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SigNy is a candidate crucible material for Si-B alloys in high temperature thermal energy storage system. In this
regard, the phase formation in the Si-B alloys and the interaction between the alloys and Si3N4 were investigated
in an induction furnace at 1750 °C with the B addition of 2, 5, 8, and 11 mass %, respectively. Moreover, the
wettability property of the Si-3.25B alloy (mass %) on Si3Ny4 substrate was examined at temperatures up to
1400 °C. The cross-sectional images and micro-analyses showed that BN precipitates were produced in the Si-B

alloys and a BN layer was formed at the interface between the Si-B alloys and SisN4. However, the amount of BN
precipitates was negligible. Next, the equilibrium contact angle of liquid Si-3.25B alloy on SigN4 substrate was
determined to be 134 + 1°, which indicates non-wetting behavior. The above results support that SizNy is a
desirable refractory material for the high temperature thermal energy storage system.

1. Introduction

Latent heat thermal energy storage (LHTES) is one of the most effi-
cient ways of storing thermal energy. Phase change materials (PCMs)
offer state-of-the-art thermal energy storage due to high latent heat.
Typically, PCM goes through a solid-liquid transformation to store en-
ergy in the form of latent heat. Si-B alloys are proposed as PCMs due to
the fact that Si (1230 kWh/mg) and B (2680 kWh/ms) are the elements
of the highest latent heat of fusion compared to other metals and salt
hydrates [1].

The phase diagram of Si-B system has been widely investigated and
is shown in Fig. 1. Three intermediate phases are formed in the system,
SiBs, SiBg, and SiB,,. SiBj is stable at temperatures lower than 1270 °C,
where it is in equilibrium with Si at B content lower than 58.7 mass %
[2]. Increasing the temperature above 1270 °C, SiB3 will be transformed
to SiBg and Si, due to the reaction 2SiB3 — Si + SiBg. Moreover, a
eutectic response occurs at 1385 °C, Si + SiBg — liquid, and hence above
1385 °C, SiBg is in equilibrium with liquid Si-B alloys. SiB, is formed in
the B rich part with a peritectic reaction at 2020 °C, Liquid + B — SiBy,.
In the application of Si-B alloys in the thermal energy storage system,
Si-B alloys store and release energy by phase changes between solid
phases and a liquid phase. It starts to melt at 1385 °C by absorbing a
large amount of energy in the form of latent heat. However, the com-
plete melting temperature depends on the B content, which decreases
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with the increase of B content in the B range of 0-3.25 mass %. Other-
wise, it is increased with the increase of B content at B content higher
than 3.25 mass % (eutectic point).

In order to apply the Si-B alloys to the thermal energy storage system
successfully, the selection of proper refractory material is important to
build the PCM container. Suitable refractory material should meet
several requirements. It must be used at a higher temperature, as the
lowest liquidus temperature of Si-B alloy is 1385 °C at the eutectic
point. It should have the ability to defend against the liquid Si-B alloys
corrosion after long-term thermal cycles. Moreover, it should not pollute
the Si-B alloys. It has previously been observed that Si has high reac-
tivity with refractory materials, which may result in severe damage to
the container [3]. Therefore, the selection of the proper container is a
challenge.

Three different refractory materials have been proposed: graphite,
hexagonal BN (h-BN), and SisN4. The interaction between Si-B alloys
and graphite had been investigated at temperatures up to 1750 °C by the
present author [4]. It has been found that a SiC layer was produced
between graphite and Si-B alloys at B content lower than 3.25 mass %,
while SiC and B4C layers were formed between graphite and Si-B alloys
at B content higher than 5 mass %. The formed layers can be used as a
protective layer to prevent the penetration of liquid Si-B alloys to
graphite. However, the formation of B4C layer consumed some B in the
Si-B alloys. It actually decreases the energy storage capacity of the Si-B
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Fig. 1. Si-B binary phase diagram, calculated using the commercial FTlite
database [3].

alloys. Furthermore, C solubility increased with the increase of B content
in the liquid Si-B alloys, which would change Si-B alloys to Si-B-C
(saturated) alloys.

h-BN is another refractory material to be used as Si-B alloys
container. Polkowski et al. [5] investigated the wetting behavior of h-BN
by liquid Si upon the melting/solidification process. The Si/h-BN was
introduced to a sessile drop furnace subjected to 15 thermal cycles in the
temperature range 1300-1450 °C under static Ar. It was observed that
the contact angle was higher than 90° for the whole process. Moreover,
the wetting behavior of the Si-B alloys on the h-BN substrate was
investigated in the B range of 1-5.7 mass %, and the equilibrium contact
angle was in the range 131-152° [6]. h-BN showed non-wetting with
liquid Si-B alloys. However, it is better to operate the Si-B/h-BN system
in an N atmosphere, as the partial equilibrium pressure of Ny is high at
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high temperatures [7].

SigNy is also suggested to be a potential Si-B alloys container at high
temperatures. The existing body of research on SigNy4 indicates that it is
often used in the production of Si for solar cells. Data from several
studies show that the solubility of N in molten Si is in the range of
4-99.7 ppm mass at the temperature close to the melting point of Si
[8-13]. Hence N as the introduced impurity is negligible in the Si. On the
other hand, an oxynitride (SiaN2O) was formed at the interface of SigNy
crucible after a few minutes of exposure to air at room temperature [14],
which determined the wetting and infiltration properties of Si on SigNy.
Another significant aspect is that the mold coated with a layer of SizsN4
powder showed non-adhesion behavior with the solidified Si ingot [15].
Due to the promising properties of SigNy, it is in this paper proposed as
Si-B alloys container. The phase formation in the Si-B alloys, wettability
property, and chemical interactions between Si-B alloys and SigN4 were
investigated experimentally and phase equilibrium calculations were
used to establish reliable data on thermophysical properties of Si-B al-
loys in both solid and liquid states in the phase change process.

2. Experimental procedure and materials

The interaction of Si-B alloys with SisNy4 crucibles was first evaluated
using an induction furnace, where 2, 5, 8, and 11 mass % of B powder
(99.9%, Aladdin industrial company, China) were mixed with Si powder
(SG-Si, United States), respectively. The SigN4 crucible (Steuler solar
GmbH, Norway) containing Si-B alloy was placed inside a big graphite
crucible (IG-15, Svenska Tanso AB, Sweden). The SigsN4 was a conical
shaped crucible, with 34 mm height, 4 mm wall thickness, 26 mm
diameter at the top, and 22 mm diameter at the bottom. The height, wall
thickness, and diameter of the graphite crucible were 150 mm, 7.5 mm,
and 85 mm, respectively. 6 g Si-B alloy was placed in the SizN4 crucible
for each experiment. The graphite crucible was then located in the in-
duction furnace and was thermally insulated by graphite felt. The tem-
perature was measured at the inner bottom of the graphite crucible by
the type-C thermocouple. The experiments were carried out at a tem-
perature of 1750 °C for 2 h under an Ar atmosphere. Finally, the samples

Fig. 2. BSE Images of the center part of the Si-B alloys after solidification. (a) 2 mass % B; (b) 5 mass % B; (c) 8 mass % B; (d) 11 mass % B.

13838



J.M. Jiao et al.

Table 1
Chemical composition of the detected phases in the Si-B alloys, analyzed by
SEM-EDS. (at. %).

Si B N C
BN 3.3 57.0 39.7 -
Si(ss) 98.9 0.4 - 0.7
SiB3 28.9 71.1 0.01 -
SiBg 15.4 84.6 - -
B4C 1.8 79.2 0.6 18.4
SiC 48.4 - - 51.6
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were cooled with the furnace.

The wettability of Si-3.25B alloy (3.25 mass % B) on SisN4 substrate
was determined in a sessile drop furnace. The SigNy4 substrate was cut to
a plate with a diameter of 10 mm and a height of 3 mm. The Si-3.25B
piece was first produced in a graphite crucible at 1750 °C under an Ar
atmosphere, where the B content was confirmed to be 3.21 mass % [4].
Then it was placed on the SigN4 substrate. Heating was performed in a
vacuum of 10* atm to 1100 °C in 4 min, and then a gradual increase in
the temperature up to 1350 °C with a heating rate of 20 °C/min. As the
theoretical melting point of Si-3.25B alloy was 1385 °C, the heating rate
was decreased to 5 °C/min to observe the melting process in the

= .a\
EHT=1000kV  Signal A=HDBSD  Date :21 Jan 2020
WD = 9.7 mm Mag= 200X

EHT=1000kV ~ Signal A=HDBSD Date 21 Jan 2020
Mag= 1.00KX

10 um

EHT=1000kV  Signal A=HDBSD  Date :21 Jan 2020
WD = 9.7 mm Mag= 1.00KX

EHT=1000kv  Signal A=HDBSD  Date :21 Jan 2020
WD = 97 mm Mag= 4.00KX

Fig. 3. BSE Images of the Si-8B alloy after solidification. (a) 200X; (b) low contrast at 1000X; (c) high contrast at 1000X; (d) 4000X

Fig. 4. SEM micrographs and EDS maps of the Si-8B alloy in the SizN4 crucible at 1750 °C. (a) was captured by a secondary electron detector; (b) phase distribution;
(c—e) were EDS elemental maps of silicon, boron, carbon, and nitrogen, respectively.
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Fig. 5. Calculated isothermal sections in the Si-B- Si3Ny4 system. (a) 1000 °C; (b) 1750 °C. Calculated using the commercial FTlite database [3].

temperature range of 1350-1400 °C. Next, a holding time of 10 min was
kept at 1400 °C before natural cooling.

The microstructures were studied by Zeiss Supra, 55 VP Scanning
Electron Microscope (SEM) with the feature of Backscattered Electron
image (BSE), Energy Dispersive Spectroscopy (EDS), and X-ray element
mapping. Moreover, an electron probe micro-analyzer (EPMA) JEOL
JXA 8500 was used to generate the elemental mapping. Quantitative
measurement of the chemical composition of the formed phases was
carried out via wavelength dispersive X-ray spectroscopy (WDS).
FactSage software [16] was used in our research to predict thermody-
namic properties. FTlite and SINTEF [17] databases were chosen to be
used in the calculation process.

3. Results and discussion
3.1. Phase formation in the Si-B alloys

SiB3, SiBg, eutectic structure (Si + SiB3), BN, and Si were formed in
the Si-B alloys. Fig. 2a—d shows the microstructures of the Si-B alloys
after experiments, with the B addition of 2, 5, 8, and 11 mass %. The
formed phases were confirmed by EDS analyses, where each phase was
taken in 5 different sites in their areas. The average composition of the
detected phases is given in Table 1. It is seen that SiBs, eutectic structure
(Si + SiB3), and Si were observed in all the Si-B alloys. The amount of
SiB3 phase increased with the increase of B content. Moreover, SiC and
B4C were also detected in the Si-B alloys due to carbon pollution. BN
was not easily observed in a low magnification state, as shown in Fig. 2.
To further confirm if the BN precipitates produced in the Si-B alloys, the
phases formed in the Si-8B alloy were studied in a high magnification
state. As shown in Fig. 3b, BN and B4C are not easily separated in low
magnification. It can however be distinguished in a high contrast state,
as shown in Fig. 3c. It is seen that the BN precipitates were embedded in
the SiBg phase. Moreover, the elemental distributions of Si, B, C, and N
were carried out in the Si-8B alloy. It is seen from Fig. 4a that three areas
were identified based on phase morphology and contrast. It is easy to
confirm that the bright region was Si(ss) and the grey particles were
SiBs. However, the dark phase was complex. It is seen from Fig. 4c—e that
C and N were accumulated on the bottom side of the dark grains, which
consisted of B4C and BN phases. The top side of the dark grains looked
like the pure B phase. However, the measured chemical composition was
82.9 at. % B and 14.2 at. % C in this area. The ratio of B/C was 5.8, which
is in the range of 4.3-12 for the B4C phase [18]. Hence, the dark grain
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Fig. 6. Liquidus projection of Si-B-N phase diagram. Calculated using the
commercial SINTEF database [17].

was believed to be B4C. BN was formed due to the dissolution of N from
the SigNy4 crucible, and it was further confirmed by EDS examination
with the composition of 53.2 at. % B and 45.4 at. % N in this area.

Fig. 5 shows the isothermal sections of the Si-B-SigN4 system at
1000 °C and 1750 °C, respectively. The calculated phase diagrams show
that no stable ternary phase is expected to form in the Si-B-Si3Ny sys-
tem. It is consistent with the data provided by Seifert et al. [19]. It is seen
from the isothermal section at 1750 °C (Fig. 5b) that 2-11 mass % B
alloys were in the BN + Liquid area. During cooling, the alloys were
transferred to the SiBs + Si + BN area at 1000 °C (Fig. 5a). The calcu-
lated results are in good agreement with our experimental results,
regardless of the C pollution.

SiC and B4C were detected in the Si-B alloys, which was not ex-
pected. In the experiments, the charged SigN4 crucibles were placed at
the bottom of the graphite crucible (G-2) under Ar flow. The presence of
SiC and B4C may hence be caused by the pollution from the graphite
holder.

BN was found in the Si-B alloys (Fig. 3) due to the dissolved N into
the liquid Si-B alloys. The formation of BN was caused by the reaction,
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Fig. 7. EPMA elemental map at the interface between the Si-8B alloy and Si3N4 crucible at low magnification.

N + B(l) — BN(s). Therefore, the dissolved N results in the formation of
BN in Si-B alloys. The N solubility in liquid Si-B alloys was estimated by
using the FactSage software package, as shown in Fig. 6. The N solubility
is lower than 10 ppm mass at 1750 °C in the liquid Si-B alloys with the
2-11 mass % B addition. Hence, the B content (57.0 at. %) was higher
than N (39.7 at. %) in the BN phase (Table 1). The driving force for
producing BN is limit, and the amount of BN is limited in the Si-B alloys
bulk phase.

3.2. Interface phase formation between Si-B alloys and SisN4 crucible

A continuous BN layer was formed at the interface between the Si-B
alloys and SigNy4 crucible. Fig. 7 and Fig. 8 present the elemental dis-
tribution at the interface between the Si-8B alloy and Si3Ny4 in both low
and high magnification states, respectively. For the B distribution
mapping area, it is seen that the B content was higher in the SisN4 area
close to the interface. The phase formed at the interface was further
confirmed by WDS analyses with an average composition of 5.6 at. % Si,
30.3 at. % B, and 64.1 at. % N. It indicates that a continuous BN layer
was produced at the interface. The B elemental distribution shows that
the liquid B would diffuse to the SigNy4 crucible and the diffusion depth
was measured to be 247 pm. For the N, the results show that the N
content was almost negligible in the Si-8B alloy.

There will be some interaction between the SigN4 and the liquid Si-B
alloys to form the BN layer. Hence, B in the liquid phase reacts with
SigN4 at 1750 °C. On the other hand, the formation of the BN layer might
also be caused by the dissolved N, due to the reaction N + B(l)

BN(s). Since the BN is at the SigNy surface, it is believed that the

13841

reaction will happen between the dissolved B and SigNy.

Fig. 9 shows the calculated interaction between the Si-B alloys and
SigNy4 at 1750 °C. The X-axis represents the content of the Si-B alloys, in
which X = 0 shows the SigN4 position and X = 1 shows the Si-B alloys
position. The Y-axis represents the mass percent of the formed phase. As
it is expected, the formation of BN is possible from the reaction of Si-B
alloy and SigN4 at 1750 °C. The amount of BN increases with the increase
of B content in the Si-B alloys.

The formation of BN at the Si/Si3Ny4 interface is resulting from the
following reaction.

B + V4 Si3Ny (s) = BN (s) + % Si () 1
The Gibbs energy, AG, of the formation of BN is given as
AG = AG" + RT In (a8} - apn)/(ap - asiang) 2

Where R is the gas constant. T is the absolute temperature. agy and
asisng are the activities of BN and Si3N4 at solid state, which is assumed
to be unity. ag; and agp are the activities of Si and B at liquid state. AGlis
the standard Gibbs energy of the formation of BN. The calculation results
are shown in Fig. 10.

As shown in Fig. 10, the Gibbs energy shows a negative value in the B
range 2-11 mass % at 1750 °C, and it decreases with the increase of B
content in the Si-B alloys. The negative Gibbs energy indicates that the
formation of BN is possible. The developing of the layer of BN at the
interface can be explained.

The formation of the BN layer can play the role of barrier coating
between the Si-B alloys and the SigNy4 crucible. It shows that SigNy is a
potential refractory material as the PCM container in the thermal energy
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Fig. 9. The interaction between Si3Ny crucible and Si-B alloys (2-11 mass % of
boron) at 1750 °C. Calculated using the commercial FTlite database [3].

storage system.

3.3. Wettability behavior of Si-3.25B alloy on SisNy4 substrate

The equilibrium contact angle of the liquid Si-3.25B alloy on the
SigNy substrate was measured to be 134 + 1°. Fig. 11 describes the
changing shape of the Si-3.25B particle during the melting/solidification
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process under 10~* atm. At 1389 °C, the sample started to melt and was
completely melted at 1400 °C. The onset temperature was close to the
theoretical melting point of 1385 °C [2]. The recorded images show that
the solidification started at 1318 °C and finished at around 1200 °C. The
contact angles of the Si-3.25B droplet as a function of time are presented
in Fig. 12, where the time of zero corresponds to the complete melting at
1400 °C. It is apparent from the figure that the initial contact angle was
equal to 134 £ 1° and it was almost constant within the holding time of
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Fig. 11. Wetting test of Si-3.25B alloy on SigN, substrate under 10~* atm. The white dotted circle represents the volume expansion of Si-3.25B alloy during

solidification.
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Fig. 12. Contact angle as a function of time for a liquid Si-3.25B drop on Si3Ny
substrate at 1400 °C.

80 s.

The value of the contact angle in the Si-3.25B/Si3Ny system is higher
than that measured in the Si/SigN4 systems (0-90°) in the literature
[20-23]. According to Li et al. [20], at the surface of the SisN4 substrate,
a thin layer of oxynitride (SiN,O,) was formed. Therefore, in the
Si/Si3N4 system, the initial angle of 85° was contributed to the SiN,O,
layer. Then, the contact angle was decreased with time and tended to
49°, close to the contact angle between the liquid Si and SisN4. However,
in the Si-3.25B/SigN4 system in this work, the contact angle was
measured to be 134 + 1°, close to the wetting angle in the Si/BN system
(90-145°) [23-27] and in the Si-3.2B/BN system (144-151°) [28].
Hence, it is believed that a BN layer was formed between the Si-3.25B
alloy and Si3N4, which is consistent with the experimental results ob-
tained in the SisNy crucible.

The volume expansion was readily observed in the cooling process,
by the final liquid flowing out at the left top of the solidified drop. It
shows that the maximum volume change was about 9% from the liq-
uidus point to the complete solidification.

The ideal volume change of Si-B alloys during solidification from the
liquidus point to room temperature was calculated based on the density
of the formed phases. It should be noted that the solid volume is the sum
of Si(s) and SiBg phases and the solid Si has no B dissolved, while the
liquid volume is the sum of Si(I) and B(I) phases with the assumption of
an ideal solution. It is assumed that a mole B is mixed with b mole Si.
Hence, the ideal volume expansion can be expressed as follows:

nsiqy = b, npgy = a, nsipe = a/6, nsjs) = b-al6 3

Where ns;(p), ngq), nsige, and ng;(s) are the mole of the Si(), B(), SiBs,
and Si(s) in the Si-B alloys, respectively. Hence, the volume of the

1800 T T . . . .
10
1750
1700 Lg
1650
6
O 1600 - -
5 &
< g
— 1550 - La 2
1500 L,
1450 - —— Liquidus point
Ideal AV
1400 4 A Experimetnal AV of Si-3.25B o
1350 T T . : : —
0 5 10 15 20 25
B/ mass %

Fig. 13. The volume expansion and the liquidus temperature of the Si-B melts
as a function with B content.

solidified Si-B alloys at 1270 °C (V) and the volume of the liquid Si-B
alloys (V) can be expressed:

Vs = (nsiB3-MsiB3/psiB3) + (7si(s)Msis)/Psics)) 4

Vi = (nsioMsia/psiay) + (B MBw/PB(1) 5
In the end, the volume change AV is expressed as follows.

AV = (Vs - V)l Vs - 100% 6

The ideal volume change of a Si-B alloy is calculated based on the
above equations. The results are presented in Fig. 13. There are two Y-
axis in the figure, in which the left one represents the value of the liq-
uidus temperature, and the right represents the volume change. The X-
axis represents the B addition in the Si-B alloys. The green triangle
represents the experimental result obtained from the wetting test. It is
seen that the volume expansion of Si-B alloys decreases with the in-
crease of B content. It might be caused by the contraction of the Si lattice
in an alloy with B [2]. The measured volume change of the Si-3.25B
alloy has a good agreement with the calculated result.

4. Conclusions

The present work summarizes the study concerning the use of Si3Ny4
as the Si-B alloys container in the thermal energy storage system. Si, Si
+ SiBg (eutectic structure), SiBs, SiBg are formed in the Si-B alloys. BN
precipitates are also recognized after solidification, while the amount of
BN is negligible. A continuous BN layer is produced at the interlayer
between the Si-B alloys and SisNy4 crucible. It can be a barrier layer to
prevent the penetration of liquid Si-B alloys to SigNy. In the wetting test,
the equilibrium contact angle is measured to be 134 + 1° between the Si-
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3.25B alloy and the SigNy substrate, which shows non-wetting behavior.
Moreover, the volume change in Si-3.25B alloy is measured to be ~ 9%.
It still has a high-volume expansion during solidification. All the results
show that Si3Ny is a suitable refractory material for building Si-B alloys
container in the thermal energy storage system.
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