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Abstract: Metallic phase change materials (MPCMs) are
attracting considerable attention for their application in
thermal energy storage. Al–Si alloys are considered poten-
tial MPCMs; however, to develop storage systems/mod-
ules, it is crucial to fabricate corrosion-resistant materials
for MPCMs. In this study, the corrosion behavior of
Co−28Cr−6Mo−1.5Si (wt%) alloy was examined via immer-
sion tests in commercial Al−Si alloy (ADC12)melt at 700°C
for 10 h. The results were compared to those obtained for
pure Al. Substrate thickness loss measurements revealed
that the liquid metal corrosion was more severe in the Al
−Si melt than that in pure Al, suggesting an increased reac-
tivity due to Si addition. Interfacial analysis elucidated a
direct reaction between the alloy substrate and molten Al
in both cases. Furthermore, the formation of oxides such as
Al2O3 and SiO2 did not contribute to corrosion resistance.
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1 Introduction

Substituting fossil fuels with renewable energy sources is
a global challenge that is the key to solving future energy
problems and developing a sustainable society. Recently,
the number of solar power plants has increased because
of the decreased cost of photovoltaic panels. However,
sunlight is unavailable at night leading to electric power
fluctuations. Moreover, the growth of renewable energy
sources often causes a mismatch between power supply
and demand, which is referred to as “overgeneration” [1].
Therefore, developing power storage technologies is cru-
cial to overcome the “duck curve” in solar power supply,
and to create a stable power supply and demand from
various energy sources.

Thermal energy storage (TES) is of great interest, as it
directly stores the sensible heat or latent heat of storage
materials [2]. Phase change materials (PCMs) [3] provide
a substantial quantity of heat owing to phase transitions
between different states, particularly solid–liquid transi-
tions during charging and discharging. Among the var-
ious types of PCMs proposed [3–5], salts are attractive
candidates because of their high heat-storage density
and suitable melting temperature [6]. However, the low
heat conductivity, corrosion activity, large change in
volume upon melting, significant overcooling, and costli-
ness of some salts are major drawbacks [6]. Therefore,
metallic phase change materials (MPCMs) with relatively
high thermal conductivity (∼1 to 2 orders of magnitude
greater than that of other PCMs) and relatively high volu-
metric density of energy [7] have received considerable
attention. Several alloy systems, such as Mg−Zn, Zn−Al,
Al−Mg−Zn, and Al−Si−Cu, have been proposed, and
their thermophysical properties have been reported [6].
Among them, Al−Si alloys are suitable heat-storage media
because of their high heat of fusion and thermal conductivity
[8,9]. Notably, Al–12Si (wt%) alloy, with a composition
similar to the eutectic composition in the Al−Si binary phase
diagram [10], is commercially available as a cast Al alloy and
is considered a cost-effective PCM. However, Al-based alloys
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are highly corrosive to steels, which are generally used as
container materials [11], forming intermetallic compounds
such as FeAl3 and Fe2Al3 [12,13]. Thus, there is an urgent
need to develop technologies and/or materials to mitigate
corrosion via interactions between molten Al and containers.

Liquid metal corrosion is a physicochemical process
involving the dissolution and transport of species, che-
mical reactions, and phase transformations [14]. In a pre-
vious study, biomedical Co–Cr–Mo alloys, generally used
for orthopedic and dental applications [15–17], were exam-
ined as potential mold materials for Al die casting [18,19].
A Cr2O3 film of Co−29Cr−6Mo (wt%) alloy substrate, which
was obtained via a prior isothermal oxidation treatment,
was effective in preventing the substrate dissolution by
acting as a barrier against attack from molten Al [18].
Moreover, a comparison with the Fe−29Cr−6Mo alloy coun-
terpart indicated the importance of the matrix composition
because the formation of Fe2O3 in the surface oxide film
lowered the corrosion resistance against molten Al [20].
Therefore, AISI H-grade steels containing Cr and Mo, which
are utilized for hot work tools and die-casting applications,
are easily attacked by molten Al and Al alloys. Some novel
steels with improved corrosion resistance in Al melt have
been reported [21,22]. Tunthawiroon et al. [19] reported that
the addition of Si to the Co−29Cr−6Mo alloy formed a homo-
geneous Cr2O3 film upon isothermal pre-oxidation treatment
[23,24], significantly improving the corrosion resistance of
the Al melt. Therefore, Co−Cr−Mo−Si alloys are considered
potential candidates as container materials in thermal sto-
rage systems/modules utilizing Al−Si PCMs. Recently, Yang
et al. [25] investigated the corrosion behavior of additively
manufactured CoCrWAlx alloys in 6061 Al–Si–Mg alloy at
710−800°C and determined an optimal Al alloying content
(2 wt%). However, the effect of adding Si to the Al melt
on the corrosion behavior of Co–Cr–Mo–Si alloys has
not been thoroughly elucidated. Although the high-tem-
perature corrosion of the containment material is a major
challenge in the TES technology [26], the relevant studies
have been limited. Sun et al. [27] reported that 304L-grade
stainless steel possessed better corrosion resistance in
Al–34Mg–6Zn (wt%) alloy than that in the C20 carbon
steel, although the difference in the corrosion rate in the
melt was not significant. Additionally, the detailed corro-
sion mechanism was not clear.

In this study, we examined the corrosion behavior of
a Co−Cr−Mo−Si alloy in pure Al and commercially avail-
able Al–Si alloys at 700°C to reveal the Si alloying effect
in the melt. To elucidate the intrinsic corrosion behavior of
the alloy, the specimens were not subjected to a pre-oxida-
tion treatment. The results indicated a higher reactivity in

the Al–Si melt and provided fundamental knowledge of
the interfacial reaction.

2 Materials and methods

A previous study [19] revealed that the corrosion resistance in
a pure Al melt was improved by adding Si to Co–28Cr–6Mo
alloys. Therefore, in this study, a Co–28Cr–6Mo alloy con-
taining 1.5 wt% of Si was designed, whereas the Si content
for biomedical Co−Cr−Mo alloys (according to the ASTM
F1537 standard) was 1 wt% or lower. An ingot weighing
approximately 30 kg was prepared via high-frequency
vacuum induction melting in Eiwa, Japan. The chemical
composition of the alloy is listed in Table 1. The ingot was
hot forged after homogenization heat treatment at 1,230°C,
followed by solution heat treatment at 1,230°C for 1 h. Hot
rolling was performed to produce bars of approximately
50 × 50mm2 in cross-section. Finally, solution heat treat-
ment was conducted at 1,150°C for 30min in a vacuum,
followed by Ar gas cooling.

Samples with a thickness of 3 mm were cut from the
bar using electrical discharge machining. The surfaces of
the samples were ground with emery paper, followed by
polishing with a 1 μm alumina suspension. The immer-
sion tests were conducted in pure Al (99.99 wt%) and Al
−Si alloys at 700°C for 10 h. The test temperature, which
is above the melting temperature of Al (660°C), is higher
than that used for the PCM applications; therefore, these
experiments could be regarded as an accelerated test.
Table 2 shows the chemical composition of the Al–Si
alloy, which is a commercial die-cast alloy (ADC12).
Pure Al or ADC12 was placed in an alumina crucible in
a muffle furnace. After static immersion tests, the sam-
ples were removed and cooled in air. The sample thick-
ness before and after the immersion tests was measured
based on the cross-sectional images obtained via optical
microscopy (DM2700 M, Leica, Germany). The thickness
loss (ΔX) was defined as follows [18]:

=

−X X XΔ
2

,0 (1)

Table 1: Chemical composition of the Co–28Cr–6Mo–1.5Si alloy
prepared in this study (wt%)

Co Cr Mo Si Mn Fe Ni C N

Bal. 27.4 6.17 1.39 0.61 0.11 0.01 0.058 0.18
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where X0 and X represent the sample thickness, before
and after immersion, respectively.

Before the immersion tests, the microstructure was
characterized using field-emission scanning electron micro-
scopy (FE-SEM; JSM-IT800, JEOL, Japan) at 15 kV. SEM
images were acquired in backscatter electron (BSE) mode.
Electron backscatter diffraction (EBSD; JSM-IT800, JEOL,
Japan)measurements were conducted at 20 kV. Data collec-
tion and analysis were performed using OIM Collection/
Analysis software (ver. 7.3, EDAX, USA). The interfaces
between Al and the substrate were cut from the immersed
samples using a precision cutter (IsoMet LS, Buehler, USA)
and examined using a field-emission electron probe micro-
analyzer (FE-EPMA; JXA-8530 F, JEOL, Japan) at an accel-
eration voltage of 15 kV. The cross-sections for SEM and
EPMA were prepared via mechanical grinding using emery
paper (up to #3000, Struers, Japan), polishing with a 0.3 µm
alumina suspension (AP-A, Struers, Japan), and mirror-fin-
ishing using a 0.04 µm colloidal silica suspension (OP-U,
Struers, Japan).

3 Results and discussion

Figure 1 shows the SEM-BSE image, inverse pole figure
(IPF) map, and boundary map of the initial microstruc-
ture of the Co–28Cr–6Mo–1.5Si alloy substrate before the
immersion tests. Equiaxed grains with annealing twins

are observed. The microstructure consists primarily of a
face-centered cubic and γ phase. The ε phase generally
exhibits a plate-like martensite with a hexagonal close-
packed structure; however, it is not identified here. EBSD
measurements show that the average grain size of the
alloy is approximately 100 μm. Although Si addition gen-
erally facilitates the formation of intermetallic phases (σ and
μ phases) [24,28], negligible precipitates are obtained for
1.5 wt% composition. The corresponding EPMA analysis
reveals homogeneous distributions of alloying elements
and the presence of some SiO2 particles (Figure S1). There-
fore, the microstructure does not show any significant dif-
ference from those obtained in the biomedical-grade alloys
(Si content ≤1.0 wt%).

Table 3 shows the results of the static immersion tests
in pure Al and Al–Si alloy melts at 700°C for 10 h. The
thickness losses of the Co–28Cr–6Mo–1.5Si alloy sub-
strates under identical conditions (temperature and dura-
tion) were approximately twice as high for the ADC12
melt than for the pure Al counterpart, suggesting that
adding Si to the Al melt facilitates the dissolution of the
Co−Cr−Mo alloys. Previous studies have demonstrated
that the thickness loss of Co–28Cr–6Mo alloys continu-
ously increased with immersion time [18]; however, the
corrosion rate decreased with increasing alloyed Si con-
tent [19].

Figure 2 shows SEM-BSE images of the Al/substrate
interfacial regions. Both images indicate that the dissolution

Table 2: Chemical composition of ADC12 used in this study (wt%)

Al Si Fe Cu Mg Zn Ti

Measured Bal. 10.44 0.72 1.88 0.20 0.52 0.15
Standard Bal. 9.6−12.0 <1.3 1.5−3.5 <0.3 − −

Figure 1: (a) SEM-BSE image, (b) IPF map, and (c) boundary map of the initial microstructure of the Co–28Cr–6Mo–1.5Si alloy substrate prior
to immersion tests. In the boundary map, the black, blue, and red lines represent high-angle boundaries (15° ≤ θ), low-angle boundaries (2°
≤ θ < 15°), and annealing twin boundaries, respectively.

Table 3: Thickness losses of the Co–28Cr–6Mo–1.5Si alloy sub-
strates in the pure Al and ADC12 melt at 700°C for 10 h

Thickness loss, ΔX (μm)

Pure Al 129 ± 19
ADC12 251 ± 16
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Figure 2: SEM-BSE images for interfaces between the Co–28Cr–6Mo–1.5Si alloy substrate and Al melt: (a) pure Al and (b) ADC12.

Figure 3: EPMA elemental mapping results for the interfacial region after immersion tests at 700°C for 10 h in molten: (a) pure Al and
(b) ADC12.
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of the Co–28Cr–6Mo–1.5Si alloy substrate occurs during
immersion, causing a contrast in the solidified Al portions.
Interfacial layers, which represent cracks, are observed
under both the conditions.

Figure 3(a) shows the EPMA elemental mapping
results for the interfacial region after the immersion test
in pure Al. The results indicate that Co, Cr, andMo dissolve
in the pure Al melt during immersion at 700°C. Co is pre-
ferentially located closer to the Co−Cr−Mo alloy substrate.
No significant convection was expected during the static
immersion tests. Thus, the spatial elemental distribution
could be correlated with the diffusion coefficient of Co in

liquid Al, which is slightly higher than that of Cr at 700°C
[29], although the solidification process after the immer-
sion test can also affect such distributions. The interfacial
region where cracks were observed in Figure 2(a) corre-
sponds to the oxide layer. Similarly, Figure 3(b) clearly
shows the dissolution of the Co–Cr–Mo alloy substrate in
molten ADC12. The distributions of dissolved Co, Cr, and
Mo in the melt are similar to those in the pure Al melt.
Notably, the distributions of Cr, Mo, and Si suggest a
strong interaction between these elements, and the Si con-
centration is lower in the vicinity of the Co–Cr–Mo alloy
surface.

Figure 4: High-magnification EPMA elemental mapping results for the interfacial region after immersion tests at 700°C for 10 h in molten:
(a) pure Al and (b) ADC12.
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Figure 4 shows high-magnification EPMA elemental
maps of the interfacial regions. The Co−Cr−Mo alloy repre-
sents Mo-rich σ-phase precipitation that is potentially
associated with a partial γ → ε phase transformation
[30]. Detailed EPMA analysis reveals that the Co−Cr−Mo
alloy substrate is in direct contact withmolten Al, as the Al
and O distributions do not overlap, which leads to contin-
uous dissolution. According to the Ellingham diagram, the
most favorable oxide among the relevant elements (Co, Cr,
Al, and Si) is Al2O3. The formation of Al2O3 is only observed
on the metal Al layer, which does not act as a barrier.
Although Si is distributed in the oxide layer and SiO2 is
formed, Si is not homogeneously distributed at the inter-
face. This is true for molten ADC12 despite the higher Si
content in the melt (Figure 4(b)). Furthermore, Cr2O3,
which can act as a barrier against molten Al [19], is not
clearly observed on the Co−Cr−Mo alloy surface after
immersion. Thus, the dissolution of the Co–Cr–Mo alloys
occurs via direct reaction with molten Al. These results are
attributable to the low oxygen concentration in the Al and
ADC12 used in this study because the solubility of oxygen
in Al is extremely small; therefore, it is difficult to form a
homogeneous protective oxide layer in molten Al. More-
over, molten Al reduces other oxides, such as CoO, Cr2O3,
and SiO2, to form Al2O3 [19].

The results suggest that the reactivity of ADC12 was
higher than that of pure Al. Notably, according to the Al−Si
binary phase diagram [10], the liquidus temperature of
Al decreases from 659.7°C for pure Al to 577°C in the
eutectic composition (12.6wt%). Thus, the test tempera-
ture (700°C) relative to the liquidus temperature was
higher in ADC12 than that in pure Al, which could have
caused corrosion. The addition of Cu (1.88 wt% concentra-
tion) in the ADC12 also reduces the liquidus temperature,
although its contribution is much less significant than that
of the Si because of its lower concentration. The high-
temperature characteristics of liquid Al, such as viscosity
and wettability with Co−Cr−Mo alloys, require further ana-
lysis. Detailed mechanism of the more severe corrosion
related to the ADC12 melt would be further investigated.
The interfacial reaction reported in this study could improve
alloy designs and contribute to applications in thermal sto-
rage modules.

4 Conclusions

In this study, the corrosion behavior of Co–28Cr–6Mo–1.5Si
alloy in pure molten Al and ADC12 was examined for its
potential application in TES. The thickness losses were

evaluated after static immersion tests at 700°C for 10 h,
and the interfacial reactions were examined. The main con-
clusions of this study are summarized as follows:
• The initial microstructure of the Co–28Cr–6Mo–1.5Si
alloy after annealing at 1,150°C for 30min consisted
of equiaxed γ grains with no significant texture. The
average grain size was approximately 100 μm.

• The thickness loss of the substrates measured after 10 h
of immersion at 700°C was approximately twice as high
in the ADC12 melt.

• The interfacial analysis suggested that although the
formation of Al2O3 and SiO2 was observed at the inter-
faces in both the pure Al and ADC12 melt, molten Al
was in direct contact with the substrate in both cases.
This led to a continuous increase in dissolution as time
progressed.
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