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In the selection of a new phase change material (PCM) for a thermal energy storage system,
Fe-265i-9B eutectic alloy was designed based on the FactSage thermodynamic software. The
calculated results showed that Fe-265i-9B alloy had a high heat of fusion (872 J/g) at its
melting temperature (1157°C). Simultaneously, the thermodynamic properties of Fe-265i-9B
alloy were investigated by differential scanning calorimetry (DSC) and wettability tests. It
was found that FeSi, FeB, FeSiBs, and SiBs formed in the solidified alloys. FeSiBs phase was
detected for the first time in the Fe-Si-B system. The crystalline structure of FeSiB; was
explored by transmission electron microscopy (TEM) with an orthorhombic unit cell (a =
4.88 A, b =10.22 A, and c = 5.91 A) According to the experimental results, the liquidus
temperature of Fe-265i-9B alloy was ~ 1254 °C, and the solidus temperature was ~ 1174 °C.
The heat of fusion was in the range of 536-633 J/ g (2.99-3.53 k] /cm?), which was higher than
most of the reported PCMs. FactSage 7.2, with two updated thermodynamic databases, was
also used to compare with the experimental results.
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INTRODUCTION

Climate change has already dramatically affected our environment. Therefore, it is urgent to scale up
climate solutions to reduce greenhouse gas emissions. On the energy side, oil, gas, and mining coal
prices have risen rapidly since the Ukraine war (IPCC Sixth Assessment Report, 2022), creating an urgent
need to accelerate the transformation from fossil fuels to renewable energies. However, renewable
energies, like solar and wind, are not controllable as they cannot be consumed at the time they are
produced. Hence, thermal energy storage (TES) is needed to be developed for storing renewable
energies, as it can solve the mismatch between energy supply and energy usage. If energy is stored in a
material going through phase changes in a TES system, the material is referred to as phase change
material (PCM) (Kumar et al., 2018). In order to develop a TES system with high-temperature energy
storage, a new generation PCM of Silicon (Si)-Boron (B)-based alloy was proposed (Datas et al., 2018)
due to their high melting temperatures (1414 °C for Si and 2092 °C for B (Olesinski et al., 1984)) and high
heat of fusions (1793 J /g for Si (Zaitsev et al., 2001) and 4610 J/g for B (Landolt et al., 2002)). Moreover,
the addition of B can reduce the volume expansion of molten Si. The Si-B alloys with a B range of 2-25
mass % were investigated experimentally (Grorud, 2017; Jiao, 2020; Jiao et al., 2020a, 2021b). It is
observed that the volume expansion of Si-B alloys was decreased with the increase of B content.
However, to eliminate the volume expansion of Si-B alloys, the B content should increase to ~ 23 mass
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Correspondingly, the liquidus temperature of Si-23B alloy was elevated to ~ 1743 °C. As a result, a
higher requirement of refractory materials was in demand. At this point, a third element was proposed
to add to the Si-B alloy. With the addition of a third element, the new Si-B-X (X represents the third
element) alloy should have a similar heat of fusion with Si-B alloy, have a moderate phase change
temperature, and have a good thermal and chemical stability after long-term thermal cycles. Fe-265i-9B
alloy was regarded as a potential new PCM. According to the thermodynamic calculation using
FactSage 7.2 based on FTlite database, the stable phases of FeSi, FeB, and SiBs were produced in the
solidified alloy. The heat of fusion was calculated to be 872 J/g at its melting temperature of 1157 °C
(Jiao et al., 2019). The predicted results indicated that Fe-265i-9B eutectic alloy was a suitable PCM in
the TES system. However, the experimental results showed a significant deviation from the
thermodynamic calculations (Jiao et al., 2019a, 2022b; Jiao, 2020). This paper summarises the
experimental results and compares them with the calculations from three different FactSage databases.

EXPERIMENTAL PROCEDURE

Fe-26Si-9B master alloy

The Fe-265i-9B master alloy was produced in an induction furnace at 1700 °C under argon (Ar). Fe scraps
(>99 mass %), solar-grade Si (>99.99 mass %), and B power (>99.9 mass %) were mixed randomly and
placed in an ALO; crucible, and 1 h holding time was used to melt and make the sample homogeneous.
Three samples were collected from the solidified Fe-265i-9B master alloys, and their chemical
compositions were determined by Inductively coupled plasma mass spectrometry (ICP-MS). The
measured and normalised contents of Si, Fe, B, aluminium (Al), and manganese (Mn) are summarised
in Table L.

Table I. Chemical composition of the Fe-Si-B master alloy analysed by ICP-MS (mass %)

Sample Fe Si B Al Mn
Fo.Sip.q | measured | 5647 [ 2668 | 811 | 0.067 | 021
e M ormalised | 61.69 | 29.15 | 8.86 | 0.073 | 0.23
. measured 66.45 127871954 | 0.18 0.23
Fe-Si-B-2 -
normalised | 63.72 | 26.73 1 9.15 | 0.17 | 0.22
Fe-Si-B-3 measured 63.33 1 25.65| 847 | 0.18 0.23
et normalised | 64.39 | 26.08 | 8.61 | 0.17 | 0.22

Differential scanning calorimetry experiments

The differential scanning calorimetry (DSC) apparatus (Netzsch STA 449F3) was used to determine the
liquidus and solidus temperatures and the heat of fusion for Fe-265i-9B alloy. The experiments were
performed in the temperature range of 25-1450 °C under Ar at a heating/cooling rate of 10 °C/min.
Before the DSC experiments, the Fe-265i-9B particles (35-50 mg) were pre-treated in a 38 % hydrofluoric
(HF) acid bath to remove any possible oxide layer. Afterwards, it was put in an AlOs crucible. A holding
time of 5 min was kept at the highest temperature of 1450 °C. The temperature profile is shown in Figure
1.
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Fiqure 1. Applied temperature profile for DSC experiments.

Transmission electron microscopy
Transmission electron microscopy (TEM) was performed to determine the crystal structure of FeSiBs.

Thermodynamic modelling

FactSage software is used in this research to predict thermodynamic properties. It is well known for its
dominant computing systems in chemical thermodynamics based on its database. The evaluated
databases for metals were developed by optimisation of literature data using advanced modelling
techniques. FactSage can be used to calculate the conditions for multiphase and multicomponent
systems under various constraints (FactSage, 2020). In this paper, three different databases were used
in FactSage 7.2. FTlite and FSstel were databases from FactSage software, while the Sintef database was
established based on the published Fe-5i-B thermodynamic parameters (Tokunaga et al., 2004).

RESULTS AND DISCUSSION

Phases in Fe-265i-9B alloy

FeB, FeSi, SiB¢, and FeSiB; were produced in the Fe-265i-9B alloy. Figure 2 shows the elemental
distribution of Fe, Si, and B in the Fe-265i-9B alloy (Jiao et al., 2019). It is seen that FeB and FeSi were
presented in the form of large crystals. FeSiBs and FeSi formed the eutectic structure. Several researchers
have investigated the Fe-Si-B, either by experiments or through thermodynamic modelling (Aronsson,
Bertil; Engstrom, 1960; Tong et al., 1992; Tokunaga et al., 2004; Raghavan, 2007; Poletti et al., 2013;
Neamtu et al., 2014). Three ternary compounds FesSi;B, Fes75iBs, and FesSio4Bos were reported by
Aronsson (Aronsson, Bertil; Engstrom, 1960). However, the microstructures of these three ternary
phases were not found in the above literature. In addition, the reported data focused on the Fe-rich part
in the Fe-5i-B system, where the content of Fe was higher than 50 at. %. Fe-265i-9B alloy consists of 38
at. % Fe, 30 at. % Si, and 32 at. % B, which is still experimentally unknown from the existed knowledge.
Therefore, X-ray diffraction analysis (XRD) was conducted to confirm the phases formed in the Fe-26Si-
9B alloys, as shown in Figure 3 (Jiao et al., 2019). It is known that FeSi and FeB phase were supported
based on the XRD spectrums. It is worth noting that some unidentified peaks were perceived, as seen
in the red dotted rectangle area in Figure 3b. These unidentified peaks were supposed to be the ternary
phase of FeSiBs.
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Fiqure 2. EPMA images of Fe-26.385i-9.35B alloy after two melting/solidification cycles at 1157 + 20 °C (Jiao

et al,, 2019).
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Fiqure 3. (a) XRD patterns of Fe-26.385i-9.35B alloys with different temperature intervals and thermal cycles;
(b) an expanded view of the XRD spectra at the scan range of 47-55°. The red dotted rectangle areas show the
unidentified phases in the Fe-265i-9B alloys (Jiao et al., 2019).

The crystal structure of FeSiB; was determined by TEM. Figure 4 shows the electron diffraction patterns
from the FeSi phase. Both patterns were indexed according to a primitive cubic unit cell with the
following lattice parameter: a =4.48 A, in which A is a unit of length to 10-10 m. It was in good accordance
with the published data (Villars et al., 2012). The electron diffraction patterns from the FeSiBs; phase are
shown in Figure 5. The two-electron diffraction patterns were indexed based on an orthorhombic unit
cell with the following unit cell parameters: a = 4.88 A, b =10.22 A, and c =591 A. Therefore, FeSiB;
was confirmed as a new ternary phase with its unique unit cell parameters.
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Figure 4. FeSi phase electron diffraction patterns. (a) [110]; (b) [111].

Figure 5. FeSiBs phase electron diffraction patterns (a) [001]; (b) [101].

FactSage 7.2 was used to investigate the thermodynamic properties of Fe-Si-B system. The Fe-5i-B phase
diagrams were calculated by three different thermodynamic databases: FTlite, FTstel, and Sintef. These
diagrams are shown in Figure 6 - Figure 8. In the figures, the blue points represent the eutectic points
in the Fe-Si-B system, and the red points represent the chemical composition of the Fe-265i-9B master
alloys. Figure 6 shows the Fe-Si-B diagram calculated by FTlite database. The eutectic composition was
estimated to be 65 mass % Fe, 26 mass % Si, and 9 mass % B, following with a eutectic reaction at 1157
°C: Liquid = FeSi + FeB + SiBs. When it comes to FTstel database (Figure 7), the eutectic point was moved
to 63 mass % Fe, 26 mass % Si, and 11 mass % B. Simultaneously, the eutectic reaction occurs at a lower
temperature point (1086 °C): Liquid = FeSi + FeB + B. It is observed that the formed phases were different
from those calculated by FTlite database. Besides, no ternary phases were obtained from these two
calculated Fe-Si-B phase diagrams.
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In order to thoroughly understand the Fe-Si-B phase diagram, a Sintef database was established based
on the published thermodynamic parameters in Fe-Si-B system (Tokunaga et al., 2004). The calculated
Fe-Si-B phase diagram is shown in Figure 8. The eutectic point was then changed to 63 mass % Fe, 28
mass % Si, and 9 mass % B. A eutectic reaction happened at 1082 °C: Liquid = FeSi + FeB + SiBs. The
calculated data relating to the eutectic points are summarised in Table II. The modelling results were
consistent with the experimental results. Fe-265i-9B alloy was considered a eutectic alloy based on the
calculation from FTlite database. The expected phases were FeSi, FeB, and SiBs. However,
microstructural analyses found FeSi, FeB, SiBs, and FeSiBs in the Fe-265i-9B alloys, indicating that the
experiments were not at thermodynamic equilibrium. Due to the lack of thermodynamic data in the
FeSiB; phase, these three calculated phase diagrams did not show the phase evolution of FeSiBs. This
phase should be further verified by experimental measurements, the FactSage database should be
updated in the Fe-Si-B system.
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Fiqure 6. Projection of Fe-Si-B system, where red points represent the composition of the prepared master Fe-
265i-9B alloy. Calculated with FactSage 7.2 based on the FTlite database.
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Fiqure 7. Projection of Fe-Si-B system, where red points represent the composition of the prepared master Fe-
265i-9B alloy. Calculated with FactSage 7.2 based on the FTstel database.
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Fiqure 8. Projection of Fe-Si-B system, where red points represent the composition of the prepared master Fe-
265i-9B alloy. Calculated by Kai Tang with FactSage 7.2 based on the Sintef database.

Table 1. Comparison of the calculated phases in the Fe-Si-B eutectic alloy with three different databases

Database Ije/ mass ?1/ mass ]3/ mass | Tm/ Eutectic equation
% % % C
FTlite 65 26 9 1157 | Liquid = FeSi + FeB +
SIB(,
FTstel 63 26 11 1086 | Liquid = FeSi + FeB + B
Sintef (Tokunaga et al., Liquid = FeSi + FeB +
2004) 63 28 9 1082 SiBe

Liquidus and solidus temperature of Fe-265i-9B alloy
The calculated melting temperature was lower than that measured by experiments. The melting
temperature of Fe-265i-9B alloy was studied by both wetting (Grorud, 2018; Sellevoll, 2018; Jiao et al.,
2019, 2022; Jiao, 2020) and DSC experiments. The measured liquidus and solidus temperatures of Fe-
265i-9B alloy were summarised in Figure 9. It is seen that Fe-265i-9B alloy started to melt at ~ 1223 °C,
while it completely melted at ~ 1254 °C. There is a scatter for the measured liquidus temperature from
1228 °C to 1274 °C. In the cooling steps, Liquid Fe-265i-9B alloy started to solidify at ~ 1197 °C and
completely solidified at ~ 1174 °C. In the thermodynamic modelling, the temperature at the eutectic
point was estimated to be 1157 °C by FTlite database, 1086 °C by FTstel database, and 1082 °C by the
Sintef database. The calculated values were lower than the measured values in the range 1223-1254 °C.
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Heat of fusion

The heat of fusion calculated based on FTlite database was higher than that obtained by the DSC
experiments. Three DSC experiments were performed at 25-1450 °C under Ar. The heat of fusion and
the heat of solidification were measured based on the DSC curves. The results were summarised in
Figure III. The heat of fusion was in the range of 536-633 J/g, and the heat of solidification was in the
range of -667 — -546 J/g. In comparison, the measured values were lower than the value of 872 J/¢g
calculated based on FTlite database.

Table III. The DSC results of Fe-265i-9B alloy during continuous heating in Al,Os crucibles up to 1450 °C

Heating, Endo Cooling, Exo
heat of heat of | Mass,
Samp Ie Tonset/ Tmax/ Tend/ quiOIl Tonset/ Tmax/ Tend/ solidification mg
oC oC oC oC oC oC
Vg | kJ/fem3 Vg | kKJfem?
1229 1260 | 1271 | 536 | 2.99 1177 1171 | 1166 | -546 | -3.04 40.05
Fe-26Si-
9B 1228 1258 | 1274 | 633 | 3.53 1208 1194 | 1182 | -696 | -3.88 50.31
1225 1256 | 1264 | 551 | 3.07 1206 1186 | 1174 | -667 | -3.72 35.10
CONCLUSIONS

FactSage thermodynamic software were used to design a new PCM, aiming to build a TES with high-
temperature energy storage. Fe-265i-9B alloy was calculated to be a potential PCM, and it was
experimentally investigated. The experimental results were compared to thermodynamic modelling. A
new phase, FeSiBs, was discovered in Fe-265i-9B alloy. The crystal structure was confirmed as an
orthorhombic unit cell with the following cell parameters: a = 4.88 A, b =10.22 A, and ¢ =5.91 A. The
liquidus and solidus temperature of Fe-265i-9B alloy was ~ 1254 °C and ~ 1174 °C, which was higher
than the predicted value of 1157 °C by FTlite database, 1086 °C by FTstel database, and 1082 °C by the

70



Sintef database. Furthermore, the heat of fusion was measured in the range of 536-633 J/g, which was
lower than the value of 872 J /g calculated based on the FTlite database.
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