is also very
important as it can simply predict their service life. The less the
properties of the thermal storage material decay during the
thermal cycling test, the better its thermal cycling stability and
the longer its service life. This study focuses on the variation of
latent heat value of thermal storage materials with different
ceramic matrixes prepared at different sintering temperatures
after 100 thermal cycles, and the test results are shown in Table 4.
After 100 thermal cycles, the latent heat value of the Pre-treated
Al-12Si/Magnesium oxide Ceramic Thermal Storage Materials
decreased severely after the thermal cycle test, and serious
leakage loss of Al-12Si alloy particles occurred. The latent heat
value of the remaining three ceramic thermal storage materials
prepared at 1,100°C decreased seriously, mainly due to the more
serious leakage loss of Al-12Si alloy. The latent heat values of the
samples with sintering temperatures of 1,200°C and 1,300°C
decreased slightly. Especially, there is almost no significant
change in the samples prepared at 1,300°C sintering
temperature, which indicates that increasing the sintering
temperature is helpful to avoid the leakage of the Al-12Si alloy
phase change material. According to the literature (He et al.,

2015b; Zou et al., 2019), the presence of pores in Al-12Si alloys
after heat treatment at 1,200°C allowed the formation of
aluminium oxide by the contact of oxygen with the aluminium
liquid. In addition, these pores provide enough space for the melt
expansion of Al-12Si alloy particles. Therefore, if the sintering
temperature is not high enough (e.g., 1,100°C), the pores within
the alloy are not sufficient due to limited aluminium oxidation,
resulting in the Al-12Si alloy being more susceptible to leakage
during thermal cycling tests. As the sintering temperature
increases, more aluminium is consumed, resulting in more
internal pores in the alloy and a thicker external aluminium
oxide shell layer. This means that at sintering temperatures of
1,200°C and 1,300°C, the pores provide sufficient expansion space
while the outer alumina layer effectively prevents the flow of the
alloy, so that there is no significant leakage loss of the alloy after
thermal cycling tests.

The results provided in this study contribute to the preparation
and application of metallic phase change thermal storage ceramics
Table 5. Summarized the thermal performance of various materials
commonly used as well as the samples with potential thermal
behavior in this study.

TABLE 4 Latent heat of samples before and after thermal cycling.

Ceramic
thermal
storage
materials

Latent heat of samples at different sintering temperatures J/g

1,100°C 1,200°C 1,300°C

Before
thermal
cycling

After
100 thermal

cycles

Loss
rate
(%)

Before
thermal
cycling

After
100 thermal

cycles

Loss
rate
(%)

Before
thermal
cycling

After
100 thermal

cycles

Loss
rate
(%)

Pre-treated Al-
12Si/Alumina

155.69 152.39 2.12 149.30 146.55 1.84 141.51 139.85 1.17

Pre-treated Al-
12Si/Silicon
dioxide

156.95 152.67 2.73 147.65 145.67 1.34 146.77 145.51 0.86

Pre-treated Al-
12Si/Magnesium

oxide

134.83 125.84 6.67 117.69 110.76 5.89 104.50 98.98 5.28

Pre-treated Al-
12Si/Mullite

146.29 144.43 1.27 139.51 138.27 0.89 131.51 130.67 0.64

TABLE 5 Comparison of the samples in this study with commonly used phase change thermal storage ceramics.

Ceramic thermal storage
materials

Melting
temperature (°C)

Latent heat of phase
change (J/g)

Thermal conductivity
(W/(m·K))

Ref.

Al-25Si/Al2O3 577 108 2.16 Sakai et al.
(2020)

NaLiCO3/MgO 490 176.8 3.1 Li et al.
(2019)

Na2SO4-NaCl/mullite 624.6 132.6 — Jiang et al.
(2018)

NaKCO3/MgO 715 85.61 2.69 Li et al.
(2020)

Al-12Si/mullite in this study 580 139.51 17.94 —
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We demonstrate the possibility of preparing thermal storage
ceramic materials with both high latent heat value and high thermal
conductivity. At the same time, it is also feasible to achieve cycling
stability via examining their cycling durability for long-term use.

4 Conclusion

In this study, using Al-12Si as the phase change material and
four kinds of alumina, silicon dioxide, magnesium oxide, and
mullite as the ceramic matrix materials. Firstly, the Al-12Si alloy
particles were pretreated, and the pre-treated Al-12Si phase
change material with the Al-12Si/Al2O3 core-shell structure
was prepared, which effectively prevents leakage loss of Al-
12Si phase change material during use. The four pretreated
Al-12Si/ceramic composite heat storage materials were
prepared by mixing, pressing and sintering with ceramic
matrix materials. It further immobilizes the metal PCM,
prevents the loss of PCM, and improves the thermal cycle
stability and industrial applicability of phase change heat
storage materials. The results show that the chemical
compatibility between the Al-12Si phase change materials and
the four ceramic materials was good. At different sintering
temperatures, each of the four ceramic composite heat storage
materials shows similar microstructure, phase composition and
physical properties. According to the performance test results,
the pre-treated Al-12Si/mullite ceramic thermal storage
materials have better properties than the remaining three
ceramic thermal storage materials. In addition, at a sintering
temperature of 1,200°C, pre-treated Al-12Si/mullite ceramic
thermal storage materials exhibited the best performance due
to higher density and lower oxidation. The thermal conductivity
of the samples is up to 17.94 W/(m·K). The latent heat storage
value of the samples was 139.51 J/g before thermal cycling and
138.27 J/g after 100 thermal cycles, which only decreased by
0.89%, with almost no leakage loss of Al-12Si alloy, showing
excellent thermal cycle stability. In industrial production
applications will show high latent heat density, high heat
transfer efficiency and long service life. In this study, a kind
of metal-based heat storage ceramics with simple preparation
process, excellent performance and relatively low cost was
successfully prepared, which provides technical support and
theoretical basis for industrialized production and application.
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