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Abstract

Recycling end-of-life (EOL) silicon (Si) PV modules have gathered recent attention from
researchers. PV modules can be recycled using a closed loop cycle where the materials
recovered are reinjected into the supply chain for producing new modules. However, such
solutions are extremely complex, expensive and could lead to further generation of harmful
chemicals or emissions. Another way to recycle c-Si PV modules is by using them to produce
other commercially important materials, for example ferrosilicon, using an easy and
inexpensive route. Ferrosilicon is produced by reduction of silica using carbonaceous sources,
which generates planet warming greenhouse gases. In this work, we present a simple method
to use recycled Si (reSi) obtained from EOL PV modules to produce FeSi using induction
furnace and no carbonaceous source. Along with reSi, metallurgical grade Si and commercial
FeSi75 were also used to produce FeSi samples for comparison. FeSi samples with different
silicon content were prepared. We also investigate the effect of the oxygen in the processing
atmosphere, by preparing samples in arc furnace under argon atmosphere. The samples were
characterized using scanning electron microscope coupled with Energy dispersive X-ray
spectroscopy, to analyse the microstructure. X-ray diffraction was also used to identify and
compare the phases formed in different samples. Hardness of the samples was also determined
to understand the ease in the mechanical processing of the samples for potential commercial
applications. Through the experimental results we have shown that silicon recovered from EOL
PV panels could be used in the fabrication of FeSi.

1. Introduction

Silicon is widely used across various industries, including automotive, construction, and
medicine, due to properties such as abundance, versatility, resistance to water and oxidation,
and radiation shielding [1,2]. One of silicon's most significant uses of Si is as a semiconductor,
which is essential for application in electronics. The demand for growth in photovoltaics (PV)
deployment as a clean energy source in response to climate change, has further cemented the
position of silicon in enabling energy transition [3,4]. Although photovoltaics is among the
most promising technologies for sustainable energy production [4-6], optimal waste
management for end-of-life solar panels remains challenging. In this context, efficient silicon
recovery from electronics, especially from photovoltaic panels is increasingly critical [7-9].
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According to the predictions published by International Renewable Energy Agency (IRENA),
the cumulative PV panel waste could reach 1.7 - 8 million tons in 2030 and 60 — 78 million
tons by 2050 for installed capacity of 4500 GW [10]. Given an average panel life of 25 years
and the increased production and deployment of PV panels, large amounts of PV wastes are
anticipated by early 2030s. It is expected that by 2040, the weight of waste PV panels generated
would match that of the new installations [10].

Although silicon constitutes about 28% of the Earth's crust, it is most widely available in the
form oxide (Si0O), either as sand or quartz. The oxide is extremely stable and is often used as
arefractory material. The extraction of Si its extraction from primary oxide employs significant
carbon. Each kilogram of silicon metal (metallurgical grade) produced, accounts for
approximately 6kg CO». This polysilicon is further refined and manufactured into single crystal
ingots using Czochralski process, which further adds to the carbon emissions, depending on
the source of the electricity used. Hence, recycling the Si from electronic waste, such as Si PV
panels, can help greatly in reducing CO: emissions. Recycling just 1 ton of silicon photovoltaic
panels can save up to 1,200 kg of CO: equivalent per kg compared to producing modules from
raw materials [11]. Development of technologies for effective silicon recovery from end-of-
life (EOL) or discarded photovoltaic panels is crucial for the management of electronic waste
[12]. The discarded electronic waste could be viewed as a valuable resource for several raw
and intermediate materials. This could offer substantial economic and ecological benefits,
aligned with the sustainable development goals [13—15]. Although photovoltaic panels
installed in early 2000s are prognosed to serve up to 40 years (with limited performance), most
of them are discarded much earlier than their lifetime due to various reasons including damage
and technology upgrade [16]. Therefore, there is an urgent need to develop technologies for
recycling and managing the electronic waste, as the waste is expected to grow exponentially
[9,17].

In general, there are two different recycling pathways to manage waste — closed loop recycling
or cradle to cradle recycling and open loop recycling [18,19]. In closed loop recycling, the
materials extracted from the waste are reused to make the same product after some processing.
For example, the Si extracted from the EOL PV panels is purified and is used to make the solar
cells which are then incorporated into the PV panels [[20,21] .Usually silicon recycling
processes employ a number of mechanical, thermal chemical treatments, in various
combinations [22]. Various chemicals such as H3PO4, HNO3, HF and HCI are used for
removing of impurities (including Ag, Al, Si compounds etc.) to ensure the purity of obtained
product. However, this approach also generates problematic and potentially toxic gases and
effluents [12,17,23]. While it is possible to obtain high purity silicon for further use in high end
applications, in reality, the recovered silicon usually results in poor performance [24,25].
Further, despite the use of expensive and laborious techniques the content of impurities in
silicon still might be significant, above 2% [26,27]. Further, in many places, silicon modules
have been dumped in landfill sites and are no longer suitable for recovering Si and other
precious metals, essentially rendering them non-recyclable, which can lead to additional soil
and water pollution [28-30]. Therefore, it is essential to develop a method for recycling and
cost-effective repurposing of EOL PV panels. The large quantity of silicon available globally
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in discarded PV panels could be used to manufacture other valuable resources, which are
comparatively less sensitive to the presence of metallic impurities. One such example is the
use of EOL PV panels in producing ferrosilicon (FeSi) alloys.

FeSi alloys are broadly used in metallurgical industry for alloying, deoxidation and casting
operations. FeSi is used as the main source of silicon in steels for spring and electrical
applications [31,32]. Traditional silicon production from primary sources relies on coal and
coke, generating approximately 4 tons of CO: per ton of FeSi, with additional emissions of
SOy, NOy, and particulate matter [33,34]. Most of these carbon emissions originate from the
carbonaceous reduction process of SiO,. Recently some efforts have been made in using
recycled sources of carbon for production of FeSi which could potentially reduce the overall
carbon emissions [35], however, they still do not completely eliminate the emission of COo.
Utilizing an alternative production method, such as arc or induction furnace, can significantly
reduce these emissions by eliminating the need for carbon sources. Consequently, FeSi
production via silicon recycling offers a promising pathway in addressing modern
environmental challenges.

This study proposes an innovative approach that combines Si wafer recycling with FeSi
production from secondary sources, contributing to efficient utilization of resources and
hazardous emissions reduction. This method could offer an optimized alternative to silicon
extraction from primary sources. Moreover, different production routes were compared.
Additionally, the impact of source of silicon and its content on selected properties, as well as
microstructure of obtained alloys was studied to demonstrate the broad applicability of this
comprehensive recycling process.

1. Experimental Details
1.1. Raw materials used in this work.

In this work we have tried to understand the impact of the recycled Si content on the
microstructure and formation of ferrosilicon alloys, while comparing it with commercially
produced Si (metallurgical grade) and commercially procured FeSi75 (=72% wt. Si). FeSi45
alloys were prepared by melting calculated amount of low-carbon, low alloyed iron (procured
commercially) in an induction furnace and adding the Si after the steel had completely melted.
This was done to prevent the formation of silicon carbide compounds, and to prevent further
uncertainty in analysis. For all samples, the Si addition was done at a temperature between
1450-1500 C. Calculated and measured amount of low carbon steel was placed inside an
alumina crucible which was then placed inside a larger graphite crucible. The alumina crucible
was needed to prevent any reaction between the steel and Si with the carbon in the graphite
crucible. The graphite crucible was used as a secondary heat source inside the induction furnace
for the melting of Fe, Si and other constituents and for sustaining the required temperatures.

Three different sources of Si were used for the preparation of the FeSi; i) commercially
procured metallurgical grade silicon (mgSi) ii) Commercially procured FeSi75 (FeSi75) iii)
recycled silicon recovered from electronic waste (reSi). The recycled silicon was obtained by
crushing and sorting to recover silicon from the end-of-life PV panels. The PV panels were
crushed using an industrial crushing tool and the glass, plastic and other non-mechanical debris
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were removed using mechanical process such as gravitational separation process and manual
separation. The recovered silicon was then washed and dried in a thermal hot air oven at a
temperature of 150 C for one hour. The chemical composition of the low carbon iron and the
different sources of Silicon as determined by atomic emission spectroscopy (AES) are given in
table 1-4.

FeSi alloys were prepared with three different Si concentrations — 10%, 20% and 45 %. They
are referred throughout this work as FeSil10, FeSi20 and FeSi45. The experiment plan in terms
of the mass of the different constituents are shown in table 5. The plan of the experiment was
to keep the same amount (mass) of Fe and Si and to maintain the Fe/Si ratio in the final sample
for each intended concentration. For example, the concentration of Si in mg-Si, FeSi75 and re-
Si are 99.3%, 72.5% and 98.06% respectively. Therefore, the total weight of sample is slightly
different for each source of silicon. The actual mass of the charge and the mass balance of the
final sample obtained are shown later under the results and discussion session.

Tablel: Elemental analysis of the steel  Table2: Elemental analysis obtained of the

used for fabricating FeSi samples. FESi75 used for fabricating FeSi samples.
Sr Content Sr Content
o, Element (symbol) [wt.%] o, Element (symbol) [Wt.%]
1 Aluminium (Al) 0.03 1 Iron (Fe) 25.78
2 Silicon (Si) 72.5
2 Carbon (C) 0.0018 3 Aluminium (Al) 1
3 Copper (Cu) 0.001 4 Calcium (Ca) 0.29
4 Lead (Pb) 0.005 5 Carbon (C) 0.14
5 Manganese (Mn) 0.07 6 Chromium (Cr) 0.028
) . 7 Manganese (Mn) 0.15
6 Nickel (Ni) 0.017 8 Phosphorus (P) 0.01
7 Nitrogen (N) 0.0016 9 Sulphur (S) 0.002
8 PhOSphOI'US (P) 0.008 10 Titanium (Tl) 0.1
9 Silicon (Si) 0.003
10 Sulphur (S) 0.008
11 Tin (Sn) 0.0008
12 Zinc (Zn) 0.001
13 Iron (Fe) 99.85
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Table3: Elemental analysis obtained of
the silicon (mgSi) used for fabricating

FeSi samples.

Table4: Elemental analysis of the
recycled silicon (reSi) used for

fabricating FeSi samples.

St no Element Content St 1o, Element Content
(symbol) [wt. %] (symbol) [wt. %]
1 Aluminium (Al)  0.25 1 Aluminium (Al)  0.64
2 Calcium (Ca) 0.03 2 Boron (B) 0.01
3 Copper (Cu) 0.018 3 Copper (Cu) 0.053
4 Iron (Fe) 0.3 4 Lead (Pb) 0.05
5 Phosphorus (P) 0.051 5 Phosphorus (P) 0.03
6 Titanium (T1) 0.055 6 Cadmium (Cd) 0.05
7 Silicon (Si) 99.3 7 Silver (Ag) 0.192
8 Tin (Sn) 0.014
7 Silicon (Si) 98.96

Table 5: Experiment plan to prepare 250g of FeSil0, FeSi20 and FeSi45 from
three different sources of Si.

Total Si content
sample in FeSi Fe [g] mgSi [g] FeSi75[g]  reSi|g]
weight [g] [%0]
250.5 225 25.5 X X
252.0 10 217 X 35 X
251.0 225 X X 26
251.0 200 51 X X
253.0 20 183 X 70 X
252.0 200 X X 52
252.0 138 114 X X
256.0 45 99 X 157 X
254.0 138 X X 116

2.2 Preparation of samples in the furnace.

The amount of iron required for the sample was measured and placed in the alumina crucible.
The alumina crucible was placed inside a larger graphite crucible. The dimensions of both
crucibles along with the weights are given in the table 6. To remove the volatiles from the
crucibles, all crucibles were annealed at 1000C for 10 minutes in normal air. The graphite
crucible lost =210 g after the annealed, while there was no appreciable change in the weight of

the alumina crucible.

Table 6: Dimensions and weight of the graphite and alumina crucibles used in the

experiments.

Crucible type Height [mm]

Inner
Diameter
[mm]

Thickness Weight as Weight after

[mm] received [g]

baking [g]
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Graphite 100 55 25 108243 871+1.3
Alumina 80 48 2.5 120+1.5 119+0.2

Before the sample preparation, the amount of Si sources required for each experiment were
dried in in a hot air oven at a temperature of 120 C for 30 minutes. Then they were crushed
using mortar and pestle and then were passed through sieve to obtain silicon feed material with
particles less than 2mm in size. To prepare the sample, the required amount of iron was weighed
and placed inside the alumina crucible. The crucibles were placed inside the induction furnace
and covered with an alumina lid with an opening in the centre through which a thermocouple
was inserted to record the temperature. After the iron melted, the temperature of the molten
iron was ascertained before addition of Si source, and then the measured amount of the
appropriate silicon source (according to the experiment design) was added to the crucible. The
contents were stirred (intermittently) with the help of a clean quartz tube to check for complete
dissolution. After the complete dissolution of the Si in Fe, the first sample was collected using
a quartz tube of diameter 1.8 mm using suction process. The sample withdrawn using quartz
tube ranged from 7-10 g. This sample was allowed to cool down to ambient temperature
naturally, after which the sample was recovered by breaking the quartz tube. After retrieving
the first sample, the furnace was turned off. The remaining mass of the sample was left in the
crucible which was covered with the alumina lid (with an opening in the centre) the sample
was allowed to cool down naturally to room temperature. After the sample and the crucible had
cooled down, the alumina crucible was broken to retrieve the sample. The sample retrieved
using quartz tube took 20-30 minutes to cool down to ambient temperature while that in the
furnace took 150-200 minutes to cool down to ambient temperature. For each type of sample,
the experiment was repeated three times, leading to three samples for each sample type.

Some samples were prepared in a plasma arc furnace in argon atmosphere to compare the
impact of processing conditions on the sample. To prepare such samples, the calculated and
measured amount of raw materials (Fe + Si) were placed on the water-cooled copper worktable
of the furnace. The furnace chamber was flushed with Argon thrice and the working pressure
was set at 800 mbar. Samples prepared using arc furnace were cooled in air and it was not
possible to carry a long cooling process. The samples from the arc furnace tool 15-20 minutes
to cool to room temperature, during which the chamber was flushed with Argon and was kept
pressurized, to prevent air leaking into the furnace chamber. Hence, for comparing the
properties of the sample prepared in Arc furnace with those prepared in the induction furnace,
only the samples collected from the latter using the quartz tube were considered.

The obtained FeSi samples were cut using a circular saw and mounted on cylindrical samples
using thermosetting carbon resin. The samples were then polished using different grades of
sandpaper, ranging from 100 to 4000. For sandpapers, the grades refer to the number of
particles per mm? of the paper. Therefore, sandpaper of lower grade is coarse while that of
higher grade is fine. The final polishing was done using an automatic polisher using alumina
(=1um) as the abrasive. The samples were first washed in alcohol and then in DI water and
then in alcohol again using an ultrasonic cleaning tub. The samples were dried using an IR
lamp and then immediately taken for characterization.
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2.3 Characterization of the samples

The microstructure of the samples was analysed using scanning electron microscope, while the
chemical composition was ascertained using an integrated energy dispersive X-ray
spectroscopy. The different phases in the samples were identified using X-ray diffraction. The
hardness of the samples was also evaluated using a standard Vickers hardness tester using
HV10 (test force of 10 kg).

2.4 Sample symbol and notations

A large number of samples with different sources of Si, different concentration of Si and
different process routes were prepared and analysed in this work. To make the text easily
understood and concise, each sample is provided with a notation to identify most of the
processing parameters. The sample identification notation followed in this work is,

7 XXSi_FeSiyy-k
Where,

Z - This character defines the furnace type used to prepare the sample. ‘I’ would represent
induction furnace, while “A’ would represent the Arc furnace.

XXSi - These letters represent the source of Si used for fabricating the samples. Three sources
are used which are assigned a letter each for their identification.

i.  Commercially procured metallurgy grade silicon — “mgSi’
it.  Commercially procured FeSi75 — ‘FeSi75’
iii.  Recycled silicon from electronic waste — reSi

yy — These represent the percentage of Si in the FeSi sample. In this work, we have produced
samples with three different percentages of Si. Hence, the values of yy are 10, 20 and 45.

k — This symbol represents the cooling process of the samples. Samples that cooled down
within 20-30 minutes in ambient air for induction furnace, or within 10 min in water cooled
crucible in arc furnace, were referred to as quenching (q). On the other hand, the samples that
were cooled inside induction furnace to ambient temperature, were referred to as annealed (a)
samples.

2. Simulations of phases formed in FeSi using FactSage.

FactSage 8.3 was used to simulate the number and the amount of components formed at
different percentages of silicon. All calculations using FactSage represent the equilibrium
cooling conditions. However, equilibrium cooling conditions could not be maintained during
the solidification and cooling of the sample. Therefore, the results presented here are theoretical
approximations of the system and are used as a guideline for identification of the different
phases present in the actual sample. In the following sections we present a succinct overview
of the phase transition temperatures and the accompanying phases. The Fe-Si binary phase
diagram for silicon wt. fraction between 0.05 to 50% is shown in figure 1.
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Fig 1 — Fe-Si binary phase system as reproduced with the help of FactSage 8.3.

FESi10- FeSi10 begins to solidify at 1315 °C into BCC FeSi solid solution. The alloys
remain as a stable solid solution until 1200 when a solid-state transition takes place. The
single solid solution of FeSi forms two solid solutions — a Fe rich solution which is in
majority and a small portion of Si rich solution, both having BCC lattice. As the alloy is
alloyed to cool under equilibrium, the silicon rich alloy gradually dissolves and the Fe and
Si are absorbed by the Fe rich alloy, leaving only the Fe rich, BCC FeSi in the final state.
The change in the mass of the Fe-rich and Si rich BCC components as the FeSi10 alloys

cools down is shown in figure 2.
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Fig 2: The change in the Fe rich and Si rich component of FeSil0 alloys while cooling
down under equilibrium cooling conditions as predicted by FactSage.

FeSi20 — FESi20 remains in liquid state until 1200 °C. The solidification of the of the alloy
begins between 1215-1200 °C, where an intermediate Fe>Si appears. In this case, the entire
liquid does not change into solid at once. The first solid state appears at 1215 °C, and at
1200 °C = 4.6g of the alloy exist in liquid state. At 1100 °C, the alloy is completely solid
and consists of small portion of Fe-rich and further smaller portion of Si rich BCC alloys,
along with a major portion of Fe;Si. At 1044.32 °C, the entire amount of Fe>Si undergoes
a solid phase transformation, with a portion of it appearing as FesSiz while the remaining
portion contributing to the increased amount of Fe-rich and Si-rich BCC solid solutions. As
the alloy continues to cool down, the amount of FesSi3 increases with a corresponding
decrease in the Fe-rich and Si-rich BCC alloys. Finally at 409.1 °C, the solid FesSi3
undergoes solid state transformation under equilibrium conditions. A portion of Fe5Si3 gets
converted to FeSi, while the remaining portion add to the Fe-rich BCC alloy component.
As the alloy cools down, the concentrations of Fe-rich and the Si-rich BCC alloys change
slightly with a corresponding increase in the amount of FeSi. The change in the mass of the
different alloy components with the cooling of the FeSi20 alloy is shown in figure 3.
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Fig 3: The change in the different components of FeSi20 alloys while cooling down under
equilibrium cooling conditions as predicted by FactSage.

FeSi45: For FeSi454, the solidification begins ~ 1210 °C, similar to FeSi-20. However,
FeSi is the first solid phase to appear in FeSi45, which is immediately followed by
appearance of Fe3Si7. The BCC phase prevalent in both FeSi10 and FeSi20 does not appear
here and the quantity of both FeSi and Fe3Si7 remains stable as the alloy cools. At <995.8
°C, entire Fe3Si7 transforms to FeSi», consequently reducing the amount of FeSi. Beyond
this temperature no further phase changes occur and the amount of FeSi and FeSi» remains
stable as the alloy cools down to 100 °C. Figure xx show the appearance and the amount
of different component of the phases as the FeSi45 alloy cools down under equilibrium.
Figure 4 shows the change in the amount of different components of the alloy system with
temperature as calculated using FactSage 8.3 in equilibrium cooling conditions.
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Fig 4: The change in the different components of FeSi45 alloys while cooling down under
equilibrium cooling conditions as predicted by FactSage.

3. Results and discussion
3.1. Effect of silicon concentration (wt.%) and the source of Si on the properties of FeSi
prepared using Induction furnace.

3.1.1. Mass balance for the samples prepared.

Tables 7 shows the mass balance of FeSil0, FeSi20 and FeSi45 prepared from different Si
sources. It was observed that the material loss, both in absolute weight and as a percentage of
the total weight of the sample, was least for the recycled silicon. The maximum material loss
was observed when commercial mgSi was used as the silicon source, followed by FeSi75 as
silicon source. The trend remained unchanged despite the change in the fraction of Si in the
FeSi. Furthermore, the material loss increased with the increasing fraction of Si in the FeSi
samples. While for I mgSi_FeSil0, 0.64% wt. of the original mass of the sample was lost, for
I mgSi FeSi45 this percentage rose to almost 3%. The material loss was also found to be
almost directly proportional to the mass of Si source used in preparing the sample. For example,
from table 7 it can be seen, that the material lost for all FeSil10 samples is roughly half of that
lost in all FeSi20 samples, which is again roughly half of that lost in all FeSi45 samples. It can
be inferred from this observation that the silicon source was mostly responsible for the material
loss. Material loss manifested as a thin layer of material stuck to the alumina crucible and in
the form of tiny, oxygenated granules which were removed from the surface of the sample
before measurement. Some material also stuck to the stirrer and the quartz tube used for
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retrieving the sample, which were lost and could not be recovered. It was observed that with
increasing fraction of Si, the later attached to the Al crucible became thicker, mostly at the
bottom of the crucible. On observing the broken crucible under SEM, it was observed that the
layer of material attached to the bottom of Al crucible was between 200-400 um thick for
I mgSi FeSil0, while it was = 900um thick (at the centre of the crucible) for I mgSi FeSi45.
These observations could be explained based on the time taken for melting of Si and its
dissolution in the Fe. As the fraction of Si in the FeSi increases, the fraction of Fe decreases.
This reduces the speed of dissolution of Si in Fe and could provide more time for the Si to react
with the Alumina crucible where it could form a thin layer of Aluminosilicates, or for the Si to
be oxidized leading to formation of oxides. FeSi75 usually melts in the temperature range of
1250-1350 °C, while pure silicon melts at 1400°C. Hence, the mgSi and reSi would need more
time to dissolve than the FeSi75. However, the reSi (monocrystalline silicon from PV panels)
melted and dissolved quicker than the mg-Si. While the exact reason for this could not be
established for certain, it could be attributed to the dimensions of the Si chips obtained from
the EOL PV panels. The thickness of the solar cells used in the commercial PV panels is usually
in the range of 110-150 um [36]. This corroborates with our observation while preparing
FeSi45 samples, where reSi dissolved quicker than the mg-Si samples for the different FeSi
samples. Further, the percentage of volatiles in reSi is expected to be minimum as high-quality
silicon is used for manufacturing solar cells [37]. Visually, least fumes were observed during
addition of reSi and later least amount of oxides and debris were found in the FeSi samples
prepared with reSi. Hence, all these observations point towards reSi being a good Si source for
preparation of FeSi.

Table 7: Mass balance for samples prepared in an open induction furnace with different
wt.% of silicon using different sources of silicon. The total wight of sample is the sum of
both quenched and annealed samples. The data presented is the average of three
observations.

%
w Si Total
Si ' Total weigh Material
of Fewt. source . 1/a
Sample ID source . in(a) tof loss (1) 0
St gl wt.(s) 1 [70]
type 1o, [¢g]  samp [e]
[% [e]
1 e [g]

I mgSi FeSil0 mgSi 10 2252 256 2508 2492 1.6 0.64
I FeSi75 FeSil0 FeSi75 10 2173 351 2524 2511 13 0.52
I reSi FeSil0  reSi 10 225.1 261 2512 2505 0.7 0.28
I mgSi FeSi20 mgSi 20 2003 513 251.6 2485 3.1 1.23
I FeSi75 FeSi20 FeSi75 20 1835 704 2539 2511 2.8 1.10
I reSi FeSi20  reSi 20 2002 521 2523 2508 1.5 0.59
I mgSi FeSi45 mgSi 45 138.1 1142 2523 2448 7.5 2.97
I FeSi75 FeSi45 TFeSi75 45 992 1571 2562 2506 5.6 2.18
I reSi FeSi45  reSi 45 1382 1161 2542 2509 3.3 1.29
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4.1.2 Microstructure and Si content of the FeSi samples prepared with different Si
sources.

The microstructure of the samples was analysed using SEM. The chemical composition of the
samples was also analysed for the final Si content using EDS measurements. The observed area
was divided into a grid of 5 smaller areas and EDS measurements of these individual smaller
areas were taken. The process was repeated for all the three samples for each type of sample
prepared, resulting in a total of 15 observations. Finally, the results were averaged. This was
done to identify any preferential segregation of the Si or formation of any intermetallic
compounds.

Figure 5 shows the micrographs of the cross section of the FeSil0-a samples prepared using
different sources of Si, while figure 6 shows the cross section of FeSi10-q samples. Since the
Si content is low, the microstructure still corresponded to steel’s microstructure and different
grains of steel could be observed in the backscattered electron image. The silicon was evenly
distributed throughout the microstructure and minimum inhomogeneity was observed. In the
I reSi_FeSil0-a samples, particles of Ag thoroughly distributed throughout the microstructure
were observed. This is not surprising as Ag is known to have low solid solubility in both Fe
and Si.[38,39]. The microstructure of the samples quenched in air was similar in nature, except
for the grain size which were smaller than those in the annealed samples.

Figure 5: SEM micrographs of the cross section of the FeSilO prepared using different

sources of Si. All the samples shown here were allowed to cool in the furnace.

Figure 6: SEM micrographs of the cross section of the FeSilO prepared using different
sources of Si. All the samples shown here were obtained using quartz tube and cooled rapidly
in air.
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The Si concentrations in the FeSil0 alloys prepared is shown in Table 8. Based on averaged
EDS measurements from 15 points, the weight content of Fe and Si varied for different sources
of Si. In the case of FeSil0, samples with the highest content of Si were obtained with
metallurgical grade Si as the source of Si. The differences between Si content were minor and
was recorded maximum to be = 0,6% wt. abs. between the highest (mg Si) and the lowest
content (commercial FeSi75). In the case of additional elements (originating from input
materials) in the alloys. FeSi obtained from FeSi75 had the highest content of =1.6 %, and the
lowest content was noted for metallurgical grade Si (=1.4%). The difference in the percentage
of Si in FeSi10 samples prepared from mgSi and reSi as Si source was negligible. Furthermore,
the difference in the chemical composition and distribution of Si between the quenched and
annealed samples was also negligible. The other elements comprised predominantly Al, Ca,
Cu, Mg and, in case of samples prepared with reSi , Ag. While the presence of other impurities,
including carbon cannot be ruled out, their concentration could not be confidently determined
using EDS as they were below the detection limit of the equipment.

Table 8. Averaged chemical content of I FeSil0 alloys based

on SEM, EDS.
Sample ID Fe content Si content elgrglee;ts
0 0
[wt.%] [wt.%] [WE%]
I mgSi FeSil0-a 89.6+0.2 8.8+0.2 1.4+0.1
L
FeSi75 FeSil0-a 89.1+£0.5 8.2+0.3 1.6+0.4
I reSi FeSil0-a 89.5+0.2 8.7£0.3 1.5+0.2

Figure 7 shows the micrographs of the cross section of the FeSi20-a samples prepared using
different sources of Si, while figure 8 shows the micrographs of the cross section of FeSi20-q
samples. In these images, the segregation of Si rich parts could easily be seen. In all the SEM
images, the lighter regions correspond to the Si rich region while the darker regions correspond
to Fe rich regions. The distribution of Si-rich regions was found to be visually similar in
annealed and quenched samples prepared using different silicon sources. However, upon
further analysis of the images using ImageJ, minor differences were observed between the
annealed and the quenched sample. The area fraction of the Fe rich regions (dark shaded) was
found to be 5-7% less than that in the annealed samples. Hence, the samples which took longer
to cool down had higher fraction of FeSi20 and lower fraction of Fe rich regions. In FeSi20
samples prepared using mgSi Al could be seen along the grain boundaries. In the FeSi20
samples prepared using reSi, circular clusters of Ag could be seen randomly distributed, mostly
at the grain edges or boundaries. Further, the clusters were larger (3-7 um) but less in number
in the annealed samples, while those observed in the quenched samples were smaller (1-4pum)
but more in number. The slower cooling rate in the case of annelid samples allowed for the
diffusion, agglomeration and growth of Ag clusters, which were easily identified. The Al
segregated along the grain boundaries only in I_mgSi_FeSi20 samples. Similar behaviour was
not observed in the I reSi_FeSi20 samples, while the proportion of Al in both mgSi and reSi
was similar (Tables 2 and 4). While the exact reason for this is not known, we suspect that this
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is due to the presence of Ag in the latter samples. It was noted that the circular (spheroidal)
globules formed were predominantly Ag alloys, than only Ag or Al. This can be attributed to
the rather good solid solubility of Ag in Al [40,41]. Further, in solar cells, both Ag, Al and
alloys of Ag and Al are present in the meal paste for forming the electrical contacts, along with
some other elements such as lead (Pb), cadmium (Cd) and tin (Sn) [42—44].

Il_reSi_FeSi20-a

Figure 7: SEM mlcrographs of the Cross sectlon of the I FeSi20-a prepared using different
sources of Si. All the samples shown here were allowed to cool in the furnace.

F 1gure 8 SEM mlcrographs 0 the Cross sectlon of the I FeSQO -q prepared using dlfferent
sources of Si. All the samples shown here were obtained using quartz tube and cooled rapidly
in air.

The samples were further analysed using EDS to characterize their chemical composition. The
Fe rich regions visible as darker regions in the SEM images (Figures 7 and 8) were more than
90% Fe, and this characteristic was similar in all the samples irrespective of the cooling time
or the type of Si source used. Therefore, for further comparison of the samples, only the FeSi
regions were analysed. Table 9 and table 10 show the composition of the FeSi regions in the
annealed and quenched I _FeSi20 samples respectively. The FeSi regions were selected to
exclude the precipitated Al dendrites and Ag globules. While there were minor differences in
the composition of FeSi in the quenched and the annealed samples, there was a larger variation
in the uniformity of the distribution between the quenched and the annealed samples. As the
annealed samples slowly cooled down in the residual heat of the furnace, they had more time
for homogenization and hence resulted in improved uniformity in the composition of FeSi20.
In the case of I FeSi20 samples, like the I FeSil0 samples prepared with mgSi as Si source
resulted in the highest percentage of Si in the FeSi. Samples prepared with reSi silicon had
slightly lower concentration of Si, followed by those prepared with FeSi75 where the Si content

15



O Joy U WM

OO OO U U OO OrTOrdd BB BB DSEDDDNWWWWWWWWWWNDNNDNDNDNDNDMNNDMNNNMNNNMNNRERRRRRRERRERE
G WNhHFHROoOWwWOJdJOUbDdWNREFOOWOJIOUDd WP OOOJOOUNPd WNREPOWOWOJoOYYOUd WDNE OWOJoYUdWwNEFE O

was least. Like the FeSi10 samples, the concentration of Si was lower that the targeted value
(20% wt.) by 1.3-2.5% wt.

Table 9: Averaged chemical content of I FeSi20-a alloys (FeSi regions only) based on EDS.
The data presented here is the average of 5 points per sample, across three samples (total 15
points)

Sample ID Fe content [wt.%] Si content [wt.%] Other elements
[wt.%]

I mgSi FeSi20-a 80.1+0.5 18.7+0.3 1.2+£0.2

I_FeSi75 FeSi20-a 79.8+0.9 17.5+0.5 2.7£0.5

I reSi FeSi20-a 79.9+0.4 18.5+0.4 1.6£0.3

Table 10: Averaged chemical content of I FeSi20-q alloys based on EDS. The data presented
here is the average of 5 points per sample, across three samples (total 15 points)

Sample ID Fe content [wt.%] Si content [wt.%] Other elements
[wt.%]

I mgSi FeSi20-q 81.4+2.5 17.5£2.3 1.1£0.3

I FeSi75 FeSi20-q 80.6+2.9 16.9+2.5 2.54+0.5

I reSi FeSi20-q 80.3+2.4 17.9+2.5 1.8+0.4

The compositions of Al segregated along the grain boundaries in the I mgSi_ FeSi20-a and the
Ag crystallites in the I_reSi_FeSi20-a were also analysed using EDS. The Al segregated along
the boundaries in I mgSi FeSi20 samples included Al, Cu, Ca and Ti, where Al and Cu
together contributed more than 90% of the composition by mass. On the other hand, in the Ag
crystallites in the I reSi_FeSi20-a samples were predominantly Ag (=90% wt.) with small
amounts of Al, Sn, Cd and Pb. While small amounts of Al were also found in some areas alloyed
with FeSi, most of the Ag was assumed to be precipitated out of the FeSi solution, as Ag could
not be detected in other regions. Ag, Pb, CD and Sn were always detected together in the
crystallites, as they are commonly used in metal pastes for forming electrical contacts.
However, EDS has its detection limit, and it is possible that some extremely small quantities
of these elements could be dissolved in the FeSi regions.

Figures 9 and 10 show the cross-section SEM images of the I FeSi45-a and I FeSi45-q
samples prepared from different source of silicon, respectively. In this case we see two
prominent phases present in all the samples, irrespective of the source of Si used or the cooling
process. As expected, the grains in the quenched samples are smaller than those in the annealed
samples. The matrix, represented by the darker shade has almost equal proportions of Fe and
Si. Fe rich islands are uniformly distributed throughout the matrix. In the I _reSi FeSi45
samples, particles of Ag (alloyed with Al, Pb, Sn and Cd) were observed along the boundaries
of the islands, in both quenched and annealed samples. In annealed samples, the Ag particles
were larger in size (2-5um) and less in number, while in the quenched samples they were
smaller in size (<2 um) but numerous. This observation was similar to the I reSi_FeSi20
samples. A major difference observed in the I mgSi FeSi45 samples as compared to
I mgSi FeSi20, was the absence of the Al precipitation along the grain boundaries. In the
I mgSi_FeSi45 samples, the Al was found to be distributed uniformly in the Fe rich islands
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and in the matrix. To differentiate the two phases, and for easy understanding we refer the
phase where Fe and Si are almost equal as the Si rich and other as Fe rich phase.

Figure 9: SEM micrographs of the cross section of the I FeSi45-a prepared using different
sources of Si. All the samples shown here were allowed to cool in the furnace.

i

_CEAD @ 50 um) \|_Fesi75_FeSia5-q; Js0un] : .
Figure 10: SEM micrographs of the cross section of the I FeSi45-q prepared using different
sources of Si. All the samples shown here were obtained using quartz tube and cooled rapidly
in air.

Figure 11 shows the EDS map of a magnified portion of the I reSi_FeSi45-a sample. The map
was taken on a magnified image to obtain a good resolution for the Ag crystallites distributed
throughout the microstructure. In figure 11, the difference in the Si content is clearly visible.
The Ag crystallites can be observed located primarily along the boundaries of the grains having
lower Si content. Cd was observed associated with Ag crystals, which as mentioned earlier, is
included in the metal paste formulation used in the fabrication of solar cells. Al was found
distributed throughout the microstructure quite uniformly in both Si rich and Fe rich regions.
Other elements such as Pb and Sn were not clearly visible in the map, although they were
identified and quantified. Tables 11 and 12 show the distribution of Fe and Si in the
microstructure, both in the Fe rich and the Si rich phases, for the annealed and the quenched
samples respectively. We observed that the Si rich regions in the annealed samples were closer
to the desired composition of 45% wt. Si and 55% wt. Fe, than in the quenched samples. Hence,
we believe that homogenization occurred during the extended cooling period in the annealed
samples. However, it is noteworthy, that this extended time period was not enough to achieve
complete homogenization. Nevertheless, presence of these two phases is common in
commercial FeSi samples and have been reported earlier for FeSi75 [45,46]. Furthermore, it
was also observed that the variation in the composition was larger in the quenched samples
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than in the annealed samples, which is expected since the cooling duration was small. However,
even air cooled FeSi45 was able to achieve the composition quite similar to the annealed
FeSi45 as can be seen from Table 11 and 12. Since, FeSi is an intermediate product and is later
used for alloying or deoxidation purposes, FeSi cooled in air should have similar performance
to the FeSi annealed in the furnace. From these results it is clear that recycled Si from PV
panels can be used to produce commercial FeSi.

Area 2- Live Map 1| SiK_ROI (54

EENETEEEE  \iagS00 WD 6

Area 2 - Live Map 1 | AIK_ROI (14]

PENETEEEE  MogS00 WD 6
5

JENNCTTEEEN  (iag500 WD 6
Figure 11: EDS map of I_reSi_FeSi45-a sample at S00x magnification showing the different
elements identified.

ENCTIN 25500 WD 6

Table 11: Averaged chemical content of I FeSi45-a alloys based on EDS analysis. The data
presented here is the average of 5 points per sample, across three samples (total 15 points)

Sample ID Fe-rich Si-rich
Fe content Si content Other Fe Si Other
[wt.%] [wt.%] elements content  content  elements
[wt.%] [wt.%] [wt.%] [wt.%]
I mgSi FeSi45-a 67.1+1.8  32.2+0.5 0.7£0.3 51.4£1.7 47.9+0.2 0.7+0.3
I 64.2+1.2 31.5+0.8 4.3%1.9 48.8+1.1 45.7+0.3 5.5+1.6

FeSi75 FeSid5-a
I re FeSi45-a  66.141.6 32.740.6 1.2+40.5  51.4+1.8 47.4+02 1.2+0.9

Table 12: Averaged chemical content of I FeSi45-a alloys based on EDS analysis. The data
presented here is the average of 5 points per sample, across three samples (total 15 points)

Sample ID Fe-rich Si-rich
Fe content Si content Other Fe Si Other
[wt.%] [wt.%] elements content  content  elements
[wt.%] [wt.%] [wt.%] [wt.%]
I mgSi FeSi45-q 68.8+3.2  30.5£2.8  0.7+0.5 49.1£2.8 50.2+1.7 0.7£0.4
I 64.5£3.8  30.7+2.9 4.8+1.1 449432 50.2+1.8 4.9+1.7

FeSi75 FeSid5-q
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55
56
57
58
59
60
61
62
63
64
65

I re FeSi45-q 68.0+£3.1  30.8¢2.8 1.2+0.6 48.5+2.2 50.3+1.4 1.2+0.9

4.2 Impact of the production process and atmosphere used for the formation of alloy on
the properties of FeSi.

4.2.2 Mass balance for the samples prepared.

Table 13 shows the mass balance of the FeSi45 samples prepared in induction furnace and arc
furnace under Argon atmosphere. The mass balance data of FeSi45 samples prepared in the
induction furnace are copied from table 7 for easy comparison of data. Only FeSi45 samples
were prepared in the arc furnace with different sources of Si. Since all the samples in the arc
furnace were rapidly cooled in a water-cooled crucible hence, the quenched samples prepared
in the induction furnace were used as reference samples for comparison of properties. The total
loss in the sample is expressed as a percentage of the total mass of sample, as well as a
percentage of the weight of Si source added to the sample. From table 13, it can be clearly seen
that the material loss for samples prepared in Arc furnace is lower than those prepared in
induction furnace for all samples. However, the overall material loss trend was similar in
samples prepared in induction furnace and arc furnace. Samples prepared with reSi recorded
lowest material loss while those prepared with commercial FeSi75 recorded the maximum loss,
irrespective of the processing equipment or methodology. This data also suggests that presence
of oxygen plays vital role in the material loss, probably due to the oxidation of the volatile
impurities.

Table 13: Mass balance for FeSi45 samples prepared using different sources of silicon in an
induction furnace and arc furnace under Argon atmosphere.

% Si Total
Si wt. Fe source Total weight Material la
Sample ID source of  wt.(f) f/s in (a) of loss (1) |, 0
. wt. (s) [%]  [%]
type Si [g] ] [g] sample [g]
[%o] [g]
A mgSi FeSid5-q mgSi 45 92 76 08 168 166 02 119 2.63
I mgSi FeSi45-q mgSi 45 1381 1142 08 2523 2448 75 297 657
2—FGS‘75—FeS‘45' FeSITS ys 420 66 15 108 106 02 185 3.03
;—FeS”S—FeSl“S' FeSITS 45 992 1571 1.5 2563 2506 5.6  2.18 3.56
A_reSi FeSidS-q  reSi 45 114 95 08 209 208 0.1 047 1.05
[ reSi FeSi45-q  reSi 45 1382 1161 08 2543 2509 33 129 2.84

4.2.2 Microstructure and Si content of the FeSi samples prepared with different furnaces.

Figure 12 shows the EDS map of a cross section of A_reSi_FeSi45-q and I reSi_FeSi45-q
samples. The microstructure for both samples appear to be similar with no visibly discernible
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differences. The distribution of the Si, Fe and Ag also appear to be similar. The Si rich and Fe
rich portions are clearly visible while the Ag crystallites are located primarily at the grain
boundaries of the Fe rich portions.

A_reSi_FeSi45-q

I_reSi_FeSi45-q

—— [ L MM 1ogS0  WD:T [NENEN  NagS00  WD-7
Figure 12: EDS maps of A reSi FeSi45-q and I reSi FeSi45-q samples at 500x
magnification showing the different elements identified.

Table 14 shows the composition of Si and Fe in the Fe rich and Si rich phases in the FeSi45
samples prepared in Arc furnace using different sources of silicon. The data in table 14 can be
compared against the data in table 12, which shows similar information for the samples
prepared in arc furnace and cooled in air. It was seen that the impurities and other elements
(besides Fe and Si) were higher in the samples prepared in arc furnace for the samples prepared
with mgSi and reSi. However, the impurities content remained similar for the samples prepared
with FeSi75. For example, in I mgSi_FeSi45-q, other elements constituted only = 0.7% wt. in
the Fe and Si rich regions of the microstructure as determined by EDS. On the other hand, in
A mgSi FeSi45-q, other elements constituted =~ 3.1 % wt. and =3.8% wt. in the Fe rich and Si
rich regions respectively. However, when this data is viewed along with the mass balance data,
it is clear that most of the loss in the mass of the samples prepared in the induction furnace
could be attributed to the oxidation of the impurities in the Si source used for preparing the
samples. In the arc furnace, the impurities were not oxidized and hence were incorporated into
the final sample. Furthermore, it was observed that the impurities content did not change
appreciably for the FeSi45 samples prepared using FeSi75 as silicon source. Impurities
comprised 4.9% wt. and 4.6% wt. respectively for the Fe rich and Si rich regions in the
A FeSi75 FeSi45-q samples, which was almost similar to the 4.8% wt. and 4.9% wt. recorded
for the Fe rich and Si rich regions in I FeSi75 FeSi45-q samples. This implies that the
impurities in the FeSi75 could not be easily oxidized. It was further observed that the increase
in the impurity content was at the expense of Fe content in both Si and Fe rich regions for
FeSi45 samples prepared with mgSi and reSi. This could mean that the impurities are
associated preferentially with Fe than with Si.
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Table 14: Averaged chemical content of A_FeSi45-a alloys based on EDS analysis. The data
presented here is the average of 5 points per sample, across three samples (total 15 points)

Sample ID Fe-rich Si-rich

. Other . Other
Fe content Si content Fe content Si content
elements elements
[wt.%] [wt.%]

oo LVl vl

A mgSi FeSi45  66.9+0.4  30.0+0.2 3.1£0.6  46.2+04 50.1+0.2 3.8+0.5
A FeSi75 FeSi45 65.2+0.2  29.9+0.2 4.9+04  46.1+0.6 49.3+1.0 4.6+1.5
A reSi_FeSi45 66.8+0.7  30.0+0.5 3.3+1.1  46.1+03 50.0+£0.2  3.9+0.5

While the microstructure towards the centre of the cross section of the samples prepared in arc
furnace and induction furnaces were similar, slight differences in the microstructure were
observed at the edges of the samples prepared in arc and induction furnaces, owing to the
difference in the cooling rates. Figure 13 shows the SEM images of microstructure at the outer
edge of the FeSi45 samples prepared in arc and induction furnaces. The samples prepared in
the arc furnace were solidified in a water-cooled brass tube while the samples prepared in the
induction furnace were cooled in ambient air in a quartz tube. Hence, their cooling rate of both
samples was slightly different. The impact of difference in the cooling rate was visible on the
grain size and grain distribution in the microstructure. For both samples, directional growth of
elongated could be observed closer to the edges, where the cooling rate is expected to be
maximum. In the samples prepared in induction furnace, the elongated grains gradually change
shape and size and lead to the randomly oriented grains. Similar observation could be made in
the samples prepared in arc furnace and casted in water cooled tube, however, the transition
from the elongated grains to the randomly oriented grains could be distinctly observed within
a circular annulus running along the edge of the sample.
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Figure 13: SEM images of the microstructure of the cross section of the samples prepared in
induction and arc furnaces. The samples prepared in arc furnace were water cooled while
those prepared in induction furnace were air cooled.

The samples prepared in arc furnace also exhibited cracks throughout the microstructure of the
samples in the Si rich regions. Figure 14 shows the microstructure of the samples prepared in
arc induction furnaces (quenched in air). Cracks were observed in the Si rich region of the
microstructure in the samples prepared in arc furnace using mgSi and FeSi75 as silicon source.
Interestingly, such cracks were not as abundant in the samples prepared using reSi as the silicon
source. While the exact cause of this count be determined, we believe it is due to the presence
of higher amount of Al and Ag distributed uniformly throughout the Si rich region in the
samples prepared using reSi. Further analysis of the microstructure reveals that the Ag
crystallites in the A_reSi_Fesi45-q samples were more elongated and directional than those in
the I reSi_Fesi45-q samples. Hence, we hypothesized that the presence of Ag crystals in the
Si rich region prevented the cracks. Cracks more mostly absent in the samples prepared in the
induction furnace and quenched in air as shown in fig 14.

. i ‘B :
L = |_FeSi75_FeSia5-o s s
Figure 14: SEM micrographs showing the cross section of the FeSi45 samples prepared using
different sources of Si in the arc and the induction furnaces. Cracks could easily be observed
inthe A_mgSi Fesi45-q and A_FeSi75_ Fesi45-q samples.

4.3 Analysis of the phases present in the samples using XRD

The samples were analysed using XRD to identify the phases present in the samples. Figure 15
shows the XRD analysis of FeSi samples with different percentages of Si prepared using reSi.
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Figure 15: XRD patterns of FeSi samples with different percentages of Si prepared using

reSi (a) I reSi_FeSil0 (b) I reSi_FeSi20 (¢) I reSi_FeSi45

The phases identified using XRD overall agreed with the theoretical simulations using
FactSage. The longer cooling duration allows more time for phase transformation, hence higher
fraction of stable phases is expected in the annealed samples. However, despite slow cooling,
the cooling is not isothermal, hence, only a trend similar to the theoretical calculations is
expected and a close agreement to the simulated data is not expected.

InI reSi_FeSil0 samples, Fe3Si (Cubic) and Fe (Cubic) phases are detected in both annealed
and quenched samples. However, the fraction of FesSi decreased in annealed samples (=4%),
while the fraction of Fe rich BCC solution increased in the annealed samples. InI_reSi_FeSi20
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samples, FesSi3 (Hexagonal) and Fe;Si (trigonal) phases were detected. In I _reSi_FeSi20-a
samples, Fe,Si and FesSis were present in the ratio 3:2, while in the I reSi_FeSi20-q samples,
Fe»Si dominated (= 80%). The FeSi phase, which theoretically should appear at = 410°C for
FeSi20, could not be detected in either sample, indicating slow kinetics for this transition.
[ reSi FeSi45 samples, FeSi (cubic) and FeSi» (orthorhombic) was detected in both quenched
and annealed samples, as for FeSi45, FeSi phase theoretically appears at <1210 °C. In
I reSi_FeSi45-a samples, the ratio of FeSi: FeSi> was = 1:1.6 which is closer to the =1:2 ratio
calculated using FactSage. In I reSi_FeSi45-q samples, FeSi was dominant phase while FeSi»
was present in smaller quantities, their ratio being ~2:1. The Fe3Si7 phase, which is expected
to exist only until 995°C was not detected in both I reSi_FeSi45 samples, indicating quick
kinetics for the transformation from Fe3Si7 to FeSi and FeSi>. While Ag was detected in all the
samples prepared with reSi, however, Al could be identified only in FeSi45 (both quenched
and annealed) samples. Same phases (FeSi, FeSi») were identified in XRD measurements done
on I mgSi FeSi45 and 1 FeSi75 FeSi45 samples. While Al was identified in both
I mgSi FeSi45-a and 1 mgSi FeSi45-q samples, it was not detected in I _FeSi75_ FeSi45
samples.

Figure 16 shows the XRD pattern of the FeSi45 samples prepared in arc furnace with different
sources of Si. Phases similar to those detected in I FeSi75 samples were also detected in the
samples prepared with Arc furnace. The XRD pattens of the samples prepared in arc furnace
resembled the quenched samples prepared with the induction furnace, which was expected. Ag
and Al were detected only in the A reSi_FeSi45-q samples and was not detected with high
level of confidence in the other two samples. Slight differences were observed in the XRD
patterns of individual samples. XRD patterns of A reSi_FeSi45-q and A FeSi75 FeSi45-q
samples were more similar to each other, while that of A mgSi_FeSi45-q was slightly different.
This could be due to the slightly different fraction of the individual phases. The exact reason
for the difference in the composition of phases could be determined, however, it could be due
to the presence of different impurities in the samples.
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Figure 16: XRD patterns of FeSi samples prepared in Arc furnace with different sources of
Si.

4.4 Impact of chemical and phase composition on hardness of FeSi

The harness of the prepared FeSi samples was evaluated and analysed to understand the impact
of the change in silicon concentration, silicon source and fabrication procedure on the physical
property. We selected hardness, as FeSi is usually crushed prior to use [2]. The hardness of the
FeSi samples prepared in induction furnace having different percentages of Si and using
different sources of Si are shown in figure 17. It was seen that the FeSi10 samples exhibited
the lowest hardness values for all sources of Si. The hardness values increased for FeSi20
samples and again decreased for FeSi45 samples. The hardness results appear to be in
agreement with the phases identified in samples using XRD. The FeSi20 samples exhibited the
maximum hardness. This could be due to the presence of FesSi3; (Hexagonal) and Fe>Si
(trigonal) phases. The lower hardness of the FeSi10 samples could be owed to the presence of
body centred cubic phases. Among the samples with different percentages of Si, the sample
prepared using the reSi had lower hardness that those prepared with other sources, which could
be related to the presence of marginally higher amount of Al. Nevertheless, this could reduce
the energy consumption in processing and preparation of the FeSi samples prepared with reSi.
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The samples prepared in arc furnace exhibited hardness values similar to those obtained for the
samples prepared in induction furnace, with difference in values not more than +10.
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Figure 17: Hardness of FeSi samples determined by Vickers harness tester (HV10). The
results here are shown only for the samples prepared in Induction furnace.

4. Conclusion

Increased deployment of silicon PV panels is a positive response to combat climate change.
However, with increased deployment of PV panels, there is an urgent need to develop cost-
effective and simple technologies for effective recycling of decommissioned or discarded Si
PV panels. FeSi is a commercially important material and has multiple metallurgical
applications. However, traditional production of FeSi usually involves use of carbonaceous
sources and generates greenhouse gases and dust. In this work we have proposed using recycled
Si originating from EOL Si PV panels for the production of FeSi. The recycled Si obtained
from PV panels usually contain Ag and Al as major contaminants, however, together they
account for less than 1% wt. if Si. Use of reSi for preparation of FeSi would not need any
carbonaceous matter for reduction and could be prepared in induction furnaces requiring only
electricity as the source of energy. Depending on the source of electricity generation (fossil
fuels or renewables), the production of FeSi using reSi could potentially reduce the amount of
greenhouse gases emitted during its production. In this work, samples were prepared using
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three different sources of silicon (mgSi, FeSi75 and reSi) and containing different amount of
Si (10,20, 45). Two different types of furnaces (Induction and Arc) were used to prepare FeSi45
samples using different sources of Si. The samples prepared in Arc furnace were prepared under
Ar atmosphere to evaluate the impact of oxygen in the processing environment. We analysed
the microstructure using SEM and characterized the composition using EDS. In all cases, the
morphology, microstructure and composition of the samples prepared using three different
sources of Si were similar, except for the presence of Ag in the samples prepared using reSi.
The microstructure was found to change with the change in Si concentration. For FeSi45
samples, two distinct phases could be identified, a Fe rich phase (Fe: Si~ 1:0.53) and a Si rich
phase (Fe: Si = 1:0.95). The Si in all the samples prepared in the induction furnace were less
than the calculated amount by 2%-3% wt. (absolute), probably resulting from oxidation. The
overall material loss in the samples prepared in the induction furnace was significantly more
than for those produced in the arc furnace. This was found to be due to the oxidation of the
volatile impurities contained in the samples, which could did occur in the induction furnace,
due to absence of oxygen. XRD analysis of the phases revealed similar phases present for the
samples with given silicon content prepared with different sources of Si. Mechanical evaluation
of the hardness of the samples revealed that the samples prepared with reSi had lowest hardness
for all concentrations of Si. The hardness values in general were lowest for FeSi10 samples,
increased significantly for FeSi20 samples and decreased again for FeSi45 samples. This may
result in lower energy consumption in crushing FeSi samples before use, resulting in further
energy conservation. Samples prepared and arc and induction furnaces exhibited similar
hardness values, hence there was no specific advantage of using oxygen free atmosphere.
Therefore, induction furnace or arc furnaces operating in natural atmosphere would be more
suitable to produce FeSi using reSi. While Ag in reSi is an additional component in the FeSi,
it is < 0.1%wt of Si, resulting in overall <0.5% (wt.) in FeSi45 samples prepared using reSi.
Additionally, there is a large interest in recovering Ag from the recycled Si solar cells [47-50]
. Hence, the reSi could be treated first to remove Ag, and then used for producing FeSi.
Recovery of Ag from reSi and using the processed reSi to produce FeSi could further improve
the economy of recycling EOL Si PV panels. However, further research in the direction of
environmental impact assessment and cost analysis of the proposed route is needed to prove
the commercial viability of the process. Nevertheless, through this work it was found that reSi
silicon could be an effective source for commercial production of FeSi.
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