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Abstract

Decarbonization of steel making and allied processes have been receiving immense attention of researchers. Similarly, recycling of waste
resources and conversion or recovery of useful materials from waste destined for landfills to mitigate environmental impact, is also an
important area of research. Ferrosilicon (FeSi) is currently produced using carbothermic reduction and an energy intensive process. However,
silicon (Si) from electronic wastes could be combined with scrap steel to produce FeSi. The Si from electronic waste will, however, contain
some impurities such as Aluminium (Al), copper (Cu) and Tin (Sn), which could be incorporated into the FeSi produced from such Si.
Hence, in this work the impact of the impurities on the properties of FeSi was investigated theoretically and systematically with the help of
FactSage simulations. The impact of three major impurities associated with recycled Si (Al, Cu and Sn) were analysed when present
individually and then all together. The analysis was done with the help of phase diagrams for solidification process occurring under
equilibrium conditions. It was found that the impurities impact the proportion of the final phases and the melting and phase-transition
temperatures. Further, the presence of different intermetallic phases could impact the mechanical properties of the alloy as well. The presence
of three impurities together with Fe and Si leads to a complex multicomponent system. While further experiments are needed to identify the
actual phases formed during such process, this work provides as framework for carrying out such experiments in the future.
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1. Introduction

Ferrosilicon (FeSi) is produced using a carbothermal process,
usually in submerged arc furnaces. Quartzites (SiO2) are used as
the silicon source in the production of FeSi while coke (coal or
wood chips) is the primary source of carbon reductant [1,2] .
Recycled steel scrap is the primary source of iron (called iron chips)
[3]. The iron lowers the partial pressure of silica (SiO-2) required for
reduction and forms FeSi solutions that reduce the activity of Si.
Hence the process could be carried out at lower temperatures that
are employed for the production of silicon. This also results in
higher Si yield (less of SiO2) and lower energy consumption per

ton of metal [4] . Approximate charge composition, energy demand
and silicon yield for ferrosilicon smelting in a closed furnace for
each ton of FeSi produced is shown in Tablel [4] .

The carbothermic reduction of the silicon process releases huge
amounts of greenhouse gases, leading to energy losses. It has been
estimated that unto 3.4 t of CO2 can be released per tonne of FeSi
produced [4]. To combat climate change, it is imperative to limit
the amount of greenhouse gasses emitted during production
process. The major source of greenhouse gas emissions during the
production of FeSi is the carbothermic reduction of SiO2. If an
alternate source of Si is used, where the silicon not available in its
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oxide form, it would be possible to eliminate the use of carbon, thus
preventing the greenhouse gas emissions.

Silicon recovered from electronic waste such as photovoltaic
panels and waste electronic equipment could provide silicon in its
elemental form. Recycling the metal-contaminated silicon destined
for landfills for manufacturing FeSi, using only electricity as the
source of energy could potentially lead to a reduced carbon
footprint. In recent years, there has been growing interest in the use
of recycled material for the production of ferrosilicon [5-11].
Recently the use of silicon from photovoltaic (PV) panels along
with waste from aluminium refinery was suggested as raw material
sources for the production of FeSi [12]. The electronic waste is
usually crushed and subjected to a primary separation process,
where large pieces of metals, plastic, glass etc are separated
efficiently[13] . The recycled silicon recovered from e-waste such
as PV panels can has several other metal impurities in small
quantities such as aluminium (Al), copper (Cu) and tin (Sn), as
these metals are used to make electrical contacts in PV panels and
other electronic devices [14,15]. It should be noted that the copper
and aluminium used for external wires and mechanical frames
respectively, are easily recovered and recycled [16]. Small number
of materials that are used directly on silicon for making metal
contacts are difficult to separate, without use of expensive and often
hazardous chemical processes [12,14,17]. An estimated
distribution of different materials associated with Si recovered
from electronic waste is given in table 2, along with the relative
ease of recovery and qualitative economic value. In the context of
this work, the ease of recovery is identified to be ‘difficult’ if the
material to be recovered is alloyed with two or more materials, and
separation, recovery and purification involves more than two
different materials/components/chemicals. The ease of the
recovery process is identified as ‘medium’, if target material is in
unalloyed state and/or maximum two materials/components are
involved in its extraction, separation and purification. The process
is identified as ‘simple’, if the material is in unalloyed state and
only one material/process is involved in its separation and
recovery.

Although silver is also used, especially in PV panels to make
contacts, it can be separated from the silicon using simple chemical
leaching processes [13,14,17]. However, the remaining metals are
neither easy nor commercially attractive to recover, making the
process commercially non-viable [14,15]. While the metal-
contaminated silicon is unsuitable for the electrical or PV industry,
as it requires Si of extremely high purity, it can be used in the
metallurgical industry as a silicon source for producing FeSi. There
are several uses of FeSi in the metallurgy industry. It is used as a
deoxidizer, as a silicon carrier to produce alloys such as silicon
steel and other alloying agents’ carrier. The composition of the
FeSi plays a crucial role in determining the quality of the final
product [4]. Therefore, it would be helpful to understand the role
of the impurities in the FeSi manufacturing process and the impact
on the final availability of the Si for the desired process.

The Fe-Si-Al system have been investigated to some extend
both theoretically and experimentally [18-21]. Researchers have
analysed the thermodynamics of FeSiAl alloy systema and have
tried to synthesise the intermetallic compounds formed in such
system [18,19,22]. In some cases, Fe-Si-Al alloys have also been
investigated for their magnetic properties and applications in
foundry industries [23-27]. Similarly, inclusion of Cu in FeSi

systems have been investigated by researchers understand the
intermetallic formation and their precipitation behaviour[28,29]. In
some cases, a metastable liquid phase separation was investigated,
where more than one melt separation took place in FeSiCu
undercooled alloys under appropriate conditions[30,31]. Effect of
addition of Cu to the properties of Ferritic steel and in alloys for
thermoelectric applications have also been investigated [32,33].
Similarly, Fe-Si-Sn system have also been investigated by
researchers both theoretically and experimentally [34,35]. In one
study, the effect of addition of Sn to the sintering process of 6.5%
Si-steel was also experimentally investigated [36]. All these
published works show increased interest in the investigation of
such inclusions in the FeSi and other ferrous and nonferrous
metallurgical applications. However, systematic understanding of
such multicomponent phase systems with regards to the different
components formed and the cooling behaviour have not been
sufficiently investigated in the published literature. The impact of
a complex multicomponent system when all such impurities are
present simultaneously is also missing in the published literature.

In this work, theoretical investigations of the impact of the
metal contaminants in the recycled Si recovered from electronic
waste on the phases formed during the production of FeSi were
performed. The FeSi alloys with different impurities are
considered. The impact of the impurities on the solidification of the
alloys is simulated and analyzed with the help of calculated phase
diagrams. All the analysis presented in this work are performed for
the conditions of equilibrium solidification, which is considered as
a benchmark for the real solidification process. The equilibrium
solidification is assumed to take place when the rate of
solidification is infinitesimally small [37]. Three major metallic
impurities, Al, Cu and Sn are considered in different weight
percentages. The number and amount of the final phases expected
to be formed along with other physical properties such as the onset
of solidification, the number and types of phase transitions and the
complete solidification temperature are compared. With the help of
the simulated data, inferences are drawn related to the suitability of
using Si recovered from electronic waste as Si source in the
production of FeSi.

Table 1.
Typical Materials and Energy Demand for Smelting of FeSi in
Closed Furnaces (for 1 ton of alloy) [4]

FeSiAlloy FeSi20 FeSi25 FeSi45  FeSi65  FeSi75
(k?g”artz'te’ 370 552 931 1568 1930
I'(r;” chips, g1 780 658 343 250
Coke, kg 200 280 438 720 845
Electrode

oaste, kg 10 16 433 54
Electricity,

b 21 27 48 7.4 8.8
Silicon 97—

Vield. o 9495 ggg 9899 9204 9103
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Table 2.

Material distribution by weight in Si recovered from e-waste after the primary separation process, along with the relative ease in recovering
the pure form of the material and the relative economic value [15,38-42] . In the context of this work, the ease of recovery is identified to
be “difficult’ if the material to be recovered is alloyed with two or more materials, and separation, recovery and purification involves more
than two different materials/components/chemicals. The ease of the recovery process is identified as ‘medium’, if target material is in
unalloyed state and/or maximum two materials/components are involved in its extraction, separation and purification. The process is
identified as ‘simple’, if the material is in unalloyed state and only one material/process is involved in its separation and recovery.

Material (pure) Weight % [%]

Ease of recovery

Economic value [USD/t]

Silicon 75-98 Difficult 3,000-7,000 [23]

Silver 0.05-0.1 Medium 950,000 — 960,000 [23]

Aluminium 2-20 Difficult 2,200-2,700 [23]

Copper 2-20 Difficult 9,000-10,000 [22]

Tin 1-5 Difficult 28,000-29,000 [18]
Table 3.

2. Materials and Research Methodology

In this work the impact of the major impurities found in
recycled silicon on the production of FeSi is investigated
theoretically. Two types of FeSi alloys are simulated with the help
of FactSage 8.3., FeSi45 with 45 wt.% of Si and FeSi75 with 75
wt. % of Si. The formation of FeSi under equilibrium conditions is
investigated with the help of FACTSAGE 8.3 software for different
impurities present in varying quantities. Several alloy systems are
studied. The alloys are first simulated using only a single metal
contaminant as the impurity. Later, alloys with multiple impurities
present simultaneously are simulated. Here two assumptions have
been considered - a) the plastic and other non-metallic components
have been removed by simple physical processes [43,44], and b)
the scrap steel has extremely low carbon content (<0.2%) and was
treated like solvent. Therefore, carbon is not included as a
component in the analysis. The percentages of metal mixed with
silicon in e-waste were used as the basis of design of hypothetical
systems. The mass of Fe and Si was kept constant for one FeSi alloy
system, and the impurities were considered as additions. The
impurities were considered as percent of added Si, since recycled
Si is considered here the main source of impurity.

Five databases were used in the FactSage calculations. The
steel database (FSteel), ultra-pure silicon database (Fsupsi), pure
substances database (FactPS), Oxide database (FToxid) and
miscellaneous compounds database (FTmisc). Each alloy was
simulated from a starting temperature of 1500 °C until the final
temperature of 50 °C with calculations performed at temperature
steps of 50°C. These calculations were done using the equilibrium
module of the FactSage software. All pure solid phases were
considered to be included in the simulation. Pure liquids phases
were excluded as all alloys were considered as solutions. All
intermediate transitions were considered during the calculations.
The molar volumes of the solids and liquids were assumed to be
negligible. All the calculations were done at a constant pressure of
1 atm.

In this work, we have first studied each impurity in FeSi45 and
FeSi75 systems individually, and, later when all the impurities are
present simultaneously.

The composition of the FeSi45 and FeSi75 alloys considered
for the simulation of FeSi45 and FeSi75 alloy system has been
given in Table 3.

Alloy system of FeSi45 and FeSi75 for simulation, showing the
individual composition of the alloy without any impurities.

Alloy . _
system Fe (9) Si (9) Total (g)  Si/Fe
FeSi45 55 45 100 0.82

The details of the FeSi-Al alloys, systems considered in this
work, assuming Al to be the only impurity are shown in table 4.
The Al added to the system is associated with Silicon, hence it is
represented as a fraction of the silicon mass as 5%, 10%, 15% and
20%. For FeSi45, the masses of Fe and Si are kept constant at 55¢g
and 45g respectively, hence the mass of Al and the total mass of
the alloy system varies depending on the percentage of Al present
in the Si as impurity.

Table 4.

Alloy systems of FeSi45 and FeSi75 with Al as impurity for
simulation. The amount of Al expressed as the percentage of
silicon varies from 5-20 %

Sy Fe@ Si@) AI@  0F gy
FeSi45Al5 55 45 2.3 102.3 5
FeSi45AI10 55 45 4.5 104.5 10
FeSi45Al15 55 45 6.8 106.8 15
FeSi45Al20 55 45 9 109 20
FeSi75AI5 25 75 3.8 103.8 5
FeSi75AI10 25 75 7.5 107.5 10
FeSi75Al15 25 75 11.3 111.3 15
FeSi75AI20 25 75 15 115 20

The assumed compositions for investigating the ferrosilicon-
copper alloy systems, considering Cu to be the only impurity are
presented in Table 5. The Cu added to the system is associated with
Silicon, hence, like Al, it is represented as a fraction of the silicon
mass as 5%, 10%, 15% and 20%. For FeSi45, the masses of Fe and
Si are kept constant at 559 and 45g respectively, hence the mass of
Cu and the total mass of the alloy system varies depending on the
percentage of Cu present in the Si as impurity.
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Table 5.

Alloy systems of FeSi45 and FeSi75 with Cu as impurity for
simulation. The amount of Cu expressed as the percentage of
silicon varies from 5-20 %

Table 6.

Alloy systems of FeSi45 and FeSi75 with Sn as impurity for
simulation. The amount of Sn expressed as the percentage of
silicon varies from 1-5 %

Alloy . Total Al/Si Alloy Fe . Sn  Total Sn/Si  Alloy
system 2@ ST@ A@ ) () sstem (@ %@ (@ (@ (%) system
FeSi45Cu5 55 45 23 102.3 5 FeSi45sn1 55 45 05 1005 1 FeSi45Sn1
FeSi45Cul0 55 45 45 104.5 10 FeSi45sn2 55 45 09 1009 2 FeSi45Sn2
FeSi45Cul5 55 45 6.8 106.8 15 FeSi45Sn5 55 45 23 1023 5 FeSi45Sn5
FeSi45Cu20 55 45 9 109 20 FeSi75sn1 25 75 0.8 1008 1 FeSi75Sn1
FeSi75Cu5 25 75 3.8 103.8 5 FeSi75Sn2 25 75 15 1015 2 FeSi755n2
FeSi75Cul0 25 75 7.5 107.5 10

FeSi75Cul5 25 75 11.3 111.3 15 In practical applications, the recycled silicon is expected to
FeSi75Cu20 25 75 15 115 20 contain all three major impurities — Al, Cu and Sn. The source of

The different FeSi45Sn and FeSi75Sn alloy systems studied in
this work are listed in Table 6. Here, Sn is considered to be the only
impurity present in the ferroalloy system. Sn is usually associated
with Silicon, in lower quantities. In this work, the amount of Sn is
represented as a fraction of the silicon mass as 1%, 2% and 5%.
Similar to other systems, the mass of the masses of Fe and Si are
kept constant, while the total mass of the alloy system varies
depending on the percentage of Sn present in the Si as impurity.

recycled silicon would be the determining factor for the
composition of the impurities. If the Si is recovered from the waste
PV panels, Al is expected to be the dominant impurity (= 20%),
while copper and Sn would be in moderate quantities [43]. On the
other hand, if Si is recovered from the microprocessors (computers,
mobile phones, other electronic devices), Cu (=10-15% wt.) and Sn
(= 3-5% wt.) are expected to be present in higher quantities while
Al will be present in lower quantities (2-7%wt.) [39,41]. Therefore,
two different sources of Si are considered, Al-rich Silicon and Cu
rich silicon. Table 7 shows the composition of the different allots
considered for the simulation of the alloy systems.

Table 7.

Alloy systems of FeSi45 and FeSi75 with multiple impurities for simulation. The impurities are expressed as the percentage of silicon
Alloy System Fe (9) Si () Al (9) Cu (9) Sn (g) Al/Si[%]  CulSi[%]  Sn/Si[%]
FeSi45AI20Cu10Sn2 55 45 9 4.5 0.9 20 10 2
FeSi75Al120Cu10Sn2 25 75 15 7.5 15 20 10 2
FeSi45Al5Cu10Sn5 55 45 2.3 4.5 2.3 5 10 5
FeSi75AI5Cul10Sn5 25 75 3.8 7.5 3.8 5 10 5

Table 8.

3. Results and Discussions

3.1. FeSi45 and FeSi75 systems

It is helpful to begin the discussion with the general FeSi45 and
FeSi75 systems and present a general overview of the phases and
transformations during cooling. This discussion forms the basis to
develop further discussions and analyses of the alloy systems with
impurities. FeSi systems have been thoroughly studied in the past
[4,45-48]. The composition of the alloy considered for the
simulation of FeSi45 and FeSi75 alloy system has been given in
Table 3. A snapshot of the salient features of the FeSi45 and
FeSi75 alloy systems, as analysed with the help of FactSage
simulations is given in Table 8.

Characteristics of FeSi45 and FeSi75 alloys obtained from
FactSage simulations

Alloy  Onset of Completion  Intermediat  Final
Syste  solidificatio  of (Tcs) e phases phases
m n (Tos) (°C) solidificatio (fractio
n (°C) n % wt)
FeSi
FeSi4 . 30.9),
5 1295 1210 Fe3Si7 I(:eSiZ)
(69.1)
Si_A4
FeSi7 . 49.9),
5 1300 1213 Fe3Si7 l(:eSiZ)
(50.1)

The corresponding binary phase diagram for the system with
silicon concentration (wt.%) expressed as the fraction of the total
mass of Fe and Si is shown in Figure 1. Only a portion of the entire
phase diagram is shown with Si/(Fe+Si) ranging from 0.4 to 0.8.
The Diamond-A4 phase appearing for alloys with more than 57%
Si (wt%) is a silicon solid solution dissolving limited amounts of
Fe, P, C and Sn. For the FeSi75 alloys considered in this work, the
Si diamond-A4 phase, which makes up = 49.9% of the alloy,
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dissolves 2.1x10%8 g of Fe. Despite the differences in the Si
concentration, both alloys begin and end the process of
solidification around similar temperatures and both systems have
one intermediate phase (FesSi7). The FesSiz phase begins to form
at =1210.6 °C for FeSi45 and =1213.6 °C for FeSi75. The
intermediate FesSiz phase is stable up to = 995.8 °C in FeSi45
below which it undergoes solid state phase transformation to FeSi.
In the case of FeSi75, the presence of the Si-diamond phase
stabilizes the intermediate FesSiz phase to a lower temperature of ~
947.8 °C. As the alloys cool below this temperature, the FesSiz
phase undergoes the phase transition to FeSi2. During the cooling,
the proportion of the intermediate FesSiz phase remains practically
constant for both FeSi45 and FeSi75 and under equilibrium
conditions, the entire amount converts into the stable FeSi2 phase.

Fe - Si

1aim thtSage"

1500 T T T T T T T
FeSi+ Liquid Liquid
1300 X Diamond Ad + Liquid |
1100 | FeSi+Fe,Si; Diamond A4 + Fe,Si,
-
900 | ~~

FeSi, + Fe,Si,

T(©)

700

s00 | FeSi+FeSi, Diamond A4 + FeSi,

300 |

100 1 A L 1 ' ' e

0.4 0.45 05 055 06 0.65 07 0.75 0.8
Si/(Fe-+5i) (kg/kg)

Fig. 1. Fe-Si binary phase system diagram. X axis represents

Si/(Fe+Si). Figure produced with the help of FactSage

Table 9.

3.2. FeSi45 and FeSi75 with Al as impurity

Al is among the most common impurity in the FeSi alloys.
Commercially produced ferrosilicon usually contains between 0.5-
2% if Al as impurity [4,49]. However, since Al is used as an
electrical contact in most electronic devices, due to its excellent
electrical conductivity, less weight and not easily diffusing into
Silicon below 300 °C [50-52]. Table 9 shows the important
characteristics of FeSi45Al15-20, and FeSi75Al5-20 alloys based on
the simulations done in FactSage.

3.2.1. FeSi45Al15-20 alloy systems

Figure 2 shows the phase diagrams of FeSi45Al5-20 alloy
system. In this diagram, the ratio of Si/Fe is kept constant (0.82 =
45/55) for FeSi45 and the ratio of Al to Si is varied from 0 to 0.25
(0 — 25%). The fraction of the total alloy mass contributed by the
final phases in the different FeSi45Al alloys is shown in Fig 3.
When the Fe/Si ratio is kept fixed at 0.82 (45/55), i.e. the
temperature at which the alloy is expected to begin to solidify (Tos)
reduces with the increase in the percentage of Al. The Tos reduces
from 1274°C for 5% wt. of Al to 1226°C for 20% wt. of Al. Since
this is accompanied by the lower value of total free energy change
(AG) at the beginning of solidification, and since FeSi is the only
phase to precipitate, we speculate that addition of Al increases the
critical radius of the crystallization. As the content of Al in the alloy
increases, a larger crystallite is probably required to sustain the
grain growth and solidification, which in turn would result in lower
solidification temperatures. In all cases, FeSi is expected to be the
first phase to solidify. The amount of FeSi initially precipitated
from the alloy decreases with the increase in Al content. For
example, at 1200 °C, the FeSi formed in FeSi45A120 is only 43%
of the FeSi formed in FeSi45Al5. The completion of the
solidification for the FeSi45Al5-20 alloy systems was also found
to depend on the content of Al in the alloy. The alloys, with 5-10%
wt. of Al, are expected to completely solidify at 899°C while the
alloys with 15-20% wt. Al became completely solid at 893°C. The
alloys also show a difference in the cooling behaviour and the
intermediate phases formed depending on the Al content.

Temperature of onset of solidification (Tos), the temperature of completion of solidification (Tcs), the intermediate phases formed and the
final phases for different FeSiAl alloy systems simulated using FactSage under equilibrium cooling conditions.

Alloy On_se_t pf _ Co_mpl_etio_n of ) _
System Alloy sub-system  solidification solidification (Tcs) Intermediate phases Final phases
(Tos) (°C) O
FeSi45Al5 1274 . .
. FeSi45AI110 1256 899 FeaSi7 FeSi,

FeSi45 - Fe:SiAlo, FeSia,
FeSI4SAILS 1240 893 FeSiAl, AlsFesSiz
FeSi45AI120 1226
FeSi75AI5 1319 . .

FeSi75 FeSI7SAIL0 1296 840 FesSiz ﬁ«le_s?; (damondy
FeSi75AI15 1273 AlaFéSiz
FeSi75AI120 1253
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Fe - Si-Al
SifFe (kg/kg) = 0.82, 1 atm Gh:!ﬁage'
1450 | T T ]
Fe;Si;+ FeSi Liquid
1250 | 1
FeSi+Liquid
1050 P Fe;Si;+ FeSi+ Liquid 4
1 FeSi,+ FeSi + Liquid
5 = q FeSi,* FeSi+ Fe,SiAl, [ FeSij+ FeSiAL+ Fe,SiAl, 1|
=
650 ]
FeSi,+ FeSi . i i
450 b FeSi,+ FeSi + FeSiAl, i
250 b
% ) FeSi,* FeSi+ AlgFe,Sj (1)
0 005 0.1 0.15 0.2 025
AVSi (kg/kg)

Fig. 2. Phase diagram of FeSi45 alloy systems with Al as
impurity. The quantity of aluminium in the alloy systems varies as
a percentage of Si from 5-20%. In this phase diagrams, the ratio
Si/Fe is held constant (45/55 = 0.82) while the ratio Al/Si is
varied from 0-0.25

=]
o

[ A1 [FeSi]
] A2 [FeSiy)

— [ A3 [AlFe,Si]

-~
(=]
T

(=}]
(=]
T

12
o
T
1

N [}
o o
T T
L 1

-
[=]
T
!

o

Fraction in final alloy [%]

A1 [az] a3 [ ar [az] Az ] a1 [az] a3 | a1 [az] A3
FeSi45AI5 | FeSBANM0 | FeSi45AIS | FeSi45AI120

Alloy systems

Fig. 3. Fraction of the total mass of the different FeSi45Al alloy
systems contributed by the individual stable phases at 50 °C
presented as percent of the total mass. For the sake of clarity in
the image, the final phases have been replaced by respective
symbols in the image; FeSi (Al), FeSiz2 (A2) and AlsFe2Si2 (A3)

In FeSi45 alloys, which have Al content ranging from 1.5 to
14.9%wt, FeSi is present throughout the cooling and solidification
process. The amount of FeSi phase increases in quantity initially,
where more FeSi crystallize out of the liquid solution. FesSi7 is the
second phase to be formed as the cooling progresses. The amount
of FeSi in the alloy increases until the transformation of the FesSiz
phase, which is only stable at higher temperatures accompanied by
the appearance of FeSi2 phase. The last portion of the liquid first
solidifies into Fe2SiAl2 phase which soon undergoes a solid phase
transition to FeSiAlz phase. The increase in the quantity of FeSi2
phase and the corresponding decrease in the quantity of FeSi phase
continues until the appearance of FeSiAl: phase. At higher

temperatures, both the FesSiz and FeSi2 phases contains Al in the
in the form of FesAlr and FeAl. respectively. However, as
temperature reduces, Al precipitates out of the mixture leading to
the increased proportion of stable FeSi2 phase. For example, just
before the FesSiz <> FeSiz2 phase change, the FesSiz phase could
contain ~0.98% wt. FesAlr. Similarly, immediately after the
transition to FeSiz2 under equilibrium conditions, the FeSiz phase
may contain =0.6 % wt. of FeAl2. As cooling proceeds further
below 790°C, both FeSi and FeSiAlz phases increase in amount,
while that FeSiz continues to decrease. The increase in the
proportion of FeSiAlz phase occurs at the expense of Fe (Si, Al)z
phase mixture. Finally, at =~ 148°C, FeSiAl2 undergoes a solid-state
transition to AlsFe2Si.. Under equilibrium conditions, the
proportion of FeSiz decreases on cooling, while those of FeSi and
AlsFezSiz keeps increasing. At 50°C, the FeSi2 phase is expected to
contain = 1x107%° % of FeAl: phase by weight. The fraction of each
individual phase at 50°C is shown in Fig 3.

FeSi45 alloys systems with Al content greater than 15% wt.,
undergo slightly different transition and encounter different phases
as they cool down. They differ from the FeSi alloys containing
Al<15%, in two major ways. First, the temporary disappearance of
FeSi phase during cooling, and second the co-existence of Fe2SiAl2
and FeSiAl2 phases during the cooling. As the alloys cools down,
the first phase to crystalize is still the FeSi phase, which increases
in proportion until the FesSi7 «» FeSiz phase change reaction occurs
under equilibrium conditions at ~ 992.9 °C. As cooling proceeds,
the proportion of FeSi phase reduces continuously until = 899°C,
where the entire remaining FeSi phase disappears, and the FezSiAl
phase appears, accompanied by marked increase in the proportion
of FeSi2 phase. As the alloys cools further, the FeSiAl2 phase
appears at 893°C, when the entire alloy is in solid state. As the alloy
cools down further, at =789°C the Fe2SiAlz transforms to FeSiAly,
accompanied by the reappearance of FeSi phase and the
corresponding decrease in the proportion of FeSiz phase. The FeSi
phase remains stable hereafter, steadily increasing in proportion
until 50°C. The transition of FeSiAlz to AlsFe2Si2 remains same as
in the alloys with lower Al content.

In FESi45Alx (5<x<20) alloy systems, the final alloy is
dominated by the proportion of FeSiz phase, which constitutes
>60% of the alloy for all cases investigated, even when Al is 20%
of the added Si. The FeSi phase appears as the second major
constituent of the alloy systems, ranging between 30% - 20% of the
total alloy mass, decreasing proportion with the increasing Al
content. AlsFe2Si2 phase comprises the remaining portion of the
alloy, its mass increasing to just below 20% of the total alloy mass
for FeSi45Al20 alloy.

3.2.2. FeSi75AI5-20 alloy systems

Figure 4 shows the phase diagrams of FeSi75Al5-20 alloy
system. In this diagram, the ratio of Si/Fe is kept constant
(3=75/25) for FeSi75 and the ratio of Al to Si is varied from 0 to
0.25 (0 — 25%). The fraction of the total alloy mass contributed by
the final phases in the different FeSi75Al alloys is shown in Fig 5.
In FeSi75 alloys, the ratio Si/Fe is fixed at 3, but in reality, the ratio
could be slightly above or below 3. The aluminium added to FeSi75
is considered associated with the Si and is expressed as a
percentage of silicon, ranging from 5-20%. As can be seen from
Table 9 and Fig 4, the temperature at which the solidification
begins decreases continuously with an increasing percentage of Al
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in the alloy system. For FeSi75Al5, the first solid crystals of Si-A4
appear at ~ 1319°C, while the crystallization begins at ~1253°C for
FeSi75Al120. However, unlike in FeSi45 alloy systems, the Al
content has no impact on the completion of solidification
temperature and all alloy systems exist as complete solid phases
below 840 °C. Interestingly, although the onset of solidification
temperature for FeSi75Alx (5<x<20) alloys is higher than the
corresponding FeSi45Alx alloys, the temperature at which the
solidification is complete is lower than all the FeSi45Alx alloys
considered in this work. This means the FeSi75Alx alloys contain
a liquid phase for a longer duration than the FeSi45Alx alloys.
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Fig. 4. Phase diagram of FeSi75 alloy systems with Al as impurity.

The quantity of aluminium in the systems varies as a percentage of

Si from 5-20%. In this phase diagrams, the ratio Si/Fe is held

constant (75/25 = 3) while the ratio Al/Si is varied from 0-0.25
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Fig. 5. Fraction of the total mass of the different FeSi75Al alloy
system contributed by the individual stable phases at 50 °C
presented as percent of the total mass. For the sake of clarity in
the image, the final phases have been replaced by respective
symbols in the image; Silicon-A4-diamond (A4), FeSi2 (A5) and
AlsFeSiz (A6)

As the FeSi75Alx alloys cool down, the Si-diamond phase is
the first phase to crystallise. The Si diamond phase is actually a
solid solution dissolving limited amount of Al and Fe. The amount
of Al in the initially solidified Si -A4 crystals increases with a
commensurate decrease in the amount of Fe as the percentage of
Al in the alloy increases. In the FeSi75AlI5 alloys, the wt. fractions
of Al and Fe at 1200 °C are 1.5 x10° and 2.7 x107 respectively.
The corresponding values change to 1.7 x10- (Al) and 1.6 x107
(Fe) for FeSi75AI120 alloy. As the liquid alloy cooals, the Si from
the liquid continues to precipitate as Si-A4 while the amount of Fe
and Al in the liquid phase remains almost constant. The FesSi7
begins to precipitate from the liquid as an intermediate phase at
temperatures between 1173 °C (for FeSi75Al5) and 1091 °C (for
FeSi75A120). As cooling progresses, at ~<960°C, the liquid, which
was silicon rich to begin with, now has almost equal masses of Si
and Al and the amount of Fe in the liquid is nearly half that of both.
At = 942°C, FesSiz phase transforms to FeSiz phase. A cooling
progresses, the liquid solution increasingly becomes richer in Al,
as more Si-A4 and FeSiz phases precipitate. Finally, at ~ 840°C, the
remaining liquid solidifies into AlsFeSiz2. Both FeSi and FeSiAlz do
not appear in FeSi75Alx alloys systems. Increase in the amount of
Si in FeSi, stabilizes the AlsFeSiz and promotes its formation at
higher temperature. In FeSi45Alx systems, the AlsFe2Siz formed
only at temperatures below 150 °C, while in FeSi75Alx systems the
AlsFeSizis formed at 840 °C. In FeSi75Alx systems, the proportion
of AlsFeSiz phase increases with the increasing content of Al, and
for FeSi75AI15 and FeSi75Al20, the AlsFeSi: is the second most
available phase next to Si-A4 phase (Fig 5). This is understandable
due to the increased amount of Si in FeSi75 systems, the impurities
associated with the Si would also increase commensurately.

3.3. FeSi45 and FeSi75 with Cu as impurity

Copper is generally used in most electrical circuits and
equipment due to its excellent electrical conductivity and lower
cost than silver [53]. Therefore, copper is widely used in electronic
applications[54,55], although it may not be used directly on silicon
to form electrical contacts [56,57]. Copper diffuses readily in
silicon owing to its small ionic radius and weak interaction with Si
lattice. This makes copper highly diffusive even at room
temperatures and impacts the stability of copper complexes in
silicon [58,59]. Copper may also enter as a contaminant during
primary processing of silicon, such as during wafering stage using
wire saw [60]. Copper may be present in silicon as impurity ranging
from extremely minute quantities up to 20% by weight [40-42,61].
The extraction of copper from silicon is rather complicated due to
the high diffusivity of copper in silicon[40,42,61]. Hence, copper
is more likely to be associated with silicon recovered from
electronic waste.

Table 10 shows the characteristics of FeSi45Cu and FeSi75Cu
alloy systems based on the FactSage simulations. Figures 6 and 8
show the phase diagrams of FeSi45Cu and FeSi75Cu systems
respectively. In these diagrams, the ratio of Si/Fe is kept constant
(0.82 (45/55) for FeSi45 and 3 (75/25) for FeSi75) and the ratio of
Cuto Siis varied from 0 to 0.25 (0 — 25%). The fraction of the total
alloy mass contributed by the final phases in the different FeSi45Cu
alloys are shown in Fig 7 while the same for FeSi75Cu alloys are
shown in Fig 9.
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Table 10.

Temperature of onset of solidification (Tos), the temperature of completion of solidification (Tcs), the intermediate phases formed and the
final phases for different FeSiCu alloy systems simulated using FactSage under equilibrium cooling conditions.

Alloy Alloy sub- Onset of Completion of . .
System system solidification  solidification (Tecs) Intermediate phases Final phases
(Tos) (°C) §9)
FeSi45Cu5 1293 FeSi
. FeSi45Cul0 1292 FesSi, ;!
Fesids FeSidsCuls 1291 839 CuzsSis oo
FeSi45Cu20 1291
FeSi75Cu5 1328 . .
FeSi75 FeSi75Cu10 1813 801 FesSiz ﬁ:le_s?j (damond
FeSi75Cul5 1299 CU19§is
FeSi75Cu20 1284
3.3.1. FeSi45Cu5-20 alloy systems 80 —T T T T T
Fig 6 shows the phase diagram for phase diagrams of FeSi45Cu ) [_IC1[Fesi]
system. The fraction of the total alloy mass contributed by the final E, - ez [Fes|2]_
phases in the different FeSi45Cu alloys are shown in Fig 7. > g0l — [T cscussid ]
For FeSi45 alloys, with Cu as an impurity, the temperature above o ]
which the entire alloy exists as liquid does not change considerably C=U 50 - i
with the addition of Cu, for the alloys analysed in this work. As —
seen in Fig 6, FeSi45 alloys containing 5%wt. Cu, the alloy begins ®© 401 i
to solidify at 1293 °C, while those containing 20% wt. Cu, the é
solidification begins at 1291 °C, which is only a difference of 2°C. c 30 .
All the alloys, regardless of the Cu content completely solidify at =
the same temperature of 839 °C. For all FeSi45 alloys with Cu, FeSi C 20r 1
is the first phase to solidify. The amount of copper in the FeSi45 _g
alloy has a greater impact on the precipitation temperature of o 10r )
intermediate phase FesSiz, which is the next compound to E 0 —
precipitate from the solution. This is clearly visible in fig 6. For LL ct]c2fcafcr]ce|cafer]c2|c3 ]t [c2]cs
FeSi45Cub, precipitation of FesSiz begins at a temperature of 1200 FeSi45Cu5 | FeSi45Cu10 | FeSi45Cu15 | FeSi45Cu20

°C, while in FeSi45Cu20 alloy, its precipitation does not occur until
1172 °C. As cooling proceeds, Fe and Si continue to precipitate
from the solution with corresponding increase in the amount of
FeSi and FesSiv.
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Fig. 6. Phase diagram of FeSi45 alloy systems with Cu as an
impurity. The quantity of copper in the alloy systems varies as a
percentage of Si from 5-20%. In this phase diagrams, the ratio
Si/Fe is held constant (45/55 = 0.82) while the ratio Cu/Si is

varied from 0-0.25
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Fig. 7. Fraction of the total mass of the different FeSi45Cu alloy
systems contributed by the individual stable phases at 50 °C
presented as percent of the total mass. For the sake of clarity in
the image, the final phases have been replaced by respective
symbols in the image; FeSi (C1), FeSiz (C2) and CuisSis (C3)

At =1024°C, the liquid solution contains primarily Cu and Si,
with almost all Fe precipitated out as FeSi and FesSiz. This is
understandable as studies have earlier reported the low solubility
of Cu and Fe, especially at lower temperatures[62,63]. At = 995
°C, FesSi7 undergoes a solid-state transition to FeSi> which is a
stable phase and forms the largest component of the alloy by mass
(Fig 8). Finally, at = 839 °C, the remaining copper rich solution
solidifies to Cu1sSie Which, in this case is an intermediate phase and
stable only at higher temperatures. Here it can be seen that addition
of Si causes the Cu to remain in molten state well below its melting
point of 1084 °C. As cooling progresses the system remains stable,
and all the components maintain their individual masses. Finally,
at ~ 608 °C, CuieSis transforms to CuisSis which is a stable phase
and remains so at room temperature. Below this temperature, no
further chemical reactions or changes in the masses of individual
component occur as the alloy cools to 50 °C. FeSi2 remains the
largest component by mass in the final alloys for all different
compositions of FeSi45Cu alloys. As the proportion of Cu
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increases in the alloy, the proportion of FeSi2 reduces, with the
corresponding increase in the proportion of Cu1sSis. The proportion
of FeSi increases minimally with the increase in the proportion of
Cu in the alloy. The proportion of masses of the individual
component in the different FeSi45Cu alloy systems at 50 °C is
shown in Fig 7.

3.3.2. FeSi75Cu5-20 alloy systems

Fig 8 shows the phase diagram FeSi75Cu system. The
proportion of masses of the individual component in the different
FeSi75Cu alloy systems at 50 °C is shown in Fig 9.
For FeSi75 alloys, the amount of Cu in the alloy has a more
pronounced impact on the onset of solidification temperature as
seen from table 10 and Fig 8. The FeSi75Cu5 alloys begin to
precipitate Si (Diamond structure) at ~1328 °C, while in the
FeSi75Cu20 alloys, the precipitation of Si occurs at <1284 °C. This
represents a difference of 44 °C, which is in stark contrast with the
behaviour of FeSi45Cux (5<x<20) alloys. The FesSi7 is the next
phase to precipitate as the cooling progresses. The precipitation
temperature of FesSi is also affected by the proportion of Cu in the
alloy, albeit the impact is less pronounced than on the precipitation
temperature of Si. In FeSi75Cub5 alloys, the precipitation of FesSiz
begins at ~1197 °C, while it occurs at = 1172 °C in FeSi75Cu20
alloys (a difference of 25 °C). As cooling progresses, most of the
Fe precipitates out of the solution, leaving behind a predominantly
Cu-Si liquid solution. At =~ 947 °C, the FesSiz undergoes the solid-
state transition to FeSi.. The FesSiz to FeSiz transition occurs at a
temperature = 50°C lower than that in FeSi45Cu alloys. As cooling
proceeds, almost all of Fe from the liquid precipitates and the Cu-
Si solution solidifies into Cui1sSis compound at ~ 801 °C. In
FeSi75Cu alloy systems, the CuieSis remains stable and does not
undergo further transition as expected in FeSi45Cu systems. The
components and their amounts remain relatively stable as the alloy
cools to 50 °C. In FeSi75Cu alloy systems, both FeSiz and Si
contribute almost equally to the final mass of the alloy as shown in
Fig 9. However, as the proportion of copper increases, the
proportion of Si in the final alloy reduces more than that of FeSi-.

Fe-Si-Cu
SifFe (kg/kg) = 3, 1 atm

&ctSage“

1450
Liquid

1250 Si(Diamond-A4) + Liquid q

1050 | Si(Diamond-Ad)+ FesSi, + Liquid

gs0 | Si(Diamond-A4)+ FeSi, + Liquid 4

T(C)

Si (Diamond-Ad)+ Fe,Si, + Liquid
650

Si(Diamond-A4)+ FeSi, + Cu,4Sig

250 1

50 1 1 L 1
0 0.05 0.1 015 02 0.25

Cu/Si (kg/kg)

Fig. 8. Phase diagram of FeSi75 alloy systems with Cu as
impurity. The quantity of copper in the alloy systems varies as a
percentage of Si from 5-20%. In this phase diagrams, the ratio
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from 0-0.25
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Fig 9: Fraction of the total mass of the different FeSi75Cu alloy
systems contributed by the individual stable phases at 50 °C
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3.4. FeSi45 and FeSi75 with Sn as impurity

Sn is used in electronic components usually for soldering
purposes. Depending on the number of such soldered contacts in
the electronic device, the amount of Sn in the recycled Si waste
recovered from electronic waste could be up to 3% by wt. [18,19].
Pure tin has extremely low melting point of 231.9 °C. Usually,
eutectic alloys of tin with lead, indium or zinc are used, which melt
at even lower temperatures [18]. Solid solubilities of tin in silicon
have been found to be negligible [64], while finite solubility has
been reported for Fe-Sn systems [65].

Table 11 shows the characteristics of FeSi45Sn and FeSi75Sn
alloy systems based on the FactSage simulations. Figures 10 and
12 show the phase diagrams of FeSi45Sn and FeSi75Sn systems
respectively. In these diagrams, the ratio of Si/Fe is kept constant
as earlier, and the ratio of Sn to Si is varied from 0 to 0.05 (0 — 5%).
The fraction of the total alloy mass contributed by the individual
stable phases at 50°C in the different FeSi45Sn alloys are shown in
Fig 11 while the same for FeSi75Sn alloys are shown in Fig 13.
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Table 11.

Temperature of onset of solidification (Tos), the temperature of completion of solidification (Tcs), the intermediate phases formed and the
final phases for different FeSiSn alloy systems simulated using FactSage under equilibrium cooling conditions

Onset of solidification

Alloy System (Tos) (°C)

Alloy sub-system

Completion of
solidification (Tcs) (°C)

Intermediate phases  Final phases

FeSi45Sn1 1294
FeSi45 FeSi45Sn2 1293
FeSi45Sn5 1291

FeSi,
FesSi7 FeSiz,
Sn

FeSi75Sn1 1342
FeSi75 FeSi755n2 1341
FeSi75Sn5 1338

Si_A4 (diamond),
FesSiz FeSiz,
Sn

3.4.1. FeSi45Sn1-5 alloy systems

The inclusion of Sn alone as impurity in FeSi systems has
minimal impact on the final product formed. Although Sn has been
reported to have finite solubility in Fe [65], when present together
as FeSi, Sn does not form any compounds with Fe and simply
precipitates as Sn. In FeSi45Sn systems, with the proportion of Sn
varying between 1-5%wt. of Si, the impact on the temperature at
which first solid phase appears and the temperature below which
the entire alloy is solid does not change significantly. The Tos
decreases by ~ 1.67°C / gm Sn. When the Sn content is 5% wt. of
Si, the temperature of the onset of solidification is expected to
reduce by 3 °C. FeSi45 alloys with 1-5% wt. Sn, exhibit similar
cooling behaviour for the entire range of Sn composition
considered in this work. At = 1294°C, FeSi is the first phase to
crystallize and precipitate out of the liquid. The amount of FeSi
precipitated almost doubles between 1250 and 1200 °C under
equilibrium cooling. The increase in the amount of FeSi slows as
FesSiz appears and later the amount of FeSi even reduces as FeSiz
is formed. FesSiv is the next compound to form and the temperature
of its formation changes marginally with the change in the
composition of the alloy. For FeSi45Sn1, FesSiz begins to form at
~1209°C, while for FeSi45Sn5, it is expected to appear at 1205 °C.
As cooling progresses, at = 995°C, FesSi7 transforms to FeSiz,
accompanied by an approximately 25% reduction in the amount of
FeSi. The transition temperature of FesSiz to FeSiz is not affected
by the proportion of Sn in the alloy. At this point almost all of Fe
and Si are distributed as solid FeSi and FeSi2 while almost all of Sn
remains as liquid. Finally at 231.9 °C, which is the melting point of
pure Sn, the liquid Sn solidifies. Since no alloys are formed
between Sn and Fe, the proportion of FeSi and FeSiz in the final
alloy do not change with the change in the proportion of Sn.
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Fig. 10. Phase diagram of FeSi45 alloy systems with Sn as
impurity. The quantity of Sn in the alloy systems varies as a
percentage of Si from 1-5%. In this phase diagrams, the ratio
Si/Fe is held constant (45/55 = 0.82) while the ratio Sn/Si is
varied from 0-0.05
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Fig. 11. Fraction of the total mass of the different FeSi45Sn alloy
systems contributed by the individual stable phases at 50 °C
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3.4.2. FeSi75Sn1-5 alloy systems

The FeSi75Sn alloys show slightly similar sensitivity to the
presence of Sn as in FeSi45Sn alloy systems, although any changes
are imperceptibly smaller. In this case, the Tos decreases by =~
1.33°C / gm Sn. The proportion of Sn in the alloy changes the
temperature at which the Si-Diamond phase begins to crystallize
out of the liquid solution as shown in Table 11. The amount of Si
precipitated increases continuously until the appearance of FesSiz
phase.
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Fig. 12. Phase diagram of FeSi75 alloy systems with Sn as
impurity. The quantity of Sn in the alloy systems varies as a
percentage of Si from 1-5%. In this phase diagrams, the ratio
Si/Fe is held constant (75/25 = 3) while the ratio Sn/Si is varied

from 0-0.05

The temperature of appearance of FesSiz is slightly reduced
with increasing Sn content, from 1209°C at 1%wt Sn to 1205°C for
5% wt. of Sn. As cooling progresses, at 947 °C, the FesSiz changes
to FeSiz, accompanied by an increase in the amount of Si, as a result
of excess Si from FesSi7 to FeSiz transition. At this point, the alloy
is expected to be composed of almost equal amount of Si and FeSiz
phases, with the Sn remaining as liquid. No further changes occur
in the proportion of Si and FeSi. after the transition of FesSi.
Finally, at 231.9 °C, the Sn solidifies as pure solid. Hence, in the
microstructure of such an alloy, Sn is expected to be distributed
among the Si and FeSiz grains. Since no alloys are formed here as
well, the final proportions of Si and FeSi2 do not change with the
increase in the proportion of Sn.
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Fig. 13. Fraction of the total mass of the different FeSi75Sn alloy
systems contributed by the individual stable phases at 50 °C
presented as percent of the total mass. For the sake of clarity in
the image, the final phases have been replaced by respective
symbols in the image; Si-Diamond (S4), FeSiz (S5) and Sn (S6)

3.5. FeSi45 and FeSi75 with Al, Cu and Sn
present together as impurities

As mentioned earlier, in this section, analysis of FeSi45 and
FeSi75 prepared from two sources of recycled silicon are presented
i) Al rich recycled Si and ii) Cu rich recycled Si. Table 7 shows the
composition of the different allots considered for the simulation of
the alloy systems.

3.5.1. FeSi45 alloy made with Al rich recycled silicon

The composition of the alloy systems made from recycled
silicon containing Al as the main contamination, along with
moderate amounts of Cu and Sn are given in Table 7. For the
purpose of this work, the percentages of Al, Cu and Sn in the Si,
expressed as a percentage wt. of Si, are considered to be 20%, 10%
and 2% respectively. Figure 14 shows the phase diagram created
using FactSage for FeSi45A10-25Cu10Sn2 alloy system. In this
phase diagram, the ratios Si/Fe, Cu/Si and Sn/Si were kept
constants, and the Al/Si ratio was varied between 0-25% wt. of Si.

Such multicomponent phase diagrams could be extremely
complex as seen in Fig 14. Here, we shall attempt to describe only
one FeSi45 alloy composition in details (FeSi45Al20Cul0Sn2).
Starting at a temperature of 1500°C, the alloy remains as a
homogenous liquid phase until ~1227.8 °C, at which point FeSi
begins to precipitate from the solution as the first solid phase. The
amounts of molten Al, Cu and Sn are expected to remain stable
while those of Fe and Si decrease, as the cooling progresses. At
1112.2 °C, FesSi7 begins to crystallize. At some lattice points in
FesSiz, Al is expected to replace Si, forming small amounts (<1%
wt.) of FesAlz. As cooling further progresses, the amount of solid
FeSi and FesSi7 continues to increase. At =1065°C, the simulation
predicts the presence of two immiscible liquid solutions, a Fe-Si
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rich solution (Liquid), and an Al-Cu-Sn rich solution (liquid 2). At
1100°C, Fe and Si make up ~72% (wt.) of Liquid, while Al+Cu+Sn
contribute to 88% of the mass of liquid 2. This could probably be
due to the difference in the governing equations used for further
calculations. Liquid is governed by FS-Steel database while liquid
2 is governed by FS-pure substances database. This further shows
the complexity involved in such multicomponent simulations.
Beyond 1005.6 °C, only the Al-Cu-Sn rich solution, liquid 2, is
expected to exist, dissolving small amounts of Fe and Si as a liquid
solution. The Fe-Si rich portion of the solution is expected to
solidify completely, contributing to the increase in the masses of
FeSi and FesSiz. The proportion of FesAl7 in FesSizalso increases
as temperature decreases, from 0.5% wt. at 1100°C to 0.9% wt. =
993 °C. At this temperature, FesSiz transforms to FeSiz. As with
FesSiz, FeSiz is also expected to have Al at some of its lattice points
forming FeAlz. The proportion of FeAl2 in FeSiz initially increases
as the temperature decreases, until 850 °C, after which the Al is

expected to diffuse out of the lattice decreasing the proportion of
FeAl.. The decrease in the proportion of FeAl2 continues through
the cooling period beyond 850 °C until 50 °C (end of simulation).
At =871°C, the third solid compound, Fe2SiAl> begins to
precipitate out of the Al-rich liquid solution. As cooling progresses,
more FezSiAlz precipitates out of the solution making the solution
copper rich. However, the presence of Sn appears to stabilize Cu in
liquid state and the CuieSis alloy that was formed in FeSi45Cu alloy
systems, does not appear in this alloy system. Despite Al having a
lower melting point than copper, the FeSiAl. alloy precipitates
first. At =789 °C, Fe:SiAlz transforms to FeSiAl.. As cooling
progresses, at =~ 685°C, a BCC solid solution comprising Cu-Sn-Al
and minute quantities of Fe and Si begins to crystallize. Finally, at
~678.9 °C, the remaining liquid solidifies into a BCC solid solution
containing the entire mass of Cu and Sn and = 15% mass of Al,
along with minute quantities of Fe and Si.

1450

Fe-Si-Al-Cu-Sn
Si/Fe (kg/kg)=0.82, Cu/Si (kg/kg)=0.1,
Sn/Si (kg/kg)=0.02, 1 atm

GbctSage"

1-FeSi+ Fe,Si, + Liquid

Liquid

1250

1050 - FeSi+ Fe,Si, + liquid 2

FeSi+ Liquid

2

2- FeSi + Fe,Si; + Liquid1 (Fe-
rich)+ liquid 2 (Al-Cu rich)

3-FeSi + FeSi, +Fe,SiAl, +
liguid 2
4-AlCu (BCC)+ FeSi + FeSi,

FeSi+ FeSi,+ liquid 2

+FeSiAl, + liquid 2

850

1 5 AlCu (BCC)+ FeSi + FeSi,

+FeSiAl,

6-AlCu(Epsilon) + AlCu

(BCC)+ FeSi + FeSi, + FeSiAl,

7-Al,Cu,, + AlCu (BCC)+ FeSi
71 +FeSi,+ FeSiAl,

8- AlCu;; + Sn-solid-sol
4 (BCT) + FeSi+ FeSi, +AlgFe,Si,

9- Al,Cus + Sn-solid-sol (BCT)

+ FeSi + FeSi, +Al.Fe,Si,

g R
= /_\ p FeSi+ FeSi,+FeSiAl2 + liquid 2

650 | / 5 =

[ B
P{ 7
450
AlgCu,, + FeSi+ FeSi,+FeSiAl, + liquid3 (Snrich)
250
Al,Cu,, + Sn-solid-sol (BCT-A5) + FeSi + FeSi, + FeSiAl,
50 I : 8 1 9 I
0 0.05 0.1 0.15 0.2 0.25
AVSi (kg/kg)

Fig. 14. Phase diagram of FeSi45A120Cu10Sn2 alloy systems with Al (0-25% wt. of Si), Cu (10% wt. of Si) and Sn (2% wt. of Si) as
impurities. In this phase diagram, the ratios Si/Fe, Cu/Si and Sn/Si are kept constants, and the Al/Si ratio has been varied. The components
of some of phase mixtures encountered during the cooling of alloy with Al as 20% wt. of Si are numbered and mentioned alongside the
diagram to improve readability

At this temperature, the BCC-A2 contains 64% Cu, 21% Al,
13% Sn, 1.8% Si and 0.2% Fe (by %wt.). For brevity, we would
refer this as BBC-A2. At =624 °C, Al-Cu binary phase (epsilon)
precipitates out from the BCC-A2 solid solution. However, this
compound is expected to be stable only until =584 °C, when it starts
to precipitate AlsCuz1. As cooling proceeds, the Al and Cu continue
to precipitate out of the BCC-A2, and it grows richer in Sn. At
~531.5°C, the BBC-A2 contains 56% Cu, 26% Sn, 17% Al and 1%
Si (%wt.). At this point, the solid alloy begins to melt and results
in a liquid3 with 97.5% Sn and 1.8% Cu and 0.7% Al (% wt.).

Correspondingly the amount of AlsCuu: increases by almost 75%.
At = 231.5°C, the liquid3 solidifies along with a small amount of
Al forming Sn-Al alloy (BCT). At this temperature the solid alloy
comprises FeSi, FeSiz, FeSiAlz, AloCui1 and the Sn-Al BCT alloy.
As cooling further progresses, at ~148.7°C, FeSiAlz2 undergoes a
solid-state transformation to AlsFezSis.

Simultaneously, the amount of FeSi increases by ~25% and the
FeSi2 decreases in amount by =3.5%. As the alloy cools down
further, the proportion of FeSi2 continues to reduce further while
that of FeSi increases. Finally, at 75 °C, AloCu11 undergoes a solid-
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state transformation to Al2Cus, accompanied by a decrease in the
amounts of FeSi2 and increase in AlsFezSiz. At 50°C, the alloy
comprises 57.5% wt. of FeSiz, 21.5% wt. of FeSi, 15.3% wt. of
AlsFe2Siz, 5% wt. of Al2Cusand 0.7% wt. of Sn-BCT alloy.

3.5.2. FeSi75 alloy made with Al rich recycled silicon

The phase diagram for the FeSi75A10-25Cu10Sn2 alloy system
obtained using FactSage is shown in Fig 15. The composition of
the alloy system is given in table 7.

As the alloy cools down from a temperature of 1500°C, it
remains as a homogenous liquid until a temperature of ~1230°C.
This is a significant change with respect to earlier discussed FeSi75
alloys with only one impurity (Al or Cu or Sn). When all the three
impurities are present, the temperature which marks the onset of

Fe-Si-Al-Cu-Sn
Si/Fe (kg/kg)=3, Cu/Si (kg/kg)=0.1,
Sn/Si (kg/kg)=0.02, 1 atm

crystallization of Si (diamond phase), reduces considerably. For
FeSi75Al20, the temperature of onset of solidification was
computed to be 1253°C. With the inclusion of Cu and Sn, the
temperature of crystallization drops further by ~23°C. As the alloy
cools, Si-Diamond phase continues to precipitate. Si-Diamond
phase dissolves Fe, Al and Sn, however Cu does not dissolve in it.
In terms of the % wt. of the phase, Sn contributes 0.028% (at
1200°C) to a maximum of 0.036% (at 1098°C) of the total mass of
Si diamond phase, which the maximum of all impurities in Si-
diamond. At ~1098°C, FesSi7 begins to precipitate from the liquid
phase. During the process of cooling from 1500 °C, as different
phases continue to precipitate from the liquid solution, it gradually
becomes richer in Al and Cu.

T T T
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m + + Al
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Fig. 15. Phase diagram of FeSi45A120Cu10Sn2 alloy systems with Al (0-25% wt. of Si), Cu (10% wt. of Si) and Sn (2% wt. of Si) as
impurities. In this phase diagram, the ratios Si/Fe, Cu/Si and Sn/Si are kept constants, and the Al/Si ratio has been varied. The components
of some of phase mixtures encountered during the cooling of alloy with Al as 20% wt of Si are numbered and mentioned alongside the
diagram to improve readability

As seen earlier for FESi45 based alloy, at ®1069°C, the liquid
phase is theoretically considered to be composed of two immiscible
solutions, however, the composition of the two solutions is
different from those encountered in FeSi45 based alloy. As
mentioned earlier, this is probably an artifact of the software, and
it relates to the different databases being used to evaluate the alloy
composition as it cools down. At =1049°C, only liquid2 exists,
which now includes the entire mass of copper in liquid phase. As
cooling progresses, the liquid loses Fe and Si, while the number of
other components remains almost constant. At ~943°C, the FesSiz
transforms to FeSi2. With further cooling, the amounts of Si-
diamond phase and FeSi2 phase continue to increase with a

corresponding decrease of these two components from the liquid
solution. At ~800°C, AlsFeSiz begins to precipitate from the
solution. At ~616°C, the liquid comprises primarily Cu, Al and Sn
which make 95% of the solution. At ~615°C, the remaining liquid
solidifies into a BCC solid solution, where Al and Sn are dissolved
in Cu. At=565°C, a new solid phase of AloCus1 is expected to form,
with a corresponding decrease in the Al and Cu content from the
BCC solution, which is only stable at higher temperatures. As
cooling progresses, AloCuu1 increases in proportion, amounts of Si-
diamond and FeSi> remain fairly stable while that of AlsFeSiz
decreases. At ~495°C, the BCC solid solution becomes rich in Sn
and is no longer stable in the solid state. Hence, at this temperature,
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the simulations show the reappearance of the liquid3 phase, which
now comprises 98% Sn. Finally, at 231°C, the liquid3 solidifies
to Sn-BCT solid solution dissolving extremely small amount of Al.
Finally, at 50°C, the FeSi75 alloy is expected to be composed of
38.1% wt. Si-Diamond phase, 28.7% wt. of AlsFeSi2, 23.8% wit.
FeSiz, 8.2% wt. AlsCuiiand 1.2% wt. of Sn-BCT alloy.

3.5.3. FeSi45 alloy made with Cu rich recycled silicon

The composition of the alloy systems made from recycled
silicon, originating from the microchips and other consumer
electronic gadgets wastes are expected to contain Cu as the main
contamination. For this work, we have considered the hypothetical
scenario where Si contains 10% wt. Cu and 5% wt. each of Al and
Sn as mentioned in Table 7. We will analyse the cooling behaviour
for FeSi45A5Cu10Sn5 alloy.

As cooling progresses, the phase diagram shows an appearance
of another liquid phase, where Cu is the solvent. This is an artifact
of the software as it considers different thermodynamic databases
for steel-based solution to those used for non-ferrous based
solutions. Hence, the phase diagram shows the concurrent
existence of two immiscible liquid phases; one where Fe is in the
majority while another where Cu, Al and Sn are in majority, with
Fe less than 4% of the entire mass of liquid2. At =1098°C, only
non-ferrous based liquid2 is remaining as the Fe-based liquid has
completely solidified into FeSi and FesSiz. At =994°C, FesSiz
undergoes a solid-state transformation into to FeSiz2. At ~689°C,
FeSiAlz begins to crystallize out of the Cu rich liquid solution,
taking with it the limited amount of Fe and Si remaining in the
solution.

It is possible that some Fe and Si also dissolves out of FeSi
solid, as the amount of the amounts of FeSiAlz and FeSiz increase
continuously at the expense of FeSi, which decreases continuously
as cooling proceeds. For example, between 689°C and 550°C, the
amount of FeSi decreases by 5.7% wt. During the same duration,
the amount of FeSiAlz and FeSiz increase by 725% (wt.) and 1%
wt. respectively. At ~670°C, Cu based BCC solid solution with Al
and tin and extremely small amounts of Fe (0.1% wt.), and Si (1.9%
wt.) begins to precipitate out of the liquid solution. As the alloy
cools down further, the Cu based BCC solid alloy increases in
proportion, incorporating almost entire Cu and Al and >95% Sn
from the liquid solution. At =531°C, the liquid is primarily
composed of Sn (=97%). At this temperature several changes are
expected to occur in the alloy under equilibrium conditions. The
Cu based BCC alloy disintegrates and results in the appearance of
AlgCui1. The Sn incorporated in the BCC solid solution becomes
liquid again and remains as a liquid solution. The amount of
FeSiAl2 decreases in by 25% (wt.), while those of FeSi and FeSi2
increase by 0.2% and 0.5% wt. respectively. As cooling progresses,
the liquid becomes even richer in Sn, as the Al and Cu from the
liquid continue to add to the existing amount of AlgCui. At
~231°C, the liquid is expected to be 99.9% Sn, at which point under
equilibrium conditions, the liquid solidifies to Sn based BCT alloy.
At =148°C, the FeSiAlz is no longer stable and transforms to
AlsFezSiz, with some part of the FeSiAlz contributing to the
increase in FeSi phase. Finally, at <75°C, the AloCu11 undergoes a
solid-state transformation to Al2Cus phase. At this temperature,

under equilibrium conditions, AlsFezSi> also increases in
proportion by ~1.5 times. The additional Fe and Si required to form
AlsFe2Si2 is provided by FeSi and FeSi2 phases. Finally, at 50°C,
the composition of the alloy in terms of wt% is expected to be 63%
FeSiz, 27.6% FeSi, 5.3% Al:Cus, 2.1% Sn-BCT alloy and 2%
AlsFesSio.

3.5.4. FeSi75 alloy made with Cu rich recycled silicon

The phase diagrams of FeSi75 with Al, Cu and Sn as impurities
are shown in figures 17a and 17b. The diagram was calculated by
holding constant the Si/Fe, Al/Si and Sn/Si ratios as 3, 0.05 and
0.05 respectively. The percentage of Cu as wt% of Si was varied
between 0 and 0.25. In this work, we shall explain the cooling of
the FeSi75AI5Cu10Sn5 alloy as mentioned in Table 7.
The alloy remains as a homogenous liquid until <1287 °C. At this
temperature, Si-diamond phase starts to precipitate from the liquid
as solid crystals. The Si-diamond phase is expected to dissolve
small amounts of Sn, Al and Fe, which together constitute only
0.1% of the mass of Si-diamond phase at 1250°C. At =1154°C,
FesSiz is the next solid phase to appear. The FesSiz phase
incorporates some Al in the form of FesAl7, which contributes
within 0.1-0.3 wt% of FesSi7 phase between 1150 and 945 °C. At
=~1135°C, two different liquid solutions (Liquid and liquid2) are
visible in the phase diagram, which as explained earlier is an
artefact of the software and is representative of the way calculations
are done using different databases. At =1112°C, the liquid solution
comprises mainly of Cu and Si in equal proportions, along with Al,
Sn and Fe. As the alloy cools down, proportion of Si-diamond
phase and FesSiz phase continue to increase, at the expense of Fe
and Si proportions in the liquid phase. As the alloy cools down the
solution keeps growing richer in Cu. At =945°C, the FesSi7
undergoes a solid-state transition under equilibrium to FeSiz, while
the extra silicon contributes towards the increase in the proportion
of Si-Diamond phase. At ~623°C, a copper-based BCC solid
solution begins to crystallize from the Cu rich liquid2. At =606°C,
AlsFeSi2 begins to precipitate from the liquid2 as well. As cooling
progresses under equilibrium conditions, the liquid continues to
solidify, leading to an increase in the amount of all solid phases. At
~495°C, under equilibrium conditions, the Cu-BCC solution is no
longer stable, and it dissolves, accompanied by the appearance of
AlgCui1 phase. The Sn incorporated in the BCC solid solution now
returns to liquid state. The liquid phase is now primarily Sn (99.8%
wt.) with small quantities of Al and Cu. As the alloy cools further,
at #231°C the liquid solution solidifies into Sn-BCT alloy. The Si-
Diamond phase loses almost all of its Fe and Al, while Sn remains
in amounts less than 1x10°% wt. The Sn based BCT alloy
incorporates some Al, ~0.01%wt. As the alloy cools further no
further phase transformations occur. The amount of AlsCui1
remains stable below 231°C. Finally, at 50°C, the alloy comprises
43.1%wt Si-diamond phase, 41.9% wt, FeSiz, 8.8%wt. AlsCuus,
3.3%wt. Sn-BCT solid solution and 2.9%wt. AlsFeSi..
The final compositions of the different FeSi45 and FeSi75 alloys
made with Al-rich and Cu-rich crystalline Si in shown in Fig. 18
(FeSi45) and Fig 19 (FeSi75) respectively.
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Fig. 16. a and b: Phase diagrams of FeSi45AI5Cu10Sn5 alloy systems with Cu (0-25% wt. of Si), Al (5% wt. of Si) and Sn (5% wt. of Si)
as impurities. In this phase diagram, the ratios Si/Fe, Al/Si and Sn/Si are kept constants, and the Cu/Si ratio has been varied. The
components of some of phase mixtures encountered during the cooling of alloy with Cu as 10% wt of Si are numbered and mentioned
alongside the diagram to improve readability
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alongside the diagram to improve readability
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Fig. 18. Pie chart showing the final composition of the FeSi45A120Cul10Sn2 and FeSi45A15Cul0Sn5 at 50°C calculated using FactSage
under equilibrium solidifcation conditions
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Fig 19: Pie chart showing the final composition of the FeSi75A120Cul0Sn2 and FeSi75A15Cul0SnS5 at 50°C calculated using FactSage
under equilibrium solidifcation conditions

4. Conclusions

Recycling metal-contaminated Si from e-waste provides a
sustainable way to use valuable Si as the raw material. Using Si
from e-waste and Fe scrap, FeSi alloys could be produced without
using a reducing agent, using only electricity as the source of
energy. This could greatly reduce the amount of greenhouse gases
generated and the energy consumed in the standard production
process of FeSi alloys [4]. Recycled Si from e-waste could contain
mainly Al, Cu and Sn as major impurities. In some cases, trace
amounts of Ag, Au and other heavy materials may be present. In
this work, we presented and discussed the characteristics of FeSi45
and FeSi75 based alloys which were hypothetically prepared with

41.9%

Si from e-waste. FeSi alloys with different compositions of
recycled silicon were considered to simulate the resulting FeSi
alloys. In this work two FeSi alloy systems (FeSi45 and FeSi75)
and three impurities (Al, Cu and Sn) were analysed. The impurities
were considered as the 5 wt. of Si, as this is expected to be the
practical situation in real-world applications. First the impact of the
individual contaminant in Si was analysed, followed by the analysis
of system with all three contaminants present simultaneously, as is
expected in practical applications. Considering the theoretical
simulations, some areas of importance for applications of such
alloys could be identified.

The temperature above which the alloy completely exists as a
homogeneous liquid phase changes with the addition of the
impurities. This is important for several uses of FeSi such as
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alloying and deoxidizing. If the melting temperature is not
sufficiently high, the FeSi alloy may not melt completely and hence
may remain underutilized. Additionally, solid pieces of FeSi may
appear as inclusions in the final product. The appropriate
liquidation temperature of the alloy should be known for
controlling the intended performance of the FeSi alloys.

The amount of energy required for melting the alloy is also
expected to change with the inclusion of impurities. Theoretically,
the more the number of endothermic phase changes in an alloy, the
higher is the change in entropy and more energy is required to
support those phase changes. While cooling, according to the
calculations, all the phase changes in different alloy systems were
exothermic in nature. Hence, while heating up the alloy all the
accompanying phase changes would become endothermic in
nature. However, the actual amount of energy required would
depend on the number of different phases present in the FeSi being
used and the rate of heating. Since, in most metallurgical operations
the heating rate is extremely high, most phase changes at lower
temperatures are not expected to proceed to completion.

The theory of solidification for such complex alloys systems
involving eutectic and peritectic reactions has been explained in
published literature. Upon finer inspection of the equilibrium
solidification process, it is possible to express the ending point of
equilibrium solidification and solute redistribution path in terms of
solute concentration [66]. Furthermore, the formation of
intermetallic compounds as a result of peritectic transformations in
the presence of more than one impurities can further described
theoretically with the help of partition ratio, which can either
considered to be constant or varying [67]. It has been known that
the primary phase involved in a peritectic reaction can be consumed
either partially or completely during the peritectic reaction
depending on the value of the solidification rate [67]. These
calculations  require  rigorous mathematical calculations,
considering Scheil’s model [66,67], and could be performed in a
future work to improve the understanding of the complex
solidification process in such alloys with multiple impurities.

The phases present in the FeSi alloy prepared with recycled Si
from electronic waste, will depend largely on the composition of
the Si and the cooling rate of the FeSi alloy. In most cases, the FeSi
alloy is air-cooled with natural ventilation [4]. Hence, the exact
amount of phases present would depend on the kinetics of such
phase changes, the determination of which is beyond the scope of
this work. Nevertheless, the presence of additional phases may alter
the mechanical properties of the FeSi alloy. This could impact the
material handling and preparation of the FeSi alloy for
metallurgical uses. For example, the crushing behaviour of the FeSi
alloy will change depending on the proportion of soft or brittle alloy
phases present in the FeSi alloy being used. To determine the
impact of such additional phases formed due to the impurities
contained in the recycled Si, further experimental studies are
required. Nevertheless, this work provides a framework and basis
for carrying out such experimental studies to understand the impact
of multicomponent FeSi alloys and their use in the metallurgical
industries.
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