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Abstract: Fe-26Si-9B alloy is a promising high tempera-
ture phase change material (HTPCM), due to its high heat of
fusion, small volumetric change, abundance, and low cost.
Additionally, graphite has been identified as a promising
candidate for use as a container material for this alloy. In
this study, the feasibility of using graphite for Fe-26Si-9B
HTPCM is investigated in a pilot-scale. Specifically, 4-5 kg
Fe-26Si-9B master alloys were melted in graphite cruci-
bles using an induction furnace, which underwent 2-3
thermal cycles in the temperature range of 1,100-1,375°C.
The results showed that SiC and B,C precipitates were
formed in the alloys. However, these carbides were found
to be present only on the surface of the solidified alloys and
not in the main body. Still, the chemical composition of the
Fe-26Si-9B alloy remained relatively stable during the
thermal cycles. It was also seen that the graphite crucible with-
stood the temperature cycles without cracking. Therefore, the
use of graphite as a container for Fe-26Si-9B phase change
material is a promising approach.

Keywords: Fe-Si-B, thermal cycle, pilot scale, graphite,
HTPCM

1 Introduction

Renewable energies, such as solar and wind power, play a
crucial role in reducing greenhouse emissions and an
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increasing demand of green energy is expected in the
coming decades. Solar power is anticipated to become
the largest source of installed capacity by 2035, while
wind power capacity is expected to triple by 2040 com-
pared to 2020 [1]. However, their intermittent nature pre-
sents a challenge as energy supply does not always match
energy demand. To address this issue, thermal energy sto-
rage (TES) techniques have been developed. These techni-
ques enable the storage of renewable energy at the time it
is produced and release the stored energy for later use.
Among the various TES techniques, phase change material
(PCM) has emerged as one of the most promising options.

PCM is a material that can store and release energy
through phase changes without significant changes in tem-
perature. Among the PCMs, metallic materials have been
identified as the potential high temperature phase change
material (HTPCM) in the TES system, owing to their high
thermal conductivities and good stabilities [2]. The metallic
alloys composed of aluminum (Al), copper (Cu), magnesium
(Mg), silicon (Si), and zinc (Zn) had been extensively studied
in the temperature range of 250-700°C. However, their volu-
metric latent heats are lower than 2 k]-cm’3 [3-11].

Si stands out as a promising HTPCM, due to its high
heat of fusion (4.09 k]-cm_3) [12], abundance, and low
cost. However, its volume expansion during solidification
(~10%) brings a significant hurdle to its application [13]. To
overcome this limitation, Si is being mixed with boron (B)
and iron (Fe) to create a Fe—Si-B eutectic alloy. This alloy is
expected to have a similar heat of fusion and melting beha-
vior to Si but with reduced volume expansion. The Fe—Si-B
eutectic alloy’s chemical composition was calculated to be
65mass% Fe, 26 mass% Si, and 9 mass% B (Fe-26Si—-9B)
based on the FTlite database using FactSage 7.2 [14].

The thermodynamic and thermophysical properties
of Fe-26Si-9B had been widely investigated [14-21]. The
experimental results indicated that the alloy started to
melt at ~1,220°C, and fully melted at ~1,254°C. The heat of
fusion was measured to be ~3.7 kJ-cm 3, which is slightly lower
than that of pure Si [12] but higher than that of other known
metallic eutectic alloys [3-11]. A slight volume shrinkage was
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observed during solidification, as anticipated. These findings
suggest that Fe-26Si-9B alloy is a promising HTPCM that can
be used at temperatures over 1,000°C. Additionally, thermal
cycle experiments had been conducted in graphite crucibles at
the laboratory scale [14-21]. The alloys were subjected to 1-16
thermal cycles in the melting/solidification process under
argon (Ar). A continuous carbide layer was formed between
the alloy and graphite crucibles, which served as a barrier
layer to protect against the penetration of the molten alloy.
No cracks were observed in the graphite crucible. Graphite is
hence regarded as a potential refractory material for the
Fe-26Si-9B alloy’s container.

Based on these promising results, pilot-scale experi-
ments are designed to be conducted using a specially
shaped graphite crucible to test the high temperature
part of the latent heat TES system [22]. The purpose is to
investigate the phase distributions during thermal cycles,
the interaction between Fe-26Si-9B master alloy and gra-
phite, and the physical conditions of graphite crucible after
thermal cycles. The outcomes of these pilot-scale experi-
ments will provide crucial insights into the behavior of the
high temperature part of the latent heat TES system under
a more realistic operating condition.

2 Materials and methods

2.1 Raw materials

The Fe-26Si-9B master alloy was produced by mixing var-
ious raw materials, which is metallurgical grade (MG-
grade) Si, Fe pieces, and FeB alloy. The MG-grade Si
(>99 mass% Si) is in the form of lumps with a size range
of 3-5cm. Fe pieces (99.97 mass% Fe) is from Alfa Aesar
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with a size greater than 25 mm. FeB alloy (18.67 mass% B) is
from GfE-MIR GmbH.

The raw materials (~6 kg) were placed in a graphite
crucible and heated to 1,700°C. This heating process took
place in an open furnace, which has a maximum power
output of 75kW. Notably, this charged graphite crucible
was heated in air. Once melted, the homogeneous liquidus
alloy was immediately cast into a conical frustum shaped
graphite crucible (IG-15 [23]) in air, which is specially
designed for the latent heat TES system. Figure 1 shows a
visualization of the physical object and the measurement
details.

The chemical composition of the produced Fe-26Si-9B
alloy was analyzed from two samples. One is from the side
of the solidified alloy, while another is from the middle of
the solidified alloy. Fe and Si were analyzed by X-ray fluor-
escence (XRF). B was analyzed by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES). The detected and
normalized results are listed in Table 1.

2.2 Thermal cycle experiments

The thermal cycle experiments were performed using the
produced Fe-26Si-9B master alloys in the conical frustum
shaped crucibles. An induction furnace was employed for
the study. To investigate the phase distribution after each
cycle and the interaction between alloy and graphite cru-
cible, the Fe-26Si-9B alloy pieces were placed into the
graphite crucible, followed by subjecting to 2-3 thermal
cycles within a temperature range of 1,100-1,375°C in an
air atmosphere. Subsequently, the charged crucible was
cooled at an approximately rate of 12°C'min"". The tem-
perature during the experiments was recorded using a C
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Figure 1: (a) Conical frustum shaped graphite crucible (IG-15) and (b) measurement details of the crucible.
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Table 1: Chemical composition of the Fe-Si-B master alloy, Fe and Si
were analyzed by XRF, and B was analyzed by ICP-OES (mass%)

Sample Fe Si B

Fe-Si-B-side sample Detected 65.0 26.0 8.9
Normalized 65.1 26.0 8.9

Fe-Si-B-middle sample Detected 65.0 26.0 9.2
Normalized 64.9 25.9 9.2

type thermocouple, as illustrated in Figure 2. During the
thermal cycle experiments, the Fe-26Si-9B samples were
extracted from the middle position of the alloy at the
molten state using either an alumina rod or graphite rod.
Subsequently, the extracted samples were subjected to
phase and chemical composition analyses.

To assess the potential for graphite crucible cracking
subsequent to cooling to very low temperatures in thermal
cycle experiments, a novel temperature profile had been
implemented, as seen in Figure 3. This new temperature
profile was designed to provide a more rigorous evaluation
of the thermal stability and resistance to cracking of gra-
phite crucible.

2.3 Characterization

In this study, electron probe micro-analyzer (EPMA) is used
to analyze the microstructures of samples. Furthermore,
the chemical composition of the formed phase is deter-
mined through wavelength dispersive X-ray spectroscopy
technique. ICP-OES is employed to analyze B content and
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Figure 2: Temperature profile of thermal cycle experiments in the tem-
perature range of 1,100-1,375°C.
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Figure 3: Temperature profile of thermal cycle experiment in the tem-
perature range of 100-1,375°C.

XRF is used to analyze Fe and Si contents in the alloys. To
predict the thermodynamic properties, FactSage software
[24] is utilized, incorporating FTlite, FactPS, and FToxid
databases in the calculation process.

3 Results and discussion

3.1 Phase distribution

The formed phases remain stable during thermal cycles in
the temperature range of 1,100-1,375°C in the pilot-scale
experiment in an open furnace. Figure 4a shows the phases
formed in the master alloy. Figure 4b—d show the formed
phases during thermal cycles, where the samples were
extracted using an alumina rod at 1,375°C. It is seen from
Figure 4 that FeB, FeSi, SiBg, and FeSiB; were observed
in the solidified alloys. Compared to the phases formed
in the master alloy, it kept stable after 1-3 thermal cycles
without introducing carbides. The phase distributions in
the Fe-26Si-9B alloys had been extensively investigated
in the lab-scale experiments under Ar [14-21]. In this stu-
dies, Grorud [14,17] performed the thermal cycle experi-
ments in the graphite crucibles within 3-4 thermal cycles
in the temperature range of 1,057-1,257°C, whereas Selle-
voll [18] investigated the interaction of the alloy with gra-
phite crucible under 16 long-term thermal cycles in the
temperature range of 1,137-1,550°C. The thermal cycle
experiments had also been conducted in the SizN, crucibles
within 1-12 thermal cycles in the temperature range of
1,100-1,300°C [15]. From these studies, it was found that
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Figure 4: EPMA images of the solidified Fe-26Si-9B alloys: (a) master alloy used in the thermal cycle experiment, (b)-(d) the alloys taken out at

1,375°C in the first, second, and third cycles.

the phase distributions were identical to those produced in
the pilot-scale experiment. This indicates that the phase
distribution in the solidified Fe—26Si—9B alloys is indepen-
dent of operating atmosphere and scale of the crucibles.

3.2 Effect of carbon impurity on Fe-Si-B
alloy

SiC and B,4C precipitates are formed at the surface in the
top position of the Fe-Si-B alloys. In order to investigate the
effect of C impurity on the alloy, samples were extracted by
dipping the graphite rod into the molten alloy during
thermal cycles. Figure 5a shows the phase distribution in
the Fe-Si-B alloy in the second cycle at 1,375°C. It is seen
that SiC and B,C were formed in the alloy. Interestingly, the
B,4C particles were found to surround the SiC particles.

Moreover, a thin SiC layer was formed at the interface
between the graphite rod and the alloy. Figure 5b shows
the microstructure at the surface in the top position of the
solidified alloy. B4,C and SiC were detected in this area.
Further investigations by Grorud [14,17] and Sellevoll [18]
also showed that SiC and B,C precipitates were formed at
the surface of the alloy at the top position of the graphite
crucible in lab-scale experiments, while no carbides were
detected in the middle and bottom positions of the alloys
after solidification. Therefore, it can be concluded that using
graphite as a container in pilot-scale experiments is likely to
result in the formation of SiC and B4C precipitates at the
surface of the alloys. The carbon solubility was estimated
to be less than 0.3mass% in the Fe-26Si-9B alloy at tem-
peratures of 1,500-1,600°C [14]. During the cooling process,
the dissolved carbon was expected to be precipitated into
SiC particles, and then B,C would be generated as the tem-
perature decreased further. So, the chemical composition of
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Figure 5: EPMA images of Fe-26Si-9B alloy: (a) the sample was extracted by the graphite rod at 1,375°C at the 2nd cycle, and (b) the sample was

collected at the surface in the top position of the solidified alloy.

Fe-Si-B alloy would not have significant variations by intro-
ducing carbon.

The impact of carbon on the alloy’s chemical composi-
tion is also investigated in the thermal cycle experiment,
where five samples were continuously extracted by the
graphite rod in the temperature range of 1,277-1,370°C.
The resulting chemical compositions of B, Fe, and Si are
summarized in Figure 6. It is found that B was in the range
of 8.2-8.6 mass%, Fe was in the range of 64.2—-67.2 mass%,
and Si was in the range of 24.1-27.5 mass%. This showed
that Fe and Si were similar to those of the master alloys.
The B content was slightly lower than that of the master
alloys, mainly due to the formation of carbides in the
samples.

In the use of Fe-26Si-9B alloy in a graphite container
for TES applications, the alloy goes through phase changes
to store and release energy. The formed phases, including
FeSi, FeB, FeSiB3, and SiBg, are stable throughout this pro-
cess. Carbides are observed at the surface of the alloy at the
top position during solidification. The chemical composition
of the alloy remains relatively stable in the thermal cycle
process. It shows the potential suitability of Fe—26Si-9B alloy
as a PCM in TES system.

3.3 Interaction between Fe-Si-B alloy and
graphite crucible

The interaction between Fe-26Si-9B alloy and graphite
crucible has been investigated by analyzing the micro-
structures of four different regions of the graphite crucible,

as shown by the red circles in Figure 7. It should be men-
tioned that the Fe-26Si-9B alloy falls out smoothly of the
graphite crucible after solidification. The corresponding
EPMA images are shown in Figure 8. It is seen that a white
layer was produced between the Fe-26Si-9B alloy and gra-
phite crucible. The width of this continuous white layer
was measured in the range of 10-100 um. Figure 9 shows
the elemental distribution of the interlayer at position (d)
in Figure 7. It is seen that the white layer consisted of a
mixture of oxygen (0), calcium (Ca), silicon (Si), aluminum
(Al), and sodium (Na). An oxide layer was formed between
the Fe-26Si-9B alloy and graphite crucible in the thermal
cycle experiment. This oxide layer was composed of CaO,
Si0,, Al,03, and Na,O, where these active elements origi-
nated from the charged raw materials. This can be attrib-
uted to the fact that Ca, Al, and Na exhibit greater activity
with oxygen than Si. However, previous investigations into
the interaction between Fe-26Si-9B alloy and graphite cru-
cible had been performed under Ar in a closed system
[14,17-21], and the results showed that a continuous layer
of carbides (SiC + B,C) was formed at the interface, this
layer was also observed at the interface between the gra-
phite rod and the Fe-Si-B alloy. So, when encountering O,,
an oxide layer was produced surrounding the Fe-Si-B
alloy instead of carbides layer.

In the Fe-Si-B alloys, the formation of SiC and B,C was
also caused by the reaction of Si, B and C at the interface:

Si(l) + C(s) = SiC(s), @
4B(1) + C(s) = B4C(s). @)

Therefore, the Gibbs energy can be expressed as
follow:
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Figure 6: Chemical composition of Fe-26Si-9B alloy during thermal cycle experiment in the temperature range of 1,100-1,375°C: (a) B was analyzed by
ICP-OES, (b) and (c) Fe and Si were analyzed by XRF.

Figure 7: The cross section of the graphite crucible after two thermal
cycles, and (a)-(d) present the corresponding sample positions for EPMA
analyses.

a .
AGsic = AGge + RT In 8 (3)
Acgs) * Asiqy
AGp.c = AGY . + RT In —21C)__ @
¢ BiC Ac(s) aB(l)4 ’

where, AGg;c® and AGy,c” are constants at a given tempera-
ture, and they can be directly obtained from the FTlite
databases. The values of asjc(s), Apaces), and ac are all
unity. Hence, the Gibbs energies of SiC and B4C can be
calculated by knowing the activities of Si and B in the
molten alloys.

Figure 10a shows the calculated activities of B and Si in
the molten Fe—26Si-9B alloys at 1,200-1,550°C. Thus, the Gibbs
energies of the formation of SiC and B,C are calculated, as
shown in Figure 10b. It is seen that the Gibbs energies for the
formation of SiC and B,C are negative, indicating that the
reactions occur spontaneously. However, the Gibbs energy
of B4C formation is more negative than the Gibbs energy of
SiC formation. It implies that the formation of B,C is more
favorable than SiC in the Fe-26Si—9B/graphite system.
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Figure 8: The interlayer between the Fe-26Si-9B alloy and graphite crucible at 4 different positions after 2 thermal cycles in the temperature range of

1,100-1,375°C. (a)-(d) corresponds to the positions in Figure 7.

In the use of graphite as a container for the Fe-26Si-9B
alloy in the TES system in an open furnace, an oxide layer
was formed between the alloy and graphite. This layer can act
as a barrier layer to prevent the penetration of molten alloy
into the graphite. As seen Figure 8, no penetration was
observed in the graphite part. The alloy was slipping the
graphite crucible after solidification, indicating a non-wetting
behavior between the Fe-26Si-9B alloy and the oxide layer.
However, in the presence of O,, both the SiO, oxide layer and
graphite will persistently consume O,, consequently releasing
SiO and CO gas. Over an extended duration, this process can
alter the composition of the Fe-26Si-9B alloy and cause
degradation to the graphite container.

3.4 Testing for crucible cracks

No cracks are observed in the graphite crucible after under-
going extreme temperature changes, where the Fe-26Si-9B

alloy was subjected to two thermal cycles in the temperature
range of 1,100-1,375°C in an induction furnace. Prior to the
experiment, the top part of the conical frustum shaped cru-
cible was cut at a length of 2-3cm to fit the size of the
induction furnace, as shown in Figure 11a. Figure 11b shows
the graphite crucible after thermal cycle experiment, which
showed no observed cracks. In the lab-scale experiments, it
had demonstrated that the graphite crucible was capable
of withstanding 1-17 thermal cycles in the melting/solidi-
fication process [14-21]. In the pilot-scale experiments,
the Fe-26Si-9B alloy had also undergone 2-3 thermal
cycles in the temperature range of 1,100-1,375°C. The gra-
phite crucible remains intact after the experiments, even
though with the cooling to very low temperatures. These
results suggest that graphite crucible is generally reliable
and can withstand phase changes without cracking. The
present experimental result provides insight into the pos-
sibility of using a graphite crucible in fast temperature
change conditions.
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Figure 9: EPMA elemental map at the interface between the Fe-26Si-9B alloy and graphite crucible after two thermal cycles in the temperature range
of 1,100-1,375°C.
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Figure 10: (a) The calculated activities of B and Si vs temperature in the Fe-26Si-9B alloys, and (b) the calculated Gibbs energies in the formation of
B4C and SiC vs temperature in the Fe-26Si-9B-C system. Calculated with FactSage 8.1 based on the FTlite and FactPS databases.
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Figure 11: (a) Graphite crucible before thermal cycle experiment, (b) graphite crucible after two thermal cycles in the temperature range of

100-1,375°C.

4 Conclusions

The work aims to evaluate the possibility of using graphite

material as a container for Fe-26Si-9B PCM in a pilot scale.

4-5 kg master alloys are placed in a graphite crucible, and

then, it undergoes 2-3 thermal cycles in an induction fur-

nace under an air atmosphere. According to the experi-
mental results, the use of graphite as a container for

Fe-26Si-9B PCM is a promising approach. However, it

should be used in an inert atmosphere. The conclusions

are summarized as follows.

1. The Fe-26Si-9B alloy remains stable after undergoing
2-3 thermal cycles.

2. SiC and B4C precipitates are formed and exist at the
surface of the solidified Fe—Si-B alloys.

3. The chemical composition of the Fe-26Si-9B alloy remains
relatively stable during the thermal cycles.

4. In the presence of O, an oxide interlayer is formed
between the Fe-26Si-9B alloy and graphite crucible
after thermal cycle experiments. However, this process
is accompanied by the release of SiO and CO gas.

5. Graphite crucible can withstand extreme temperature
changes without cracking.
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