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Abstract

Silicon and ferrosilicon produced by carbothermic reduction in submerged electric
arc furnaces unavoidably contain impurities. Customer requirements with respect
to chemical composition become steadily more strict. Thus, greater emphasis is
required on control and removal of dissolved elements and inclusions from silicon
and ferrosilicon. To model and understand the limitations of ladle refining
processes, physical and thermodynamic data has been collected for silicon and
ferrosilicon. Ferrosilicon is regarded as a Si alloy. The solubility of carbon in
silicon and ferrosilicon in equilibrium with SiC(s) becomes:

log[%Clgq = 3.53 - 9_’7T§9 [mass%]

10,003
log[%Clgesizsqy = 35 - T

[mass%]

Also, some physical data for SiC has been collected and presented. The density at
1450 °C was calculated to be 3.13 g/cm’. This is close to the density of liquid
ferrosilicon with 75 mass% silicon (FeSi75), 0 gsi75(1450 °C) = 3.185 g/em’.
Employing Stoke’s equation, this indicates that SiC particles in practice cannot be
removed by settling.

Carbon is present in silicon and ferrosilicon as dissolved carbon and SiC particles.
The metal temperature in the furnace hearth is estimated to be between 1800 and
2000 °C. Extrapolating the above data for carbon solubility gives 1000 ppm C at
1950 °C for FeSi75. This is in reasonable accordance with the total carbon content
of 700-1100 ppm found in liquid ferrosilicon (FeSi75) out of the furnace.

The total carbon found in the final product depends on type of secondary treatment
- refining and casting. A statistical treatment of 779 shipments of ferrosilicon from
Elkem Thamshavn over a period of three years has been performed, showing that
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average total carbon in standard lumpy FeSi75 was 301 ppm, whereas the average
figures for granulated and refined ferrosilicon were 211 and 118 ppm respectively.
The variation in total carbon content expressed as the coefficient of variation, V =
SD,/x, was analysed to be 0.37 for Gransil and 0.4 for refined FeSi75, whereas for
the standard lumpy grade V = 0.67.

Sampling is a problem when examining the total carbon content in liquid
(ferro)silicon. The existing sampling methods using graphite scoops in normal
operation were not suitable. It was necessary to develop sampling methods for
measuring total carbon. A Minco immersion sampler gives a rapid solidification
of the melt that minimizes the segregation of dissolved elements in the specimen.
This sampler also seems to give engulfment of silicon carbide particles present in
the melt and thus should provide the correct value for total carbon.

An oxidic scoop sampler made of chamotte was tested. It underestimated the total
carbon content in the alloy due to transfer of SiC particles to the scoop wall.
Samples of the wall of the scoop including the deposited metal layer were analysed
by Microprobe Analyser (EPMA). The X-ray mapping pictures demonstrated that
SiC-particles had penetrated into the oxidic wall. The wettability of SiC particles
by Al O, - SiO, - CaO slags are found to be almost perfect; contact angles &< 30°.
Probably, this perfect wettability is one reason for the low content of total carbon
in ferrosilicon refined by oxidative removal of Al and Ca.

In order to explain the behaviour of the SiC particles during sampling and casting,
theories of pushing and engulfment of particles are discussed. Thermal criteria to
characterize particle behaviour in front of a melt interface have been considered
and the critical velocity for engulfment of silicon carbide particles in the liquid
silicon has been calculated.

Based on work regarding light metals, a filter inclusion sampler was developed for
liquid (ferro)silicon. Thus, the number size distribution for standard grade and
refined FeSi75 from production runs was measured. The amount of particles found
in the filter was low compared to that expected from the difference between carbon
content in the melt and in the filtered metal. The reason is probably that a filter has
a limited depth filtration capacity and is only able to capture a certain number of



Abstract XV

particles of a given size distribution. Cake filtration starts when the depth filter
capacity is exhausted. To preserve the cake in front of the filter can be difficult due
to flow of metal back from the canister. However, even though the method
underestimates the amount of SiC particles, the size distributions should be valid.

To obtain the low levels of total carbon in silicon and ferrosilicon required in
various special markets, it is important to reduce the amount of silicon carbide
particles in the molten alloy. Industrial scale removal of SiC particles by stirring
in a ladle - pouring and inert gas purging - has been investigated, and total carbon
in the melt was reduced to about 200 ppm. Analyses of the transition area between
refractory and metal deposits showed that silicon carbide particles had been
transferred to the wall and captured in a layer similar to what was found in the
oxidic scoop. X-ray mapping indicates that this viscous oxidic layer has been
saturated with silicon carbide particles. Thus it seems that the removal of carbon
as SiC is limited by the capacity of a semi-molten layer to capture particles.

Reduction of the carbon content below the solubility level could be obtained by
decarburization of the molten alloy by gas purging. A mathematical model
describing the carbon removal from liquid silicon and ferrosilicon has been
developed. The model shows that decarburization of silicon at atmospheric
pressure is a slow process. The formation of a dense silica layer on the bubble
surface may explain this low rate of carbon removal. The possibility to attain
higher decarburization rates by employing vacuum and addition of silica particles
has been considered.

The carbon content fell from roughly 200 to 100 ppm in gas-purged FeSi75 during
teeming, casting and solidification. Partly silicon carbide particles can be
transferred to oxides in the top layer and to the mould walls due to the stirring
effect of teeming. Also, this reduction can be due to segregation of carbon to the
molten zone during solidification. The remaining melt, enriched in Fe as the
temperature falls, finally solidifies into an iron-silicon high temperature phase, C,,
and a secondary Si-phase. The abrasion resistance for ferrosilicon decreases with
the amount of ¢, - phase in the alloy. Thus, fines created during crushing and
screening will be enriched in Fe and other alloying elements like carbon that
accumulate in the molten zone during solidification. According to the theories on
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pushing and engulfment, SiC particles are found to be rejected by the solidification
front during chill casting and therefore will be found in the last liquid.
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1. Introduction

Silicon and ferrosilicon produced by carbothermic reduction in submerged electric
arc furnaces unavoidably contain impurities. The content of Al, Ca, Ti, Mn, Mg,
Cu, Cr, Ni and V is generally in the 100 - 1000 ppm mass range or above.
Inherently, due to the presence of dissolved C and SiC in the furnace, carbon in
tapped metal will be saturated with carbon. Carbon solubility in silicon increases
in an exponential manner with the temperature as shown in chapter 2.2 [1]. The
metal temperature in the furnace hearth is not known, but it is estimated to be
between 1800 and 2000 °C [2]. Data for carbon solubility in equilibrium with SiC
is not available at these elevated temperatures, but extrapolating the solubility
curve in figure 3, ch. 2.2 gives 1000 ppm C at 1950 °C. This is in reasonable
accordance with the total carbon content of 700-1100 ppm found in samples drawn
from the tapping stream from the furnace.

The carbon content in refined FeSi is about 100 ppm. Thus during refining and
casting carbon is reduced by a factor of ten. In this work this removal is studied in
detail. Hopefully, this knowledge will help us to attain the low levels of carbon
required in various special markets.

Other impurities, such as S, B and P are usually encountered in the 10 - 100 ppm
mass range or below [3-5]. In addition, oxides may be present as liquid or solid
inclusions in the molten metal depending on the oxide composition and
temperature, while carbides appear as solid inclusions [5-8].

The detrimental effect of these alloy contaminations depends on the use of the
alloys and it is therefore reasonable to discuss silicon and ferrosilicon separately.
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Silicon to the chemical industry and the photovoltaic industry

Silicon metal is mainly produced in two qualities, metallurgical grade silicon and
chemical grade silicon. The main area of use for metallurgical grade silicon is the
aluminium industry where the quality requirements generally are not as stringent
as given by the chemical industry. However some manufacturers of foundry ingot
for wheel alloy require silicon metal with less than 0.2 % Fe and 0.03% Ca [9]. For
the chemical industry the quality requirements are generally strict but with large
variations in the specifications from one producer to another [10]. The quality
requirements are not only connected to chemistry, but also the structure of the
silicon metal and its intermetallics is found to be of great importance in the Methyl
Direct Process (the catalysed reaction of CH;Cl and silicon). Inclusions in form of
oxides and carbides are also disadvantageous to the Direct Process [7,11].

The purity of solar grade silicon (SOG-Si) required for solar cells is between 0.1-
10 ppmw total impurities [4,12-18]. The maximum possible content of carbon in
SOG-Si is 510" atoms/cm® (4.3 ppm mass) [17,18]. The market for solar grade
silicon is today met by employing scrap from the expensive semiconductor grade
silicon [15,16].

Polysilicon for semiconductor grade silicon (SEG-Si) is mainly produced by the
Siemens process using trichlorosilane as starting material. According to H. Kohno
et al. [12], to maximise the production of trichlorosilane, the silicon metal
employed should have;

> low content of elements that forms accretion in the fluidized bed, Ca and Fe
are examples of such elements

> low content of inactive silica

> low content of elements interfering with sustained operation of the fluidized
bed, for example aluminium will form AICL, (g) in the reactor that solidifies
and sticks to pipes and walls.

> low content of elements such as C and B that are difficult to remove by
distillation.

Since boron and carbon must be strictly controlled in semiconductor devices, these
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two elements are the target elements in the design of distillation columns in the
production process for polysilicon [12]. Metallurgical grade silicon low in C and
B could make the distillation tower in the Siemens process superfluous, which
would reduce the production cost considerably [12].

The photovoltaic property' of silicon depends closely on the content of metallic
impurities. Elements such as Au, Cu and Fe are so-called “lifetime killers” [13],
and have to be kept on a very low level (ppb level). Carbon is classified as both a
lifetime killer and a dopant. Other elements acting as dopants, such as P, B, O, Al,
have also to be kept on a low level [13,14].

To serve the need for large-scale solar cell fabrication, low cost solar grade silicon
production is required. One problem is to remove carbon from metallurgical grade
silicon in an inexpensive and effective way. Several investigators have given
valuable contributions to the effort to reduce the C content in silicon melts
[15,17,18,20-24]. The methods employed have been filtration, decarburizing (with
inert gas or under vacuum), plasma techniques, directional solidification etc., but
the solutions have worked only on a laboratory scale. There is therefore still ample
room for further investigations to develop methods giving cheap low carbon
silicon.

Silicon and ferrosilicon to steel

Most of the world ferrosilicon production is consumed by the steel industry.
Silicon, as ferrosilicon, is employed for deoxidation and as an alloying element in
steelmaking. Silicon increases the elasticity and the tensile yield as well as the
annealing resistance.

' Temperature or light is used to excite the valence electrons in pure semiconductors,
such as silicon, out of their bonds, leaving them free to conduct current. Deficiencies, or
“holes,” are left behind that contribute to the flow of electricity. Adding impurities to, or to
“dope,” the semiconductor is another method to produce free carriers of electricity. The
difference in the number of valence electrons between the doping material, or dopant (either
donors or acceptors of electrons), and host gives rise to negative (n-type) or positive (p-type)
carriers of electricity. P is an example of n-type donator, while Al is a p-type donator [19].
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Addition of silicon in sufficient amounts eliminates the allotropic transformation
of iron. Consequently, Si-Fe alloys can be annealed at high temperatures to
promote grain growth [25]. This is utilized in the production of none grain oriented
(NGO) steels, where grain size should be as large as possible to obtain low
hysteresis loss [25]. For special compositions of silicon steels, rolling and heat
treating techniques are employed to have the grains oriented. In these grain
oriented (GO) steels the core loss has a minimum at a grain size between 2 and 10
mm [25].

NGO steels, containing between 0.5 and 3.5 mass% Si, are mainly employed in
rotating applications. Grain oriented steels contains typically 3.15 mass% Si and
have highly directional magnetic properties with lowest core loss and highest
permeability when flux is parallel to the rolling direction. Grain oriented steel
sheets are typically used in transformers.

The most critical elements in NGO are C, S and N. The reason is that C-, S- or
N-precipitates can affect the movement of both grain boundaries and magnetic
domains so that the grains do not grow as they should, i.e. become as large as
possible. With the carbon content low; less than 0.003 mass%, high grade silicon
electrical steels do not age significantly. Aging is the increase in core loss with
time due to carbide precipitation [25]. When producing steel qualities such as NGO
and GO steel, employing ferroalloys with low content of impurities like carbon is
therefore necessary [26].

Stainless steel production is another steel sector where silicon is used to a great
extent. This area is of special interest for two reasons.

1. high specific consumption of ferrosilicon and other silicon rich alloys
ii. high yearly growth rate in stainless steel consumption; 6-7 % compared with
0-1% for steel in general [27].

Figure 1.1 shows how stainless steel production has developed over the last 13
years as compared with steel in general.
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Figure 1.1: World Crude Steel Production from 1982-1995.
Sources: IISI, INCO and CRU International Ltd

The world stainless steel production reached 14.8 million metric ton in 1995, a
doubling over the last 25 years. The consumption of stainless steel is expected to
continue to grow in the future [27] due to the quality improvements and
improvement in productivity. Another factor in favour of stainless steel over many
other type of materials is the environmental aspect; favourable low Life Cycle Cost
and 100% recyclable [27].

The most common route for stainless steel is to produce a high chromium steel in
an Electric Arc Furnace. The carbon content in this high chromium melt is reduced
by blowing oxygen in combination with an inert gas in an Argon Oxygen
Decarburization (AOD) converter [28]. During this decarburization unavoidably
some chromium is oxidized that has to be recovered. By adding silicon, in the form
of ferrosilicon and other silicon rich alloys, the Cr-rich slag (30-40 mass% Cr,0;)
is reduced and most of the valuable elements in the slag, such as chromium and
manganese, are recovered. Typically around 15 kg Si/mt steel is added. Adding
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such a high amount of alloy at this stage of the process, it is important to keep
unwanted elements like carbon on a low level. The typical carbon specification for
FeSi75 (FeSi75 = Ferrosilicon with 75 mass% Si) for slag reduction in AOD is
today 0.04 mass% compared with 0.1 mass% for ferrosilicon to regular C-steel.
Today many stainless steel producers require ferrosilicon with even lower carbon
content, less than 200 ppm on a mass basis. Especially when producing stainless
steel grades demanding high resistance against intergranular corrosion, such as the
304L, 316L and 317L grades 2, the carbon content has to be low to avoid formation
of detrimental chromium carbides [29].

Another example of steel with strict impurity requirements is silicon stainless steel
containing 5 to 6 mass % Si. This steel has interesting corrosion resistance to
concentrated H,SO, due to formation of a tenacious silicon-rich film [29]. With
a carbon specification of 0.02 %, the silicon additive must be low in carbon.

Steel as a construction material has been and still is challenged by new and lighter
materials such as aluminium, magnesium, plastics and composite material. This
challenge has over the latest years been met with development of new and
improved steel grades, making it true that very often the best alternative to steel is
even better quality of steel. Critical for the development of such new and improved
steel grades is a low and controlled content of unwanted dissolved elements and
inclusions. An example of dissolved elements greatly affecting the final steel
quality is the amount of the elements S, P, O, N, C, H in deep drawing steels [30].
Another examples is production of ball bearing steels where the challenge is to
lower a wide range of trace elements (Ca, C, H, Ti, O etc. ). Figure 1.2 shows the
development in the content of total oxygen in ball bearing steel at Ovako Hofors,
Sweden [31]

2 These are grades in the American Iron Steel Institute (AISI) 3-digit numbering
system, where the 200 and 300 series are generally austenitic stainless steel, whereas the 400
series are either ferritic or martensitic. Some of the grades have a one- or two-letter suffix
indicating a particular modification of the composition; for example the grade 304L is a 304-
steel with low C-content, less than 0.03% C compared to 0.085% C in the 304-grade [29].
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Figure 1.2: Development of total oxygen in ball bearing steel at Ovako
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With these stricter requirements on “clean steel”, impurities from alloy additions
become more and more unacceptable. Dissolved elements and nonmetallic
inclusions in the ferroalloy can increase the total level of unwanted elements.

1.1 Liquid metal refining of silicon and ferrosilicon

Liquid metal refining of silicon and ferrosilicon is mainly carried out for removal
of Al and Ca, and the most common method is based on oxidation and removal of
these impurities to a top slag. The development of the Tinject plug [32] in the early
1980's revolutionized the refining of (ferro)silicon, and today bottom gas injection
is the most common practice employed in the industry. In addition to the removal
of aluminium, which is the main purpose of the refining processes employed, we
experience that some carbon is eliminated from the alloy. Customer requirements
for low C ferrosilicon are therefore often met by offering low Al or High Purity
FeSi.
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1.2 Carbon in some commercial types of FeSi75

As mentioned above, secondary treatment, such as refining and method of casting,
can influence the level of carbon in ferrosilicon. This is illustrated by an
investigation of ferrosilicon with 75 mass% Si (FeSi75) shipped from Elkem
Thamshavn presented in the following.

Elkem Thamshavn produces ~65,000 mt per year of ferrosilicon (basis 75 mass%
Si) from two submerged electric arc furnaces. The metal is tapped in ladles and
either cast directly or refined before cast. Silicon and ferrosilicon are today cast in
principal two different ways, which is chill casting and water-granulation. The
most common method world wide is chill casting. The liquid alloy is poured into
moulds made of cast-iron or (ferro)silicon fines. The alloy is cast in one or several
layers and cooled by natural convection. After solidified and cooled, the alloy is
crushed and screened to give a suitable size distribution before shipping. This
casting method is also most commonly employed for refined ferrosilicon. Another
and more modern casting method today are water-granulation of silicon rich alloys,
a casting method giving a size distribution of the alloy making that no crushing is
needed.

Figure 1.3 shows in principle the different production routes from the furnace
through refining and casting to shipment. The screened alloy, chill cast or
granulated, is sampled and analysed according to standard procedure before
shipping. These samples are prepared for chemical analysis, including carbon
analysis. The way of preparing the samples for analyses and the method of analyses
employed is described in chapter 3.2.
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Y'<) Crushing and Screening
of Std. and Refined

=12 4 ol + W

Figure 1.3: Production flow chart for the different qualities; granulated,
refined and standard ferrosilicon [33].

The products from Elkem Thamshavn included in the following examination can
be split into three main groups

1. Gransil®; the trade mark of water granulated ferrosilicon from Elkem.
Gransil is screened into mainly two sizes, 1-10 and 7-25 mm.

il. Standard FeSi75; ferrosilicon with 75 mass% Si tapped into ladle and cast
directly into cast iron moulds. Standard ferrosilicon is crushed and screened
into several different sizes.
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ii.  Refined FeSi75; ferrosilicon with 75 mass% Si refined by bottom blowing
and slag treatment to remove aluminium and calcium. The main quality is
max. 0.10% Al, but several other qualities are produced. Refined FeSi75 is
cast into iron moulds and crushed and screened in the same way as standard
ferrosilicon.

The statistical treatment presented here includes all shipments of these three groups
of alloys that were analysed for carbon with two exceptions; deliveries of low
carbon FeSi75 and deliveries of fines. Low carbon means here deliveries of Gransil
or standard crushed FeSi75 with carbon content less than 0.02 mass%. These
deliveries are excluded since we are here comparing processing basically not
aiming at lowering the carbon content.

Crushing of ferrosilicon creates fines, which is screened out as a 0-3 mm fraction.
A larger part of the fines stem from the iron rich rest-melt where also
contaminations such as Al, Ca and Ti are upconcentrated [34]. Whether C
segregates in the same way in ferrosilicon is not quite clear. Part of this fines are
used internally but someone is shipped. These shipment are excluded in the
following examination.

The period examined was 1. January 1994 to 1. October 1996. For each year 1994,
1995 and 3 first quarter of 1996 the deliveries are split in the three product groups
Gransil, refined and standard FeSi.

For each group the mean value of carbon content, the standard deviation and the
standard error of the mean were calculated. The standard deviation, SD, , for the
carbon content in the samples is given as

n n 2
ny, (6~ x) (1.1
Sp - i1 i1
* n(n-1)

where x; is the C content in sample i and » the number of samples. The standard
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error of mean is given as

. = (1.2)

A total number of 779 shipments are included in the statistical treatment and should
give a good picture of how the carbon content in the alloys varies.

Figure 1.4 - 1.6 shows a plot of the carbon analysis of all shipment for the years
1994, 1995 and the three first quarters of 1996 respectively. The carbon analyses
for the shipments, marked with *, shows a wide scatter for all three groups, but
there are obvious differences. The mean value is consistently lowest for refined
ferrosilicon for all the three years examined. Granulated FeSi75 has a lower
average carbon content compared with standard lumpy ferrosilicon, but somewhat
higher than the refined quality. The standard deviation and standard error of the
mean, see frames inside the figures, shows that there seems to be a significant
difference in carbon content in the samples from these three products.

The results from this investigation are summarized in table 1.1 where the mean
value, standard deviation, standard error of mean and coefficient of variation, V =
SD./x, is given for all the samples from 1. January 1994 to 30. September 1996.
The table shows that Standard FeSi75 content has approximate 300 ppm C on mass
basis on average, whereas the carbon content is found to be 210 ppm on average in
Gransil. In refined FeSi75 the carbon content is on average just below 120 ppm C.
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TABLE 1.1: Mean value of Carbon content in samples of water-granulated
FeSi75 (Gransil), Refined FeSi75 and Standard FeSi75 from Elkem Thamshavn
in the in the period 1.1.1994 - 30.09.1996.

Gransil® Refined Standard
FeSi75 FeSi75

Mean C-content 211 118 301
[ppm mass]
SD, [ppm mass] 78.9 48.2 200.5
s, [ppm mass] 3.7 45 13.72
SD,./x 0.37 0.40 0.67
Number of 446 120 213
samples

To verify if this difference in C content is by chance or a result of the different
production routes, a ‘Student’ t-test has been performed, see appendix A. In these
tests the refined quality is compared with Gransil and Gransil is compared with the
standard grade ferrosilicon. The tests show high observed lf-values and the
conclusion is that Refined FeSi75 gives a lower content of carbon than Gransil, and
that Gransil is lower in C than Standard FeSi75, cf. Appendix A.

These results and the fact that there is an increasing need for silicon and silicon rich
alloys with reduced content of impurities such as carbon has been the driving force
to investigate how carbon exists in ferrosilicon and the mechanism for removal of
carbon from (ferro)silicon.
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2. Thermodynamic and Physical Data

2.1 Introduction

In order to understand the limitations of the refining processes of silicon and
silicon alloys, access to reliable thermodynamic data of silicon-based alloys is
mandatory. For alloys based on iron, copper, nickel, cobalt and aluminium
extensive lists of activity data and interaction coefficients are tabulated in
textbooks. In the case of silicon, such tables have - as far as we know - yet to be
worked out.

To be able to model metallurgical processes such as refining and casting, it is also
necessary to have access to physical property data for the metals and alloys of
interest. The most important properties are density, heat capacity, surface and
interfacial tension, viscosity and thermal conductivity.

In this chapter both thermodynamic data and some physical data for (ferro)silicon
is collected and presented. Also, some physical data for SiC is included. The
thermodynamics of liquid silicon is a reprint of a paper from the 14th Process
Technology Conference Proceedings.

2.2 Thermodynamics of liquid silicon-based alloys

As stated above thermodynamic data of liquid silicon and silicon alloys was
presented at the 14th Process Technology Conference in Orlando, Fl, November
12-15, 1995 where the subject was Ladle Processing: Metallurgy and Operations.
This section is a reprint of the paper, and references for this part are included in the
reprint and not repeated at the end of chapter 2.
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ABSTRACT

The thermodynamics of liquid silicon based alloys,
solubilities, activity coefficients and interaction coefficients
in the Wagnerian representation, have been collected and
tabulated extensively. The collected data reveal some
discrepancies in the solubility data for carbon, hydrogen,
oxygen and nitrogen. The available thermodynamic data
have been used to calculate the solubility of oxygen and
carbon in some commercial silicon based alloys. The
relatively large effects of low aluminium contents on carbon
and oxygen solubility in the alloys are illustrated. The
solubilities of oxygen and carbon may determine the lowest
limits for the oxygen and carbon contents that can be
achieved by ladle metallurgy operations.

L INTRODUCTION

Silicon alloys produced in electric furnaces unavoidably
contain C, Fe, Al, Ca, Ti, Mn, Mg, Cu, Cr, Ni and V in the
100 - 1000 ppm by mass (ppmw) range or above. Other
metallic impurities, S, B and P are usually encountered in
the 10 - 100 ppmw range or below [1-3]. In addition, oxides
may be present as liquid or solid inclusions in the molten
metal depending on the oxide composition and temperature,
while carbides appear as solid inclusions [3-6].

Customers requirements with respect to chemical
composition as well as oxide and carbide content are
steadily becoming more strict, enforcing greater focus
towards control and removal of inclusions and some
dissolved elemets. Ladle refining of metallurgical silicon for
removal of Al, Ca and Mg [7-10] as well as addition of
other elements [11] may be necessary to meet specific
demands for the chemical market. In the production of
silicon based alloys for the foundry market, the alloying of
high cost elements is perhaps the most important part of the
production process. Silicon for photovoltaic applications
requires impurity levels in the sub-ppm range for nearly all
elements. Molten metal refining of metallurgical silicon to
photovoltaic quality has thus proven to be difficult, although

several technologies have been tested [12-16].

In order to understand the limitations of the refining
processes of silicon and silicon alloys, access to reliable
thermodynamic data of silicon based alloys is mandatory.
For alloys based on iron, copper, nickel, cobalt and
aluminium extensive lists of activity data and interaction
coefficients are tabulated in textbooks [17-20]. In the case
of silicon, such tables have -as far as we know- yet to be
worked out.

In this paper the aim has been to collect and present
available thermodynamic data relevant to silicon based
alloys. Practical use of thermodynamic data is illustrated by
discussing oxygen and carbon solubiliies in some
commercial silicon based alloys.

2BASIC FORMULAE

The interaction coefficients in dilute solutions were defined
by Wagner from a Taylor series expansion of the logarithm
of the activity coefficient [21-24]

N.

Iny, = Iy} + ze{x,

=2

+ ﬁ'ﬁp{*xjx, + 0o(x)

=2 ke2

(0]

The €/'s and p/*'s are first and second order interaction
coefficients, respectively, referring to the pure solvent as the
standard state. The sums are taken over all alloy
components except the solvent metal (component 1).Y? is
the Raoultian activity coefficient if there had been no
interaction between the solute components, and it therefore
corresponds to Henry's law [19]. N;j - 1 is the number of
alloy elements, thus the number of components in the system
is Nj. For convenience p// = p]. For the second order
cross interaction coefficients the symmetry p/* = pt/
applies.

In metallurgy, the reference state is very often chosen as the
hypothetical concentration 1% by mass, [%Xj] = 1 rather
than the pure solvent x; = 1. In this representation the 10-
based logarithm is used, and the Taylor series expansion of
the activity coefficient becomes

N
logi £, = el [%i]
- )
+ Y3 [I% + o#])
=2 k=2
The ¢/'s and r/*'s are first and second order interaction
coefficients, respectively, refeming to the 1 mass % as the
standard state. (Still 77 = r/ and r** = /). Note that in
eqn. (2) the zeroeth order term in egn. (1) has vanished. The
free energy of dissolution defined for reference state
[%x.] = 1is
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0 = RTIn|y’—2— 3
AG, ln(y, 100 m; ®

The my's are molar weights (kg/kmol), and R is the gas
constant (8.314 kJ/K kmol).

Changing the first order interaction coefficients between the
two reference states e/ and €] yields [23]

g = o (mI-IOOInlO) . (l B ﬁ) @a)
m m
and
L 1 1- /R I e_jﬁ 4b
& & m,  100In10 m; ' m; “b)

Shifting the second order interaction coefficients from one
reference state to the other is slightly more complicated,
involving first order interaction coefficients as well [23].

Some relationships that may be useful for metallurgists are
[23]

e = {-:j» (5a)
P+ €l = 2p, + & b

and
pit + & = p¥ 4 et = o + & (S0

Notice that since generally ¢/ # ¢ , eqns. (5 a - ¢) are not
valid for the ¢/'s and the r/*'s.

It has been shown [25-26] that in terms of interaction
coefficients for the solutes the activity coefficient for the
solvent (component 1) can be written

TR
Iny, = —Ezzejx,x, (6 2)

j=2 k=2

and for the solutes

N;
lny, = lny! + lny, + Delx; (6b)

J=2

Equations (6 a) and (6 b) which are called "The Unified
Interaction Parameter Formalism" are wvalid at all
compositions, thus making the use of interaction coefficients
interesting not only for dilute alloys.

3TABLES

Solubilities of various elements in liquid silicon are listed in
Table I. We have chosen to present the solubility data in the
form

[%x] = [%X] exv(E(%—%)) ™

where [%X,]T is the solubiliy (ppmw) at the melting point

of pure Si (T, = 1685 K [27]) and E is an energy term (K).
[%X.], . and E are tabulated. Solubility data presented in

this form are more easy to compare than in the usual form
log,[%X,] = 9% + b

Dissolution energies and activity coefficients are listed in
Table II. The first order interaction coefficients are listed in
Table III (self interaction coefficients) and Table IV first
order interaction coefficients. The second order interaction
coefficients are listed in Table V (self interaction
coefficients) and Table VI (interaction coefficients p/ and
cross interaction coefficients p/*). Notice that more

interaction coefficients may be generated by using the
formulas given in egns. (4) and (5).

Italicised number in the tables are values identical to those
appearing in the referenced papers. Numbers in ordinary
types are mainly calculated from original experimental data
employing eqns. (4) and (5). Ordinary typed numbers
enclosed in parentheses indicate values recalculated from
tabulated activity data, graphs or other representations and
should be considered as estimates or speculative values. If

Table I Solubility as a function of temperature of various elements in liquid silicon.

- Solubility!,
- Solubility at Ty !
Precipitated temperature
Element phase [%xi]r- (ppmw) dependence (K) References
c SiC (s) 55 22417 28,29, 30,31, 32,33, 34, 46, 47,
48,49, 50
H 7%:0X0)) 75 -12300 51,52,53,54, 55
N 1/4 SigNy 4 22471 29, 57, 58,
[59, 60, 61]2
o 11, 8i0, 24 -16060 28, 29, 35, 36, 37, 38, 39, 40, 57,
62, 63, 64, 65

1) Solubility presented as in eqn. (7). 2) Solubility determined towards 1/2 N, (g)
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Table IT The solution thermodynamics for elements i in liquid Si. Italicised figures are
experimentally determined values. Estimates are enclosed in parantheses.

Element ny° AG) (%XiD Temp. r)ange References
(Jfmole)

Ag() an (-52000) 1200 20

ALQ) 6.06 - 14048/T -116795 + 124T 1420 - 1650 28,20, 66, 67, 68, 69

B(s) 13.40 - 25560/T 212510+8LIT 1450 - 1650 59,70,71

C() 0.086 + 7672IT 63785 - 305 T 1420-1650  28,29,30,31,32,33,48,49

CaQ) 5.45 - 23006 -191272 +407T  1420- 1650 28,72, 73

Ce ) (-11.5) (-280000) 1647 74

Co(® 3.21 - 14595/T -121340- 178 T 1470 - 1610 75.20,76,77

cra 46 (-175000) 1610 79.69,77,80

Cu@) -0.27 - 1320/T -11000-473 T 1500 79,20,76,77

Fe (1) 3.87 - 12934/T -107530- 118 T 1470-1610  75,17,20,41,75,77,78,79,

81,82, 83, 84, 85

InHy® 1166+ 12277/T 102080-0.86 T 1550 - 1650 51,52, 54, 56

Mg () (4.2) (-97000) 1077 86, 87, 88

Mn Q) 1.68 - 9380/T -78000-29.9 T 1427 79, 69, 76,77, 89, 90, 91, 92,

93,94, 95,96, 97, 98

Mo () (-2.5) (-130000) 1597 9

Ny -5.64 + 24900/T 207000 - 794 T 1450 - 1650 59,29

Nb (D) -8) (-210000) 1640 [

Ni @) 2.6 - 14800/T -123000- 228 T 1510 79,20,76,77

1,0, 12.49 - 40933/T -340316 + 703T  1420-1650 28,29, 35,36, 36, 38,39, 62

Sc® (C)] (-175000) 1500 77,80

Ti() (-10) (-225000) 1500 77,80, 100, 101

Vo (-6) (-180000) 1640 99,77, 80, 101

YO (9.4) (-235000) 1597 102

Ze () “12) (-265000) 1500 100

the reader wishes to use these data in his calculations he is
recommended to consult the references. Second order
coefficients in general are uncertain and should be used with
great care. The number appearing at first position in the
reference column is that from which the actual tabulated
data are derived.

From standard Gibbs energy data and the Gibbs energies of
solution given in Table II together with the interaction
coefficients given in Table IIl - V we can calculate the
solubility of for instance oxygen and carbon in liquid silicon
with varying amounts of alloying elements. Here we will
give some examples on the influence of iron on the solubility
of oxygen and carbon in liquid silicon. Two levels of iron
are investigated, 25 and 35 % by mass, that is equivalent to
the iron level in the commercial alloys FeSi75 and FeSi65.
We regard these alloys as "low alloy" melts of silicon

alloyed with iron. Then we look at the solubility of carbon
and oxygen in liquid (ferro)silicon at 16009C when the
aluminium contents vary from zero to one mass %. There
are some discrepancies in the published solubility data for C
[28-34] and O [28,29,35-40). However, only Ottem [28]
has presented interaction coefficients for C and O with Al
and Fe, and for that reason, we have chosen to use his
solubility data.

4.1 Oxygen

The solubility of oxygen in liquid silicon and ferrosilicon is
in the literature based on the equilibrium between SiO, (s)
and Si (1) [28,29,35-40]. The solubility can be described by
the equation

6975

logo[%0] = ~=2 + 152 - 2 logay, — logf, (8)

when the actvity of silica is unity. The activity coefficient
for oxygen in liquid silicon is given by eqn. (2) and can be
written as
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Table I First order scif interaction coefficients €; and ¢; in binary silicon alloys. Italicised
figures are experimentally determined values. Estimates are enclosed in parantheses.

i €l e Temp. (°C) References
Ag 4.7 (-2.1-10%) 1200 20

Al -0.31 +38/T -1.58:103+0.17/T ~ 1427 66, 20, 67, 68, 69
Ca [©) (0.023) 1350 72
Ce 4.9 (7.8:103) 1647 74
Co (0.50 + 1258/T)  (3.3-103 +2.60/T) 1470 - 1610 75,20,76,78

Cr (-32) (-0.014) 1600 69
Cu 0.2) (2.8:10%) 1487 76,20

Fc 4.94-15276/T  -8.63-103-33.37/T 1500-1600 81,17,20,75,78, 82,

83,84,85

Mg (18) 0.09) 1077 86,87
Mn 8.1 0.02 1400 89,91,92.93,94,95
Ni (8.67 +1323/T)  (0.0203 + 2.750/T) 1600 76,20

Y (-0.9) (1.7-103) 1597 102

Table IV First order interaction coefficients €, ande,.j in ternary silicon alloys. Italicized
figures are experimentally determined values. Estimates are shown in parentheses.

i

ij g{ e/ Temp. (°C) References
B,N 238 2.07 1450 59
C Al 6.76 - 38610/IT 0.0304 - 174.54/T 1420 - 1650 28
C,Ca ) (0.0013) 1420 - 1650 28
C.Fe 656 - 6980IT 0.0165 - 15.24/T 1552 - 1677 28
Co, Fe <0 (<2x107) 1550 78
H, Co 10.94 - 10928/T 0.0249 - 22.62/T 1550 - 1650 51,54
H. Fe 35 0.01) 1600 103, 51, 52, 56
H, Mn 14 0.0052 1445 55
Mn, Fe “99) 0.22) 1427 94
N, Fe <0 <0.002 ~ 1600 104!
0, Al 75.7 - 329281/ 0.342 - 1488.6/T 1445 - 1570 28
0, As 1276 - 2365100/T 2.08 - 3850/ 1420 - 1550 105
0.B -2.04 -0.03 1420 - 1550 105
o,C 0) (-0.006) 1420 - 1650 28
0, Ca < O (small but noticable) (<0.0013) 1420 - 1650 28
O,Fe -25.0 + 32310 -0.0524 +70.57/T 1420 - 1650 28
O,P 406 - 766680/T 1.60 - 3020/T 1420 - 1550 105
O, Sb <233 -0.02 1420 - 1550 105

') Experimental data for FeSi alloys ([%Si] < 45) indicate significantly higher nitrogen solubilities

than in pure Si. As a result, the interaction coefficient ¢f should be negative.
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Table V Estimated second ordcr sclf interaction coefficients p;] and r in binary silicon based
alloys.
i Y r Temp. (°C) References
Al (400/T) (2.14'10°5 - 0.0192/T) ~ 1427 66, 67, 68, 69
Ca (-2.5) (1.3510°%) 1350 72
Ce (25) 9.2:10%) 1647 74
Co (-10.3 + 7550/T) (-1.19-10°% + 0.137/T) 1470 - 1610 75,76, 78
Cr (10) (5.78:10°%) 1600 69
Cu (1.4) (2.07-10%) 1487 76
Fe 0 (-4.58-10°% - 0.17/T) 1500 - 1600 81,75, 78, 82, 83, 84, 85
Mg (-45) (-2.75:10%) 1077 86, 87
Mn (-4) (4.7-10%) 1400 89,91,92,93,94
Ni (-38.6 + 16840/T) (-8.33:103 - 0.184/T) 1600 76
Y (26) (1.14-10%) 1597 102
Table VI Second order interaction coefficients ;" and* in ternary and quarternary silicon
based alloys. Italicized figures are experimentally determined values. Estimates are enclosed in
parentheses
Ljk p* r* Temp. (°C)  References
C,Fe,Fe =51+ 101344,T  4.84x10* + 1.0374/T 1552 - 1677 28
Co, Fe, Fe (19) (2.1x 10%) 1550 78
Fe, Co, Co a9 (7.8x10% 1550 78
H, Co, Co (0.527 - 11343/T) (1.268 x10* - 0.2303/T) 1550 - 1650 51,54
H, Fe, Fe (3.91-17872/T) (8.6 x10® - 0.196/T) 1550 - 1650  51,52,56
Mn, Fe, Fe (-597) (-5.48x10%) 1427 94
0. Al Al -4566 -0.215 1570 28
O, Fe.Fe 258 - 416000/T 2.57x10°-4.218/T 1553 - 1616 28
Co, Co, Fe (11 (2.5x10%) 1550 78
Fe, Co, Fe (-54) (4.2x104) 1550 78
H, Co, Fe (-80) (-7.2x10%) 1600 78
Mn, Fe, Mn (-74) (5.3x10%) 1427 94
ferrosilicon alloys dissolve approximately twice as much
loge f, = e5[%Al + ebf[%Fe] oxygen as pure silicon.

N 9
+ (%Al + if(%Fe]) ©
Here ¢J, and r)"" are assumed to be zero. Hipher order
interaction coefficients are also taken to be zero. At 1873 K,
the activity of silicon, ag;, in eqn. (8) is 0.82 and 0.71 for
silicon alloyed with 25 and 35 mass % iron, respectively
[41). Here we assume that the activity of silicon is
independent of the temperature. In Figure 1 the solubilities
of oxygen in liquid silicon and the two ferrosilicon alloys are
shown as functions of the temperature. We scc that the

1995 —

In Figure 2 the solubility of oxygen at 1550°C is plotted
against the aluminium content in the FeSi75 alloy. As seen
from this figure the aluminium content has a great effect on
the oxygen solubility. The oxygen solubility increases with
approximately 10 ppmw per 0.1% mass% Al in FeSi75 up
t0 0.15 mass% Al. Above this aluminium level the activity of
silica is less than one hence the oxygen solubility curve will
not be so steep. The figures may indicate that if we remove
Al from (ferro)silicon melts we should simultaneously
precipitate SiO;.
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Figure 1. Solubility of oxygen in pure silicon, 75% FeSi and
65% FeSi based on thermodynamic data from
Ottem [28]

Analyses of total oxygen content from samples of 75% FeSi
indicate that oxygen levels generally are higher than the
solubility. This indicates that some of the oxygen is present
as oxides or slag [42]).

4.2 Carbon

The solubility of carbon in liquid silicon and ferrosilicon is
given in the literature by the equilibrium between SiC (s)
and Si (1) [28-34]. The solubility can be described by the
equation

9736
log,, [%C] = _T

+ 3.53 - logay — logf. (10)

where the activity coefficient for carbon in liquid silicon can
be expressed similar to eqn (9)

log, f = eX[%Al] + ef[%Fe]

an
+ (@A) + rf(%Fe)]
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Figure 2. The effect of aluminium on the solubility of
oxygen in pure silicon and 75% FeSi at 15500C.
The activity of silica is assumed to be one. (Based
on thermodynamic data by Ottem [28])

Here are ef , r*** as well as higher order interaction

coefficients assumed to be zero. In Figure 3 the solubility of
carbon in liquid (ferro)silicon is shown as a function of the
temperature. We see that carbon solubility decreases with
increasing iron content. Carbon solubility in FeSi65 seems to
be only half of that in pure silicon.

In Figure 4 the solubilty of carbon is presented versus the
amount of aluminium in the alloy at 15509C. As seen from
this figure the aluminium content has some effect on the

9"Swygem solubility in these alloys. One % Al by mass seems
to increase the carbon solubility by about 50%. This may
indicate that if we remove Al from (ferro)silicon melts we
should simultaneously precipitate some SiC particles.

The ladle metallurgy operations normally used in
(ferro)silicon industries (oxidation and slag treatment) are
capable of bringing carbon contents from say 1000 - 2000
ppm by mass down to levels roughly 10 times lower. This
seems to correspond to carbon contents slightly above the
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Figure 3. Solubility of carbon in pure silicon, 75% FeSi and
65% FeSi based on thermodynamic data from
Ottem [28]

solubility limits at typical casting temperatures. Standard
methods for analysing carbon do not normally distinguish
between dissolved carbon and carbon bound as SiC
particles. It is commonly believed that carbon during ladle
refining is removed as SiC particles adhering to the slag
phase and side walls. Investigations of SiC contents before
and after refining indicate that the number of SiC particles is
significantly lowered during refining [4,42]. However,
thermodynamic calculations indicate that removal of
dissolved carbon as CO (g) is also feasible [42]. Such
removal has been performed in laboratory scale experiments
[12,14]. Since we know very little about the kinetics of SiC
formation in the (ferro)silicon melts we probably cannot
exclude the possibility that carbon removal in practice is a
combination of mechanical removal of SiC particles and
oxidation of dissolved carbon [42].

3 SOME COMMENTS ON IMPORTANT TRACE
ELEMENTS

Aluminium, calcium and magnesium can be removed to
fairly low levels from the molten (ferro)silicon by an
oxidation process [7,8]. The oxidation may include purging
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Figure 4. The effect of aluminium on the solubility of carbon
in pure silicon, 75% FeSi and 65% FeSi at
15500C. (Based on thermodynamic data by Ottem
[28])

in a ladle with an oxygen containing gas, refining with a slag
containing silica or a combination of these processes.

Fairly low titanium contents are usually specified in silicon
for the chemical industries as well as in some applications of
ferrosilicon [7]. So-called High Purity FeSi used in grain
oriented steel qualities has the most strict requirements on
Ti. Some authors have claimed that chlorine additions to the
melt removes some titanium [43]. However, chlorination is
usually not considered as an environmentally acceptable
process. The usual oxidation process for removing Al and
Ca has no effect on the titanium content [1,7,8]. With
todays practice there is hardly any way to remove Ti from
the molten state, thus the only option at present seems to be
the use of low Ti raw materials. A chemical purification
process (leaching), utilising favourable segregation effects
during solidification, might remove titanium as well as other
metallic impurities [2]. However, a leaching process is costly
and is presently not considered as an industrial scale
alternative.
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Low boron and phosphorus in (ferro)silicon are also
specified for some applications [7]. Some boron can be
removed by treatment with slag [8,44] or plasma [12,15,16]
while it has been reported that phosphorus can be removed
by vacuum treatment [12,45]. However, such processes are
currently hardly an alternative for bulk products. At present,
as for Ti careful selection of raw materials is the only
practically feasible way to control the content of these
elements.

6. CONCLUSTONS

The thermodynamics of liquid silicon based alloys,
solubilities, activity coefficients and interaction coefficients
in the Wagnerian representation, have been collected and
tabulated. The collected data reveal some discrepancies in
the solubility data for carbon, hydrogen, oxygen and
nitrogen.

The available thermodynamic data have been employed to
calculate the solubility of oxygen and carbon in some
commercial silicon based alloys. Low Al contents (< 1% by
mass) have a relatively large effect on carbon and oxygen
solubility in the alloys.

The solubilities of oxygen and carbon may determine the
lowest limits for the oxygen and carbon that can be achieved
by ladle metallurgy operations.

ACKNOWLEDGEMENT

The professors T.A. Engh and J.K. Tuset at the Norwegian
Institurte of Technology are gratefully acknowledged for
giving valuable comments and corrections to this work.

7. REFERENCES
1. J.K. Tuset, "Principles of silicon refining", International
minar on refining and alloyin iquid alumini n

ferro-alloys, August 26 - 28, 1985, pp.50 - 69

2. A. Schei, "High purity silicon production”, International
minar fining and alloying of liqui iniym an
ferro-alloys, August 26 - 28, 1985, .pp.71 - 89

3. M. Balbi, G. Tosi, R. Zoja, and F. Borile, "Sulle
inclusioni non metalliche nel ferro silico”, La Fonderia
Italiana, No.10, 1976, pp.45 - 49

4. 0O.S. Klevan and T.A. Engh, "Dissolved impurities and
inclusions in FeSi and Si. Development of a filter
sampler”, INFACON 7, Trondheim, June 11-15, 1995,
pp-441-453

5. A.G. Forwald, H.M. Rong and G. Vogelaar, "Oxygen in
silicon; occurrence and influence on the direct process to
methylchlorosilanes”, Silicon for the Chemical Industry
11, Loen, Norway, June 8 - 10, 1994, pp.107 - 119

162 — 1995 — 14TH PTD CONFERENCE PROCEEDINGS

6. M. Balbi and G. Caironi, "Non-metallic inclusions in
ferro-alloys used in stainless steel manufacture”, Avesta

Stainless Bulletin, No.4, 1982, pp.14 - 19

7. JK. Tuset, "Ferrosilicon and silicon refining", Silicon and

Ferrosilicon Refining Course, Nashville, TN, Nov.13,
1994

8. T. Weiss and K. Schwerdtfeger "Chemical equilibria

between silicon and slag melts”, Met, Trans. B, Vol.25B,
August, 1994, pp.497 - 504

9. D. Haaland, L. Lindstad and J.K. Tuset, "Use of alkali
oxide slags in silicon refining", Silicon for the Chemical
Industry I1, Loen, Norway, June 8-10, 1994, pp.271-281

10. J.K. Tuset, L. Ottem and R. Livik, "Principles of silicon
refining", Silicon for Geiranger,
Norway, June, 1992, pp.1- 10

11. L. Nygard, "Alloying of silicon and its influence on
reactivity", Silicon for the Chemical Industry, Geiranger,
Norway, June, 1992, pp.47 - 52

12. Y. Sakaguchi, N. Yuge, H. Baba, K. Nishikawa, H.
Terashima and F. Aratani, "Metallurgical purification of
metallic grade silicon up to solar grade”, 12th European
PV solar energy conf., April 11-15, Amsterdam, 1994,
pp.971 - 974

13. T. lkeda and M. Maeda, "Refining of silicon for solar

cells”, 1st Processing Materials for Properties conf,,
Nov. 7 - 10, Honolulu, Hawaii, 1993, pp. 441-444

14. K. Sakaguchi and M. Maeda, "Decarburisztion of silicon
melt for solar cells by filtration”, Met, Trans. B, Vol.
23B, August, 1992, pp.423 - 427

15. P. Humbert, R.Combes, J.Erin, N. Madigou, D. Morvan
and J. Amoroux, "Elaboration of photovoltaic silicon by
a plasma process and its characterization”, 10th

European PV_solar energy conf,, April 8 - 12, 1991,
Lisbon, pp.261 - 266

16. D.Morvan, J.Erin, I. Cazard-Juvernat and J.Amouroux,
"Heat ansd mass balance on the silicon puification

process. Properties of the material”, 12th European PV
solar_energy conf., April 11-15, Amsterdam, 1994,
pp-961-964

17. E.T. Turkdogan, Physical chemistry of high temperature
technology, Academic Press, New York, 1980

18. D.R. Gaskell, Introduction to metallurgical thermo-
dynamics, 2nd Edition, Hemisphere Publishing Corp.,
New York, 1981

19. T.A. Engh, Prnciples of metal refining, Oxford
University Press, Oxford, 1992



28 Thermodynamic and Physical Data

20. O. Kubaschewski, C.B. Alcock and P.J. Spencer,

Materials thermochemistry, 6th Ed., Pergamon Press,
Oxford, 1993

21. C. Wagner, Thermodynamics of alloys, Addison-Wesley,
Reading, Massachusetts, 1952

22. H. Schenk, M.G. Frohberg and E. Steinmetz, "Ab-
leitungen zur Begriffsbestimmung thermodynamischer
Wirkungs-groBen in Mehrstoffsysteme”, Archiv Eisen-
hiittenwesen, Vol.31, H.11, Nov., 1960, pp. 671 - 676

23. C.H.P. Lupis and J.F. Elliott, "Generalised interaction

coefficients”, Acta Metallurgica, Vol.14, April, 1966, pp.
529 - 538

24. C.H.P. Lupis, "On the use of polynomials for the
thermodynamics of dilute metallic solutions”, Acta
Metallurgica, Vol.16, Nov., 1968, pp. 1365 - 1375

25. A.D. Pelton and C.W. Bale, "A modified interaction
parameter formalism for non-dilute solutions”, Mgt
Trans, A., Vol.17 A, 1986, pp.1211 - 1215

26. C.W. Bale and A.D. Pelton, "The Unified Parameter
Formalism:  Thermodynamic  Consistency  and
applications”, Metall, Trans. A., Vol.21A, July, 1990,
pp.1997 - 2007

27. C.L. Yaws, L.L. Dickens, R. Lutwack and G. Hsu,
"Semiconductor silicon: Physical and thermodynamic

properties”, Solid State Techn,, Jan., 1981, pp.87-92

28. L. Ottem, "Lgselighet og termodynamiske data for
oksygen og karbon i flytende legeringer av silisium og
ferrosilisium"”, SINTEF report STF34 93027, 1993

29. Y. Iguchi and T. Narushima, "Solubility of oxygen,
nitrogen and carbon in liquid silicon”, 1st Processing

Materials for Properties conf,, Nov. 7-10, Honolulu,
Hawaii, 1993, pp.437 - 440

30. L.L. Oden and R.A. McCune, "Phase equilibria in the
Al-Si system", Met, Trans, A. 1987, Vol.18A, p. 2005 -

31. R.I Scace and G.A. Slack, "Solubility of carbon in
silicon and germanium”, J,_Chem Phys,, Vol.30, No.6,
1959, pp.1551-1555

32. R.N. Hall, "Electrical contacts to silicon carbide”, L.
Appl. Phys,, Vol.29, No.6, 1958, pp.914 - 917

33. R.T. Dolloff, WADD Technical Report, Wright Air
Development Division, 1969, pp.60 - 143

34. M. Hansen and S. Anderko, Constitution of Binary
Alloys, 2nd Ed., McGraw Hill, New York/ London/
Toronto, 1958

35. T. Narushima, K. Matsuzawa, Y. Mukai and Y. Iguchi,

"Oxygen solubility in liquid silicon", Materials Trans,
JIM, Vol.35, No.8, 1994, pp.522 - 528

36. S.W. Tu and D. Janke, "On the oxygen solubility in
molten silicon", Z. Metallkd,, Vol.85, No.10, 1994,
pp.701 - 704

37. H. Hirata and K. Hoshikawa, "Oxygen solubility and its
temperature dependence in a silicon melt in equilibrium

with solid silica", L_Crystal Growth, Vol.106, 1990,
pp.657 - 664

38. A.E.Organ and N.Riley, "Oxygen transport in magnetic

Czochralski growth of silicon”, J,_Crystal Growth, Vol.
82, 1987, pp.456 - 476

39. S.Otsuka and Z.Kozuka, "Thermodynamic study of the
oxygen in liquid elements of group Ib to VIb", Trans,
Japan Inst, Metals, Vol.22, No.8, 1981, pp.558 - 566

40. X. Huang, K. Terashima, H. Sasaki., E. Tokizaki and S.
Kimura, Jpn, J. Appl, Phys,, Vol.32, 1993, p.3671 -

41. AL Zaitsev, M.A. Zemchenko and B.M. Mogutnov,
"Thermdynamic propertires of {(1-x)Si + xFe}Q)", L
Chem, Thermodynamics, 1991, Vol.23, pp.831 - 849

42. O.S. Klevan, "Inclusions and dissolved elements in
ferrosilicon” Dr.Ing.-thesis in progress, Norwegian
Institute of Technology, 1996

43. T. Grong, "Raffinering av ferrosilisium m.h.p. Al, Ca og
Ti. Fremstilling av legering for anvendelse i produksjon
av kornorientert elektroteknisk blikk", SINTEF report
340231, Jan. 26, 1967

44. K. Suzuki, T. Sugiyama, K. Takano and N. Sano, ], Jpn.
Inst. Met,, Vol.54, 1990, pp.168 - 172

45. J. Dietl, "A metallurgical route to solar grade silicon”,

Eight E.C, photovoltaic conf., 1988, pp.599 - 605

46. P.R. Elliot, Constitution of binary alloys, First Suppl,,
McGraw Hill, New York, 1965

47. G. Volkert and K.-D. Frank, Metallurgie der Ferro-
legierungen, Springer Verlag, Berlin, 1972

48. R.W. Olesinski and G.J. Abbaschian, "The C-Si

(Carbon-Silicon) system", Bull. Alloy Phase Diagr.,
Vol.5, No.5, Oct., 1984

49. T.B. Massalski, Ed, Binary Alloy Phase Diagrams, Am.
Soc. for Metals, Metals Park, Ohio, 1986, pp.589-590

50. T. Nozaki, Y.Yatsuragi and N.Akiyama, "Concentration
and behaviour of carbon in semiconductor silicon", J,

Electrochem. Soc,, Vol.117, No.2, 1970, pp.1566-1568

1995 — 14TH PTD CONFERENCE PROCEEDINGS - 163



Thermodynamic and Physical Data 29

51. M. Mitra and K.W. Lange "Hydrogen solubility in liquid
iron-cobalt-silicon  system", Ironmaking an teel-
making, Vol.11, 1984, pp.74 - 82

52. H. Bester and K.W. Lange, "Wasserstoffloslichkeit in
Eisen und fliissigen Eisen-Mangan-Chrom- und -Silicium
-Legierungen", Stahl und Eisen, Vol.97, 1977, pp.1037-
1039

53. M.G. Frohberg and S. Anik, "Uber die Vor-
ausbestimmung der Wasserstofflslichkeit in bindren

Eisenschmelzen", Arch, Eisenhiittenwesen, Vol.55, No.
2, Februar, 1984, pp.45-48

54. B.A. Baum, T.K. Kostina, K.T. Kurochkin and P.V.
Gel'd, Izv, VUZ Chernaya Metall., No.4, 1970, pp.34-39

55. T.K. Kostina, B.A. Baum, P.V. Geld and K.T.

Kurochkin, Izv. Akad Nauk SSSR, Met., Vol.4, 1971,
pp-115-117

56. T.K. Kostina, B.A. Baum, K.T. Kurochkin and P.V.
Gel'd, Zh. Fiz. Khim., Vol.45, No.4, 1971, pp.813-817
and T.K. Kostina, B.A. Baum, K.T. Kurochkin and P.V.
Gel'd, Russ. J. Phys, Chem., Vol.45, 1971, pp.453-455

57. Y. Yatsuragi, N. Akiyama and Y. Endo "Concentration,
solubility and equilibrium distribution coefficient of
nitrogen and oxygen in semiconductor silicon”, L

Electrochem. Soc., Vol.120, No.7, 1973, pp.975-979

58. W. Kaiser and C.D. Thurmond, "Nitrogen in silicon”, L.
Appl. Phys., Vol.30, No.3, 1959, pp.427-431

59. R. Noguchi, K. Suzuki, F. Tsukihashi and N. Sano,
"Thermodynamics of boron in a silicon melt", Met,
Trans. B, Vol.25B, Dec., 1994, pp.903-907

60. C.R. Taylor and J. Chipman, Trans, AIMME, Vol.154,
1943, p.228

61. E.A. Brandes, Ed. Smithell's Metals Reference Book,
6th Ed., Buttherworth & Co, London, 1983, Ch.12

62. T Carlberg, "Calculated solubilities of oxygen in liquid
and solid silicon”, J._Electrochem Soc,, Vol.133, No.9,
1986, pp.1940-1942

63. T. Carlberg, T.B. King and F. Witt, F., "Dynamic
oxygen equilibrium in silicon melts during crystal growth
buy the Czochralski technique”, J. Electrochem, Soc.,
Vol.129, No.1, 1982,pp.189 - 193

64. W. Kaiser and P.H. Keck, "Oxygen content of silicon

single crystal”, J._Appl. Phys,, Vol.28, No.8, 1957,
pp-882-887

65. V.E. Shevtsov, Jzv. V.U.Z. Chernaya Metallurgia, Vol.
11, 1979, pp.5-7

164 — 1995 — 14TH PTD CONFERENCE PROCEEDINGS

66. P.D. Desai, "Thermodynamic properties of selected

binary aluminium alloy systems”, L._Phys. Chem, Ref
Data, V1.16, No.1, 1987, pp.109-124

67. AF. Loseva, A.I. Al'mukhamedov, V.N. Tyumentsev
and M.A. Luzhnova, "Thermodynamic properties of

liquid aluminjum-silicon alloys", Russ, J. Phys, Chem,,
Vol.51, No.2, 1977, pp.290-291

68. G.I. Batalin, E.A. Belobodorova, A.N. Shlapak, L.V.
Nikolaenko and V.P. Kurach "Heats of formation of
liquid aluminium-silicon alloys”, Russ, J, Phys. Chem,,
Vol.55, No.6, 1981, pp.888-890

69. S.T. Rostovtsev, S.I. Khitrik, B.I. Emlin, M.I. Gasik
and A.L Pogrebnyak, "Activity of the components in
binary Si-Al, Si-Mn and Si-Cr alloys", Izvest, VUZ
Chernaya Met,, No.2, 1971, pp.61-63

70. R.W. Olesinski and G.J. Abbaschian, "The B-Si (Boron

- Silicon) system", Bull. Alloy Phase Diagrams, Vol.5,
No.5, 1984, pp.478-484

71. Yu.O. Esin, S.P. Kolesnikov, V.M. Baer and AF.
Ermakov, "Enthalpies of formation of liquid alloys of
silicon with boron", Tzisy Nauchn, soobshch. Uses konf,

Str. Svoistvam Met, Shlavkovykh Rasplavov, 3rd Ed,
Vol.2, 1978, pp.182 -183

72. E. Schiirmann, P. Fiinders and H. Litterscheidt, "Dampf-
druck des Calciums iiber Calcium-Siliciom- und
Calcium-Aluminium sowie iiber Calcium-Aluminium-
Silicium-Legierungen”, Arch. Eisenhiittenwesen, Vol.46,
No.8, August, 1975, p.473

73. V.S. Sudavisjova and G.I. Batalin,, "Thermodynamic
properties of binary melts of the systems Ca - Si (Sn)",
Izv. Akad, Nauk SSSR, Inorganic Materials, Vol.24,
No.9, 1988, pp.352-354

74. M.S. Petrushevskii and G.M. Ryss, “Evaluation of
activities of the components of Ce-Si and Ce-Al melts”,
Russ. Metall,, No.4, 1986, pp.36-40

75. K. Schwerdtfeger and H.J. Engell, "Die freie Bildungs-
enthalpie von Siliziumoxyd und die Aktivititen von
Silizium in flissigem Eisen und Kobalt", Arch,
Eisenhiittenwesen, Vol.35, 1964, pp.533-544

76. T.G. Chart, "Thermochemical data for transition metal-

silicon systems", High Temp.- High , Vol.5, 1973,
pp.241-251

77. G.L Batalin, T.P. Bondarenko and V.S. Sudavtsova,
"Heats of formation of molten alloys of the Si-Fe-Mn-
system”, Ukr, Khim, Zh., Vol.50, No.2, 1984, pp.187-
190

78. M.S. Petrushevskii, "Calculating the activities if the
components of the Fe-Co-Si system", Izv. VUZ
Cherniva Metall,, No.10, 1978, pp.16-19



30 Thermodynamic and Physical Data

79. V.T. Witusiewicz, "Thermodynamic properties of liquid
alloys of 3d transition metals with metalloids (silicon,

carbon and boron), J._Alloys and Compounds, Vol.203,
1994, pp.103-116

80. B.S. Sudavtsjova, G.I. Batalin and Kurach, "Enthalpies
of formation of alloys of silicon with scandium in liquid
state”, Uky, Khim,, Zh,, Vo0l.50, No.4, 1984, pp.339-340

81. R.J. Freuhan, "The thermodynamic properties of liquid
Fe-Si Alloys", Met, Trans,, Vol.1, 1970, pp.865-870

82. T.G. Chart,, "A critical assessment of the thermo-
dynamic properties of the system iron-silicon”, High

Temp. - High. Press., Vol.2, 1970, pp.461 - 470

83. S. Tszen-Tszi, AV. Polyakov and A.M. Samarin, A.M.,

Izv. Vysshikh Uchebn. Zavedenii Chem. Met., No.l,
1961, pp.12-20

84. L.S. Darken, Trans. Metall. Soc, AIME, Vol.239, 1967,
p.80 -

85. J. Chipman, J.C. Fulton, N.Gocke and G.R. Caskey,
"Activity of silicon in liquid Fe-Si and Fe-C-Si alloys",
Acta Metallurgica, Vol.2, May, 1954, pp.439 - 450

86. Y.K. Rao and G.R. Belton, "I'hexrnodynanuc properues
of Mg-Si system", -
1o Carl Wagner, Chicago, 1981 pp.75 - 96

87. JM. Eldridge, E. Miller and K.L. Komarek,
"Thermodynamic properties of liquid mangnesium-
silicon alloys. Discussion of the Mg-Group IVB

systems”, Trans. met. Soc. AIME, Vol.239, 1967,
pp.775-781

88. K.-C. Chou and J.-J. Wang, "Calculating activities from
the phase diagram involvoing an intermediate compound
using its entropy of formation", Met. Trans. A, Vol.18A,
February 1987, pp.323-326

89. A. Tanaka, "The determination of the activities in Mn-C
and Mn-Si melts by the vapor pressure measurement”,

Trans, Jpn. Inst, Met., Vol.20, No.9, 1979, pp. 516-522

90. M.S. Petrushevskii, P.V. Kocherov, P.V. Geld, V.M.
Zamyatin and S.I.  Suchil'nikov, "Thermodynamic
properties of liquid manganese-silicon alloys", Russ. J.
Phys, Chem., Vol.47, No.1, 1973, p.158-

91. G.L Batalin and V.S. Sudavtsjova, Ukgain Khim, Zhur.,
Vol.40, 1974, pp.542-543

92. G.I. Batalin and V.S. Sudavtsjova,
Neorg. Materiali, Vol.11, No.10, 1975, pp.1782-1786

93. N. Ahmad and J.N. Pratt, "Thermodynamic properties of
liquid manganese - silicon alloys”, Met. Trans..Vol.9A,
1978, pp.1857-1863

94. R. Gee and T. Rosenqvist, "Activities in liquid Fe-Mn-Si
alloys", Scand.J. Met., Vol.7, 1978, pp.38-41

95. A.L Zaitsev, M.A. Zemchenko and B.M. Mogutnov,
"Thermodynamic properities of molten manganese-
silicon alloys", Rasplavy, Vol.3, No.2, 1989, pp.87-95

96. P.V. Geld, M.S. Petrushevskii, Yu.O. Esin and Yu.V.
Gorbunov, "Enthalpy of formation and short range order
structure of molten alloys of manganese with silicon,

germanium and tin" Dokl, AN SSSR., Vol.217, No.5,
1974, pp.1114-1117

97. Yu.O. Esin, Yu.V. Gorbunov, M.S. Petrushevskii and
P.V. Gel'd, "Enthalpies of formation of molten alloys of

manganese with silicon", [zv, Vyzov, Chern, Met,, No.2,
1975, pp. 8-11

98. R. Gee and T. Rosenqvist, "The vapour pressure of
liquid manganese and activities in liquid Mn-Si and
carbon saturated Mn-Si alloys", Scand. J. Met,, Vol.5,
1976, pp.57-62

99. V.S. Sudavtsjova, G.I. Batalin and V.S. Tutevich,
"Thermodynamic properties of binary Si - (V, Nb, Mo)
melts”, Russ. J. Phys, Chem., Vol.59, No.9, 1985,
pp.1282-1283

100. V.S. Sudavtsjova, G.I. Batalin and V.S. Tutevich,
"Thermodynamic properties of alloys of the Si - Ti (Zr)

systems", Izv, Akad. Nauk SSSR, Tnorg, Mat,, Vol.21,
No.5, 1985, pp.676-679

101. Yu.O. Esin, M.G. Valishev, A.F. Ermakov, P.V. Gel'd
and M.S. Petrushevskii, "Enthalpy of formation of of
liquid binary alloys of vanadium and titanium with
silicon”, Jzv. Akad. Nauk SSSR, Metally, No.2, 1981,
pp.95-96

102. M.S. Petrushevskii and G.M. Ryss, "Calculation of the
activities of the components in binary melts of yttrium
with aluminium or silicon", Russ, J, Phys. Chem,, Vol.
60, No.5, 1986, pp.915-917

103. M.G. Frohberg and S. Anik, "Thermodynamic relations
between component activities and gas solubilities in
binary metallic systems", Ber, Bunsenges. Phys. Chem,,
Vol.89, 1985, pp.130-134

104. V. Raghavan, P i f jron al
Part I, The Indian Insmute of Metals. 1987

105. T. Narushima, K. Matsuzawa, M. Mamiya and Y.
Iguchi, "Oxygen solubility in liquid Si-X (X=Sb, B, P
and As) alloys", To be published, 1995

1995 — 14TH PTD CONFERENCE PROCEEDINGS - 165



Thermodynamic and Physical Data 31

2.3 Thermal and physical data of silicon and ferrosilicon

As mentioned in the introduction to chapter 2, the most important physical
properties when modelling refining processes are density, heat capacity, surface
and interfacial tension, viscosity and thermal conductivity. For pure metals or
metals with small contents of alloying elements, such data exist to a large extent.
However, properties of alloys with higher contents of alloying elements, such as
FeSi, FeMn, SiMn and FeCr, do not seem to have been properly investigated in all
cases. In this work the intention was to collect available physical data of
ferrosilicon alloys, especially in the liquid state and with a silicon content from 50
to 100 mass%. Since we regard ferrosilicon as silicon alloyed with iron, the
physical properties of pure silicon are also included in this section.

In some fields the physical data were rather scarce and there were large
discrepancies between the different investigators, especially at high temperatures.
The experimental method employed and the accuracy of the measurements was
considered when selecting the actual physical data.

Due to lack of available data, it became necessary to estimate the enthalpy and heat
capacity of ferrosilicon alloys.

2.3.1 Density

Liquid metal density is an important physical property working with refining or
slag/metal interactions. The physical segregation of slags and liquid metals, or the
terminal velocity of nonmetallic inclusions in melts is primarily determined by the
density difference of the different phases. Accurate measurements of liquid metal
density are therefore of great importance from a technological and scientific point
of view.



32 Thermodynamic and Physical Data

Silicon
The density of silicon at room temperature (298K) has been measured by Yaws et

al. [1] to be 2329 kg/m®. Yaws et al. [2] have also predicted the temperature
dependence of the density from 293K up to the melting point T, = 1685 K

p(Si),, = 83.27-1.0525x107°xT [kmol/m"] 2.1)

which gives

p(Si),, = 2,338.7-0.0296xT [kg/m’] (2.2)

Yaws et al. [2] have also measured the density of liquid silicon and given the
relation between the density and the temperature as a “Rackett equation” '

1.3219
0.10658 1+ -T14886)%")

p(SDy, = kmol/m ] @3)

This gives a density of liquid silicon at the melting point (1412 °C) of 2,533 kg/m’.
Retaining the first two terms in the Taylor expansion at T = T, the equation

p(Si)y, = 2.533-045(T-T,) [keg/m’] (2.4)

is obtained. Iida and Guthrie [5] have proposed the following temperature
dependence for the density of liquid silicon

,o(Si)liq = 2,530-035(T-T,) [kg/m3] (2.5)

! The Rackett correlation is accurate in estimating the effect of temperature on liquid
volumes [3,4].
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In figure 2.1 the linear equation of Yaws is presented together with the equation
from Iida and Guthrie [5] and it is seen that the difference between these curves is
small at 1400 °C, but increasing up to 1900 °C.

2.6 ———t
- — — Guthrie et al., 2530-0.35x(T-Tm)
) - Yaws et al., 2533-0.4486x(T-Tm)
5t ]
& I
20
S 24+ ]
o)
S I
A I
23~ -
1400 1500 1600 1700 1800 1900
Temperature [°C]

Figure 2.1: Density of liquid silicon in the temperature range 7, - 1900 °C
after Yaws [2] and Iida and Guthrie [5]

Ferrosilicon

The density of liquid ferrosilicon alloys with different contents of silicon have been
experimentally determined by a few investigators over the last years. Recently
Dumay and Cramb [6] carried out measurements of the density of ferrosilicon
alloys at 1450 °C. These measurements were performed by employing the X-ray
sessile drop technique, which involves photographing the liquid metal drops and
then determining their volume by geometrical analysis of the photographs.
Reported error in the use of the sessile drop technique is +2 per cent for iron, cobalt
and nickel up to 2023 K [5].
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The experimental density measurements of liquid ferrosilicon alloys carried out by
Dumay and Cramb [6] at 1450 °C were carried out with silicon contents ranging
from 16.3 to 78 mass%. In figure 2.2 the result from this investigation is presented
together with the density for pure liquid silicon from equation (2.3). Including this
end point in the experimental results from Dumay and Cramb gives the following

relation between the density of liquid ferrosilicon and the silicon content in the
alloy

p(1450°C) = 7,106exp( -0.0107 x mass % Si) [kg/m3] (2.6)

7500 E ! T T ! j T ! 1 ! 1 ! 1 i T R

7000 £« .
N ® Liquid Fe-Si at 1450 °C, Dumay & Cramb [6] ]
6500 3 AN B Si (1) at 1450 °C from Yaws et al. [2] E

6000 f— — p(FeSi,1450 °C) = 7106 exp (-0.0107 mass% Si), -:
R'=0.996; valid for mass% Si>16.3 ]

g

Density [kg/m?]
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S 238 &g
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Figure 2.2: Density of liquid ferrosilicon at 1450 °C

Experimental data of the density of liquid ferrosilicon alloys at temperatures above
1450 °C were presented along with data by Dumay and Cramb [6]. The temperature
dependency is expected to be negative. Olsson [7] investigated the change in
density as a function of temperature in the range 1550 to 1700 °C for liquid iron
containing small amounts of silicon (0 to 4.75 mass%), but the results are not
conclusive concerning the relation between the slope, do/dT, and the silicon
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content in the alloy, other than that it is negative as for pure iron and pure silicon
(eqn 2.1).

2.3.2 Heat capacity and enthalpy

Due to lack of proper heat capacity and enthalpy data for ferrosilicon alloys, it was
found necessary to estimate these properties as a function of the temperature. The
estimate was made using tabulated data on specific heat capacities for the pure
elements, heats of transitions and melting and the heat of mixing for iron and
silicon in their liquid state.

To obtain the enthalpy increment of ferrosilicon alloys, we need to have a proper
estimate of the heat of melting for the compound FeSi,. The calculation of this
value was carried out by employing a procedure described by H. Tveit [8] and is
shown in figure 2.3.

Fe (s)22m% Fe () | Si(l)m Si (s)
A A Hrix Fes2si=Fesiz A
FeSial) o FeSin(s)
Hrssre oo
- Hoss Fosic
A Hhresiz; FeSiz/ F‘e 2Si

! | |

Figure 2.3: Model describing the procedure for determination of
the heat of melting for FeSi, [8].
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Mathematically this model can be expressed by the following equation

1480
AH, p.5; +Hoog fesi, * AH, pg; =
2.7

1480 1480
Hyggp5i+AH,, o+ Hyog e *AH,, ¢, + AH 1, o; = FeSiy

Employing the data in table 2.1, the enthalpy of melting of the compound FeSi, is
calculated to be AH_(FeSi,) = 1010 kJ/kg or 113 kJ/mol.

TABLE 2.1: Data for the Calculation of the Enthalpy of Melting for FeSi,

Value | Ref.
[kJ/kg]
Heat of formation FeSi,: AH(FeSi,) -725 | 9]
Heating FeSi,: H,3-H,7, 859 | [9]
Heating and melting 28i: (H 4 - Hy73 + AH, (Si))*2 1433 | [10]
Heating and melting Fe: AH, ., -AH,,, + AH_(Fe) 524 | [10]
Heat of mixing: Fe(l) + 2Si(l) = FeSi,(1) -8137 | [11]

" Applies at 1600 °C, but is assumed to be valid also at 1207 °C

Calculations of heat capacity and enthalpy

Table 2.2 gives references for the data used for the calculation of the heat capacity
and enthalpy for different ferrosilicon alloys.
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TABLE 2.2: References
Data References
c, Si(s), Si(1), Fe(l) [10]
c, FeSi,(s) [9]
AH_(FeSi,) this work
AH_(Si) [10]
AH, Fe, Si [11]
The procedure for the calculations is as follows
> Si(s) and FeSi,(s) is heated from zero to 1207 °C.
> FeSi, is melted at 1207 °C
> Fe(l), Si(l), Si(s) is heated and Si is melted in 1 K temperature increments
> melted silicon is mixed with the melt giving a heat of mixing >
> the amount of solid silicon to be heated and melted at each AT is calculated
from equation (2.8) and the lever rule is employed.
[%Si] = 4.72770112x10-8xT* - 2.41401818x10-4xT* 2.8)

+ 0.462392405xT? - 393.654709xT + 125707.356

Calculated results showing the increase in enthalpy as a function of the temperature

for the different ferrosilicon alloys are shown graphically in fig. 2.4.

2 The heat of mixing is small. Highest for FeSi75 where it accounts for 0.1% of the

total enthalpy.



38 Thermodynamic and Physical Data
I T —— T T
_-- 900
3000 - Si-metal - — - - Lo
STl J— o 800
. H

= 2500 |- FeSi75 i 1700 %
= FeSigs =+:=:= g
> - e 4600 8
4 2000 - FeSi58.2 - H E
2 7 7 4500 2
S =
21500 - 3 0
T A 400 §
T 1000 .,..-’—""'," 1300

: "_,‘.,s-ﬂ"‘" 4 200

500 | P
; = 1 100
O L I L i | ! 1 1 ) |
0 400 800 1200 1600

Temperature [°C]

Figure 2.4: Enthalpy in Fe-Si alloys in the temperature range 0 - 1600 °C

Specific heat capacity, cp, and heat of melting, AH,, for these alloys are tabulated

in table 2.3.

TABLE 2.3: Specific heat capacity and heat of melting for four different Fe-Si

alloys and Si-metal

FeSi58.2 | FeSi65 | FeSi75 | FeSi92 | Si-metal
cp(sol) [T/kg K] 752 776 812 873 920
AH, [kI/kg] 857 1037 1322 1729 1798
cp(liq) [J/kg K] 908 918 932 957 968
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2.3.3 Surface and interfacial tension

Surface tension of Silicon

Smithells [12] gives 865 mN/m for the surface tension at the melting point and the
following relation for the temperature dependency

0 =865-0.13(T - T ) [mN/m] (2.9)

S. C. Hardy [13] employed the sessile drop technique and found the surface tension
of liquid silicon at 1450 °C to be 874 mJ/m?. The temperature dependence of the
surface tension was determined within the temperature range 1410 to 1600 °C to
be

o =885-028(T - T,) [mN/m] (2.10)

with an error in the gradient of 0.004 mN/(mK). The measurements were made on
liquid silicon placed on a BN-cup and in flowing argon atmosphere. Hardy [13]
found that the surface tension was lowered when the material was contaminated
with oxygen. He also found that lowering of the surface tension by adsorption of
a surface active component is often accompanied by a reduction of the temperature
dependence and claims that this may be the reason for the scatter in results from
the different investigators.

Surface Tension of Ferrosilicon

Utigard [14] has developed a model predicting the surface tension of iron based
systems by employing equations describing the average surface chemical potential
for the alloy, u,,. and the molar surface area<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>