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Abstract

This study introduces a novel (Alo.sSio.2)100—«Biz (z =1, 2, 3, 4, and 5 at.%) phase change
energy storage alloy, showcasing high heat capacity for energy regulation and heat management
applications. We investigated the influence of Bi content on the alloy’s microstructure, thermal
properties, high-temperature stability, and container compatibility using optical microscopy,
DSC, XRD, SEM, and EDS. Adding 4 wt.% Bi significantly refines the microstructure, evi-
denced by reduced eutectic silicon size and increased grain boundaries. The (Aly.gSio.2)96Bis
alloy achieved a maximum enthalpy change of —397 J g~! and exhibited phase change tempera-
tures of 500-600 °C, suitable for diverse high-temperature applications. The phase composition
remained stable after 100 thermal cycles at high temperatures. Static corrosion tests at 560 °C
for 240 h revealed enhanced compatibility with SS304 containers, attributed to a dense oxide
layer formed by accelerated Cr and Ni atom diffusion through increased grain boundaries.
This layer effectively prevents further diffusion of Al and Fe atoms, demonstrating the alloy’s
improved suitability for practical applications.

Key words: Al-Si-Bi alloys, energy storage materials, high-temperature thermal cycling,

container compatibility

1. Introduction

Energy storage technology is pivotal in enhanc-
ing energy production and consumption and is a cor-
nerstone for developing renewable energy sources. In
solar thermal power generation systems, the thermal
storage module can reach temperatures of 500-600 °C;
molten salts, commonly used as high-temperature
phase change energy storage materials, are hindered
by low thermal conductivity and heat capacity [1, 2].
Researchers have shown significant interest in develop-
ing energy storage alloys suitable for high-temperature
environments in recent years. The Mg-Cu systems [3]
and Mg-Al systems are commonly studied [4]. Mg-Cu-
-based alloys often have relatively small phase change
enthalpy, resulting in higher energy consumption in
practical applications. Al-Mg-based alloys have a high

specific heat capacity and exhibit poor thermal stabil-
ity. With the recognition of the problems existing in
Mg-Cu and Mg-Al alloy systems, finding a type of en-
ergy storage alloy with high heat capacity and thermal
stability is crucial.

The excellent phase change performance of Al-Si
alloys has gradually attracted the attention of re-
searchers. Wang et al. [5, 6] investigated the ther-
mal storage performance and reliability of binary
Al-Si phase change alloys and revealed that the al-
loy exhibits a high phase transition enthalpy of up
to 560Jg~!, satisfying the requirements for high-
temperature thermal storage modules in solar thermal
power generation. In the study conducted by Zhang
et al. [7], the effect of Al-Si alloy liquid on the high-
temperature corrosion behavior of 310S stainless steel
was conducted; it was found that the alloy exhib-
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ited significant corrosiveness towards iron-based con-
tainers, leading to issues such as leakage during us-
age. To enhance the application of Al-Si alloys in the
field of energy storage, many researchers have focused
on alloying approaches to regulate the alloy composi-
tion and mitigate the corrosion of container materials.
Rawson et al. [2] added Cu element to Al-Si-based al-
loy and observed that the compatibility with alumina
and graphite was better than that of Fe-based metals.
Van Ende et al. investigated the influence of oxygen
content on the interfacial reaction between Fe and Al
[8], and showed that the effective control of the sub-
strate’s oxygen content or oxide content can effectively
inhibit the permeation of Al atoms. Some studies [9,
10] have also shown that adding a suitable amount
of low-melting-point metallic elements of Ga, In, and
Bi in the alloy can accelerate the oxidation rate of the
substrate without affecting its overall performance. Ga
and In have relatively low melting points and are un-
suitable for high-temperature environments. Bi is usu-
ally used as self-lubricating materials [11, 12] and load-
-bearing materials; however, there is relatively little
research on energy storage applications. The addi-
tion of Bi has been observed to alleviate the crack-
ing effect on the matrix, leading to an overall im-
provement in the mechanical properties of the Al-Si-
Bi alloy [13]. Bi exists in a highly dispersed free state
within high-silicon aluminum alloys, positively influ-
encing the quantity, distribution, particle size, and
roundness of primary silicon [14]. Wei et al. [15] uti-
lized Al-Bi powder as a material for hydrogen produc-
tion and investigated its thermal and physical proper-
ties as a phase change energy storage material. The re-
sults demonstrated the commendable reusability and
structural stability of Al-Bi powder, positioning it as a
potential material for heat storage in concentrated so-
lar power plants. Therefore, adding Bi has varying de-
grees of favorable impact on Al-Si-based alloys. How-
ever, the influence of Bi on the microstructure and
properties of Al-Si alloys, as well as their thermal sta-
bility and compatibility with different container mate-
rials, is in urgent need of systematic research. The cor-
rosion mechanisms in high-temperature environments
are all areas that warrant further investigation.
Al-Si-based alloys have emerged as prominent can-
didates in phase change energy storage materials due
to their remarkable thermal properties and high-
temperature stability. However, optimizing their mi-
crostructural characteristics and container compatibil-
ity remains a critical challenge, particularly for high-
temperature applications. This article focuses on the
strategic incorporation of the Bi element into Al-Si-
-based alloys to enhance their performance. Specif-
ically, we aim to systematically explore the effects
of varying Bi content on the microstructure, ther-
mophysical properties, and high-temperature stability
of Al-Si-based phase change energy storage materials.

Furthermore, recognizing the importance of material-
container interaction, we endeavor to identify the opti-
mal container material and analyze its corrosion resis-
tance mechanism in conjunction with our developed
alloys. By addressing these aspects, our study seeks
to bridge the existing research gap and contribute to
advancing phase change energy storage technologies,
particularly in high-temperature applications.

2. Experimental
2.1. Materials preparation

The experiment utilized industrial pure Bi
(99.99 %) and an Al-20%Si intermediate alloy. A ce-
ramic crucible was selected, and a ZHF30-3 vacuum
tungsten electrode arc furnace was used. The melt-
ing temperature was set at 700°C, and the heat-
ing rate was 20°Cmin~—! using continuous heating.
The designed proportions of the Al-20%Si interme-
diate alloy were added to the crucible. Once the
Al-20%Si intermediate alloy was completely melted,
Bi powder wrapped in aluminum foil was added. Af-
ter a 10-minute holding time, a tiny amount of boron
was added to improve the mechanical properties [16],
and R J-2 refining and covering agents were added
to the melt, followed by a 30-minute holding time.
The ingots were melted at least four times to ensure
chemical homogeneity. All materials were cooled in
the furnace. This uniform cooling approach was ap-
plied to ensure consistency in the treatment of each
specimen. This process produced (AlggSip.2)99Bis,
(Alg.8Sig.2)98Biz, (Alg.sSio.2)97Bis, (Alg.gSio.2)e6Bis,
and (Alg.gSig.2)95Bis alloys with different Bi contents.

2.2. Measurements of thermophysical
properties

The density of samples with different composi-
tions was measured by using Archimedes’ method. To
ensure the accuracy of the experimental data, three
groups of samples at different positions were randomly
selected and measured three times, and the average
value was taken. Rectangular samples with the size of
20 x 20 x 12mm3 were first weighed in air (recorded
as w,) and then submerged in water and weighed
again (recorded as wg) at a given temperature. The
density of the measured sample (p) was determined by
P = pwWa/(wa — ws), where py, is the density of water.
X-ray techniques were not used for porosity evaluation
in our samples. Instead, metallurgical examinations of
various sections revealed minimal porosity. This sug-
gests a near-zero porosity rate, which is important for
assessing material density and integrity.

The microstructures were observed using an opti-
cal microscope (Leica DMI 3000, Leica, Germany ), en-
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Table 1. Chemical composition of container material (wt.%)

Material C Si Mn Cr Ni S P Fe

X70 <0.16 <0.45 < 1.70 - - <0.01 <0.02 Balance
304 <0.08 < 1.00 <2.00 18.0-20.0 8.00-10.0 <0.03 < 0.045 Balance
2Cr13 0.16-0.25 < 1.00 < 1.00 12.0-14.0 < 0.60 <0.03 < 0.040 Balance

suring a representative sample selection by following a
randomized sampling method across different batches.
The thermal stability was tested using a ZHF30-3 vac-
uum tungsten electrode arc furnace. AloO3 crucibles
were used for the test. The temperature range for the
thermal cycling was set from 560 to 620°C. This tem-
perature range constituted one thermal cycle repeated
for 100 cycles. Differential scanning calorimetry (DSC)
analysis was conducted on the extracted samples us-
ing a NETZSCH STA 449C instrument to analyze the
effects of the number of cycles on the phase transition
temperature and latent heat of the energy storage al-
loy. X-ray diffraction (X'PertPro MRD) analysis was
performed to analyze the phase composition after dif-
ferent numbers of cycles. By comprehensively evalu-
ating these results, the thermal stability of the alloy
was determined.

2.3 Static crucible reaction experiments

The compatibility between Al80Si20 and
(Alp.sSip.2)96Bis alloy and container materials was
evaluated through the immersion corrosion method.
The container materials included SS304 stainless steel
(40 x 13.1 x 2mm?), 2Cr13 steel (40 x 13.1 x 2mm?)
and X70 steel (4 x 13.1 x 2mm?®). The composition
and content of the specimen materials are shown in
Table 1.

Before the experiment, the SS304 stainless steel,
2Cr13 steel, and X70 steel specimens were subjected
to surface cleaning using an ultrasonic cleaning de-
vice for 15 min. The cleaned specimens were dried
and weighed. The samples were suspended in six dif-
ferent alumina crucibles. Three crucibles were filled
with Al80Si20 alloy, while the remaining crucibles
were filled with (Alg.gSig.2)9eBis alloy. The alumina
crucibles were first placed in a vacuum tungsten arc
furnace, and the temperature was set to 200°C. After
reaching the desired temperature, a 10-minute dwell
time was applied. The temperature was then raised
to 500°C and maintained for 15 min. Finally, the tem-
perature was set to 560°C and held constant. After
24, 72, 144, and 240 h immersion, the suspended sam-
ples were individually retrieved and promptly cleaned
to remove the surface metal film. The corrosion rate
was determined through weight measurement. SEM
observations using a Zeiss Ultra-55 Scanning Electron
Microscope were carried out.

The calculation formulas of corrosion rate and cor-

rosion layer thickness are shown in Eq. (1) and Eq.
(2), respectively:

AW

= — 1
=il M
AW

where V is the corrosion rate (gmm=2h~1), AW is
the mass change before and after corrosion (g), A is
the surface area of the sample (mm?), X is the thick-
ness of the corrosion layer (mm), p is the material
density (g mm~3), and ¢ is the corrosion time (h).

3. Results and discussion
3.1. Microstructure analysis

Figure 1 illustrates the microstructure of
(AIO.SSiO.Q)l()O_g;Bi:]; (I = 1, 2, 3, 4, and 5 at%) alloy.
The light-colored region represents the a-Al phase,
while the dark-gray region represents the Si crystals
formed in the eutectic structure. Figure la displays
the as-cast microstructure of the Al-20% alloy with-
out adding Bi. The microstructure is predominantly
composed of unevenly distributed, large-sized coarse
rod-like eutectic silicon, with an average contour size
ranging from 50 to 120 um.

Figures 1b—d present the as-cast microstructures
of alloys with the addition of 1.0 % Bi, 2.0 % Bi, and
3.0 % Bi, respectively. The complex skeleton arrange-
ment is mainly formed by lamellar Si, as also described
by Farahany et al. [14]; Bi has surface activity, which
can reduce the surface tension of Al alloys. By re-
ducing the liquid surface tension within the eutectic
phase (the layered structure of Al and Si), Bi can re-
duce the contact angle between Al and Si, making it
easier for Al to wet Si particles and encapsulate Si
growth peaks, thereby limiting their growth. As seen
in Fig. 1, with increased Bi content, the average size
of the eutectic silicon structure decreases. The mor-
phology transitions from coarse rod-like structures to
finer, short rod-like structures, gradually rounding the
angles. When the Bi content reaches 4.0 % (Fig. le),
the eutectic silicon structure is fully refined, exhibit-
ing a densely distributed worm-like morphology. After
increasing the Bi content to 5.0 % (Fig. 1f), there are
no significant changes in the distribution and mor-
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Fig. 1. Optical microstructure of (Aly.gSio.2)100-«Bi. alloy: (a) z = 0 at.%, (b) x = 1 at.%, (c) x = 2 at.%, (d) x = 3 at.%,
(e) x = 4at.%, and (f) x = 5 at.%.

phology of the eutectic silicon structure compared to
Fig. le. The microstructure of the eutectic silicon in
the as-cast alloy evolves from coarse rod-like struc-
tures to finer short rod-like structures and ultimately
to a dense worm-like structure.

The presence of Bi leads to a reduction in the
crystallization undercooling and the adsorption of Bi
atoms at the silicon growth interface, resulting in the

formation of multiple twinned crystals. This inhibits
the preferred growth orientation of the eutectic sil-
icon. The incorporation of Bi replaces the conven-
tional polyhedral structure and modifies the primary
Si structure into a complex crystal with intersecting
spines, approximately at a 90-degree angle to the Si
angles [17, 18]; Bi mainly accumulates at the ends and
edges of the eutectic silicon and primary silicon, par-
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ticularly at the angles between silicon dendrites and
at the turning points. This increased enrichment or
segregation of the Bi phase promotes necking in these
regions, leading to the spheroidization of the silicon
phase [19]. Higher Bi content results in more nucle-
ation sites and grain boundaries, leading to a decrease
in crystal size and a change in morphology. The pres-
ence of Bi inhibits the growth rate of the eutectic sil-
icon crystals. This is because Bi interacts with silicon
to form compounds or solid solutions with high inter-
facial energy, thereby hindering crystal growth. The
difference in interfacial energy between Bi and Si and
the segregation effect of Bi also influence the mor-
phology and distribution of the eutectic silicon. As
the Bi content increases, the difference in interfacial
energy decreases, resulting in a transition of the eutec-
tic silicon morphology from coarse rod-like structures
to finer short rod-like structures, ultimately forming
a densely distributed worm-like structure. The addi-
tion of Bi may also alter the composition distribution
in the alloy, thereby influencing the morphology and
distribution of the eutectic silicon. The optimal refine-
ment effect of the eutectic silicon is achieved at a Bi
content of 4 %. This is because the synergistic effects
of the aforementioned factors reach an optimal state,
resulting in the most desirable morphology and distri-
bution of the eutectic silicon.

3.2. Thermophysical property characterization

The DSC curves for (Al()_gSi().Q)l()()_xBix (I = 1,
2, 3, 4, and 5 at.%) alloys are displayed in Fig. 2a.
As can be seen, the phase transition temperatures
decrease with increasing Bi content. The exothermic
peaks during heating can be observed for all alloys,
and the phase transition temperatures are in the range
of 500-600°C (Fig. 2a). These high phase transition
temperatures confer such alloys great potential for
high-temperature thermal energy storage applications
[20]. The addition of Bi was for tuning phase transition
temperatures to satisfy the desired operating tempe-
ratures of different applications. The forward and re-
verse phase transition start and finish temperatures,
Ts, Tt, and Tp, were determined from the DSC curves
(Fig. 2b) using the tangent method. The phase tran-
sition temperatures decrease with increasing Bi con-
tent. The T; for x = 0 is 629°C and that for x = 5 is
517°C. This shows that the phase transition tempera-
tures can be tuned over a broad temperature range by
composition variation.

The density of (Al()_gSi()_Q)l()()_l-Bil- (I = 1, 2, 3,
4, and 5 at.%) alloys is displayed as a function of
Bi content in Fig. 2c. It increases slightly with in-
creasing Bi content owing to the addition of the high-
density Bi (9.80 g cm~3), which is in the range of 7.21—
7.27gcm ™ and much higher than that of organic,
inorganic salt and hydrated salt PCMs [21-23]. The
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Fig. 2. Calorimetric results for the (Alp.sSio.2)100—2Biz al-
loys (z =1, 2, 3, 4, and 5 at.%): (a) DSC curves, (b) phase
transition temperatures, and (c) density.

large latent heat of phase transition and the high den-
sity give rise to a large volumetric thermal energy stor-
age capacity. It was found that the microstructure and
phase transition temperature range of alloys undergo
a critical transition when = = 4 at.%. Therefore, the
properties of (AlpgSip.2)9sBis alloy will be analyzed
separately below.
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integral plot of enthalpy change calculation, (b) DSC
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mal cycles across phase transition, and (¢) XRD pattern
after thermal cycling.

The heat absorbed during the phase transition of
the (Alp.sSip.2)9sBis alloy is known as the enthalpy
of fusion. The enthalpy change was obtained by inte-

grating the area of the exothermic and endothermic
peaks on the DSC curves (Fig. 3a). Calculations show
that the phase transition enthalpy is 384.6 J g~ 1. Com-
pared to Al-20Si alloy (phase transition enthalpy of
375-394 J g1 [13]), the (Aly.gSip.2)96Bis alloy results
in a narrowed phase transition range and a 16.3 % re-
duction in the phase transition enthalpy.

Figure 3b presents the DSC and peak trend curves
of the (Aly.sSip.2)9sBis alloy after different thermal
cycling cycles. The DSC curve trends after 0, 20, 50,
and 100 thermal cycles are nearly identical, with peaks
around 514°C. This indicates that with an increasing
number of cycles, the phase transition temperature of
the alloy does not show significant variation. However,
as the number of thermal cycles increases, the tem-
perature range in which the peak appears gradually
shifts to the right. According to the data in Table 2,
after 20, 50, and 100 thermal cycles, the peak tempera-
ture of the alloy’s phase transition increases by 0.36,
0.56, and 0.70 %, respectively. The phase transition
enthalpy decreases from the initial value of —397 to
-392.0J g1, further decreasing to —384.6Jg~!, and
ultimately reaching —379.7J g1, corresponding to re-
ductions of 1.3, 3.2, and 4.4 %, respectively. After un-
dergoing 100 cycles of high-temperature thermal cy-
cling, the peak temperature gradually increases with
a growth rate of 1 %.

Adding Bi narrows the phase transition tempera-
ture range of the (AlpgSip.2)9sBis alloy. This is at-
tributed to modifying the crystal structure or atomic
interactions by incorporating Bi, resulting in a re-
duced energy requirement during the phase transi-
tion process. After multiple thermal cycles, the phase
transition temperature of the alloy remains relatively
unchanged, but the peak temperature gradually in-
creases. This indicates that the thermal cycling pro-
cess induces subtle changes in the crystal structure,
leading to a slight elevation of the peak temperature.
It is generally believed that the melting temperature
is associated with the interfaces within the crystal
structure. The atomic free energy at the interfaces is
usually higher, resulting in lower thermodynamic sta-
bility during the melting process and promoting het-
erogeneous nucleation [24]. Melting may initiate from
the interfaces, such as grain boundaries, and thus, the
more interfaces present, the lower the energy barrier,
leading to a lower melting temperature. Typically, in-
terfaces decrease with an increasing number of cycles,
implying that the melting point temperature may in-
crease with an increasing number of cycles, explain-
ing the evolution of the melting point temperature in
the (Alp.gSip.2)esBis alloy. Zhao et al. [25] observed
an increase in phase transition temperature and a de-
crease in phase transition enthalpy with an increasing
number of cycles in their investigation of the ther-
mal stability of Al-7Si alloy. Rudolph et al. [26] found
that the increase in melting point temperature could
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Table 2. (Alp.sSio.2)96Bis DSC data after different thermal cycling heat

Cycle-index Ts (°C) T: (°C) Ty (°C) AH (Jg™h
0 cycles 498.0 554.3 516.1 -397.3
20 cycles 498.3 555.2 518.1 -392.0
50 cycles 498.5 556.8 519.3 -384.6
100 cycles 498.8 567.1 520.1 -379.7

be attributed to the reduction of crystal defects after
thermal cycling, leading to an increase in the nucle-
ation energy barrier for crystal melting. The changes
in these defects result in an increase in the energy re-
quired during the phase transition, thus raising the
melting point temperature. The enthalpy is related
to entropy change, which typically decreases and sta-
bilizes due to energy dissipation caused by thermal
stresses, interfaces, defects, grain orientation, etc. This
is consistent with the variation in latent heat observed
in the (Alo,gSio‘2)96Bi4 alloy.

Figure 3c presents the XRD patterns of
(Aly §Sip.2)96Bis alloy after different thermal cycling.
The XRD reveals the presence of multiple crystalline
phases, including the a-Al phase, AlFeSi phase, Al;03
phase, and elemental Bi phase. The formation of the
AlFeSi phase, which arises from the interaction be-
tween iron, silicon, and aluminum in the original al-
loy, remains stable after thermal cycling. The pres-
ence of oxygen or oxidation on the alloy surface dur-
ing the thermal cycling process results in forming the
Al;O3 phase. The presence of Bi is attributed to the
lack of compound formation with other elements dur-
ing the thermal cycling process. These different crys-
talline phases result from the combined influence of
alloy composition, interaction during thermal cycling,
and oxidation state of the material. The absence of the
Si phase is attributed to the non-equilibrium heat flow
conditions in the experiment [27]. The phase composi-
tion of the alloy samples does not undergo significant
changes after different cycles of thermal cycling; only
differences in peak intensities are observed. This indi-
cates that the structure of the (Alg.gSig.2)9sBis alloy
remains largely unchanged after 100 cycles of high-
-temperature thermal cycling near the melting point.

3.3. Compatibility experiments

Figure 4a depicts three-dimensional plots of cor-
rosion time and corrosion layer thickness for various
container materials in different energy storage me-
dia at 560°C high-temperature conditions. As shown
in Fig. 4a, the corrosion layer thickness of the con-
tainer materials increases with the corrosion time in
different energy storage medium environments. After
corrosion for 72h, the color change in the corrosion
layer thickness of 2Crl3 and SS304 tends to stabi-
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lize, indicating that their corrosion layer thickness be-
comes relatively constant. Significant differences exist
in the corrosion resistance performance of three con-
tainer materials in the same energy storage medium.
X70 steel shows the maximum increase in corrosion
layer thickness after 240 h of corrosion, while the per-
formance of SS304 steel is relatively outstanding. The
corrosion behavior of the same container material also
varies in different energy storage media. The increase
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in corrosion layer thickness when in contact with the
AlgoSiag energy storage medium is significantly higher
than when in contact with the (AlggSizg)gsBis energy
storage medium.

Figure 4b presents corrosion time and corrosion
rate curves for different container materials in con-
tact with different energy storage media. With the
increasing corrosion time, the corrosion rates be-
tween all container materials and energy storage me-
dia tend to decrease. The corrosion rate curves of the
2Cr13 and SS304 container materials gradually level
off with time. X70 steel exhibits a higher corrosion
rate, while SS304 steel has the lowest corrosion rate.
The corrosion rate of the (AlggSiag)esBis is slightly
lower than that of the AlgySizg, suggesting that the
(AlgoSizg)9sBis exhibits enhanced compatibility with
SS304.

Figure 5a shows the cross-sectional SEM image of
SS304 in contact with (Aly gSig.2)9sBis after static ex-
posure at 560°C for 240 h. In our study, we employed
standard scanning electron microscopy (SEM) tech-
niques for microstructural analysis. While backscat-
tered electron imaging was not utilized, the applied
SEM methods provided sufficient resolution to observe
the pertinent microstructural features, especially re-
garding the influence of bismuth on grain size and
phase composition. The alloy melt has penetrated the
surface of SS304, with a penetration depth of approx-
imately 50 pum. There is partial bonding between the
SS304 substrate and the alloy melt. From Fig. 5c, a
transitional layer exists at the contact interface be-
tween the SS304 substrate and the alloy melt. Com-
bined with EDS mapping, the transitional layer is
composed of two phases: a bright white phase rich in
Al and a dark black phase rich in Fe.

Due to the excellent wetting ability of Al atoms on
the surface of Fe-based metals and the low heat of for-
mation of FeAls in Al-Fe compounds, the FeAl; phase
is initially formed at the contact interface between the
(Alp.8Sip.2)96Bis alloy melt and the Fe-based material.
With increasing time and infiltration of Al melt, a
concentration gradient exists in the transitional layer.
Therefore, the newly formed FeAls phase gradually
diffuses and accumulates towards the interior of the
alloy melt. Due to the different crystal structures be-
tween intermetallic compounds and metals, under the
influence of microstructural transformation stresses
[28], the newly formed FeAl; phase on the surface of
the SS304 substrate partially flakes off and dissolves,
exposing fresh substrate, which then recontacts with
the Al melt to form intermetallic compounds. This
process repeats continuously, allowing for mutual infil-
tration and fusion of the two phases. Similar phenom-
ena have also been observed by Heumann et al. [29] in
the study of the interfacial layer formation mechanism
during the hot-dip aluminization of steel. When liquid
Al comes into contact with solid steel, mutual diffusion

(Alo,sSio2)Bi4.

4

Section

Fig. 5. Static reaction experiment cross-section of SS304
in (Alp.8Sio.2)96Bis at 560°C for 240 h: (a) labeled SEM
image; (b) EDS line scan results, and (c) SEM image.

of Al and Fe atoms occurs at the interface, forming
the FeAl; phase. Due to concentration fluctuations,
a small region within the FeAl; layer with a concen-
tration equivalent to the FeyAls phase is formed, and
recrystallization of the phase starts from the surface
of the FeAls phase, promoting the growth of FepAls
in the diffusion direction.
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Al melt and Fe corrosion is mainly diffusion cor-
rosion [30], also known as AlFe co-diffusion corrosion.
Therefore, the growth of the corrosion layer thickness
follows a parabolic law. During the corrosion process,
the presence of Cr and Ni elements in the container
materials, 2Cr13 and SS304, plays a crucial role. Ini-
tially, the Cr and Ni elements undergo oxidation, form-
ing a protective CryO3 film. Subsequently, they react
with NiO to generate a dense spinel structure known
as NiCrO4 [31-35]. This compact lattice structure ef-
fectively impedes the diffusion of Al atoms into the
steel matrix, thereby reducing the thickness of the
corrosion layer and lowering the corrosion rate. Con-
versely, X70, which lacks these elements, experiences
a faster growth of the corrosion layer, primarily com-
posed of AlFe co-diffusion layers. Furthermore, adding
Bi refines the grain structure of (AlggSiag)9sBis energy
storage material. Since grain size and the number of
grain boundaries are inversely proportional, increas-
ing the number of grain boundaries promotes atomic
diffusion [36]. Recent research highlights the influence
of grain boundary density on atomic diffusion rates.
Xiao et al. [37] found that corrosion rates at poly-
crystalline grain boundaries in Fe surfaces were signif-
icantly faster than in twin and single crystals, indicat-
ing a link between increased grain boundaries and ac-
celerated atomic activity. Similarly, Jin et al. [38] ob-
served that grain boundary diffusion in Nd-Fe-B mag-
nets, enhanced by aluminum addition, led to faster
diffusion of rare-earth elements, further evidencing the
role of grain boundaries in promoting atomic diffusion.
Consequently, adding Bi promotes the diffusion of Cr
and Ni, facilitating the rapid formation of a dense ox-
ide film. This process effectively retards the occurrence
of Al-Fe corrosion, as depicted in Fig. 6. When the Al-
based alloy melt comes into initial contact with the
container material, it is akin to subjecting the con-
tainer material to a thermal Al deposition treatment,
resulting in the formation of a thin yet dense oxide
film. This oxide film exhibits excellent barrier proper-
ties, slowing the onset of corrosion and reducing the
corrosion rate [39-41]. Therefore, even without Cr el-
ements, X70 exhibits a decreasing trend in corrosion
rate with increasing corrosion time, highlighting the
efficacy of the formed oxide film. In summary, SS304
steel exhibits relatively enhanced container compati-
bility, and X70 steel shows deteriorated compatibility
due to the absence of the Cr element.

4. Conclusions

We developed the a (Al0.8Si0.2)96Bi4 phase chan-
ge energy storage alloy in this study, capitaliz-
ing on its high-temperature capabilities. This alloy
demonstrates a significant enthalpy change of up to
-397J g~ 1. Notably, even after 100 high-temperature
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Fig. 6. Microscopic mechanism of diffusion corrosion of

SS304 at 560°C in phase change energy storage alloy melt:

(a) corrosion mechanism and (b) microscopic mechanism

of the relationship between grain size and atomic diffusion
rate.

thermal cycles, its phase composition remains im-
pressively stable. This stability, coupled with the
Bi-induced grain size refinement and accelerated Cr
and Ni atom migration, contributes to the rapid for-
mation of chromium-nickel oxide on the surface. These
properties make the alloy particularly suitable for ap-
plications in environments with temperatures ranging
between 500-600 °C.
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