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Abstract 
Ferrosilicon containing 50-75% Si and 1.0-5.0% Zr is used as inoculant in the cast iron industry. Zr can 

be added to liquid ferrosilicon by use of Zr metal or zirconium ferroalloy (FeSiZr). Then the recovery 

of Zr, i.e. the fraction of Zr transferred from the additive to the ferrosilicon, as well as the hit rate on 

specification is high. The aim of this study was to investigate the recovery of Zr from zircon sand, 

ZrSiO4, and zirconia, ZrO2, in comparison to zirconium ferroalloy when added to liquid ferrosilicon 

with 75% Si at 1600⁰C.  Also the refining effect of the different additives on Al was investigated. 

The experiments were carried out by stirring samples of controlled amounts of ferrosilicon and Zr 

additive in a graphite crucible at 1600⁰C and under inert Ar atmosphere for certain amounts of time. 

The reaction between ferrosilicon and Zr additive was stopped by rapid cooling of the samples. ICP-

OES provided the concentration of Zr and Al and LECO O/N the concentration of O. SEM-ESD was 

used to examine the microstructures of ferrosilicon and Zr additive after experiments. 

It was found that ZrO2 was reduced by Si at the particle surface to yield dissolved Zr and ZrSiO4. The 

ZrSiO4 additive decomposed via two simultaneous reactions, one yielding ZrO2, Si and O2 and the 

other Zr, Si and O2. The recovery of Zr from ZrO2 and ZrSiO4 was significantly lower than from FeSiZr. 

Of ZrO2 and ZrSiO4, ZrO2 yielded the highest Zr recovery; the difference was much bigger than 

predicted by thermodynamics. It was discussed if that could be due to a higher reaction rate of the 

ZrO2, caused by the smaller size (APS 1 µm compared to d50 91 µm) and larger surface area of this 

addition. It was also found that utilization of density differences to separate the ferrosilicon and Zr 

additive did not work for zirconia under the same conditions as it worked for zircon sand, although 

zirconia has a higher density than zircon sand. The reason was the smaller particle size of the ZrO2 

powder. No refining of Al was observed. 
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1 Introduction 
Inoculants are added to liquid iron before or during casting mainly to reduce the risk of formation of 
eutectic carbides (cementite) in flake, nodular and compacted graphite irons [1]. The function of 
inoculants is to increase the number of nucleating sites from which graphite can grow, thus reducing 
the degree of undercooling during eutectic solidification and in turn also the risk of cementite 
formation [2]. Cast iron in which the carbon is chemically bound as cementite, white iron, is hard and 
fragile in comparison to cast iron where carbon occurs as free carbon, grey iron [3]. Inoculation is 
also used to control the morphology and distribution of eutectic graphite, which affects the levels of 
pearlite and ferrite in the matrix [1].  

Ferrosilicon with small and precise amounts of either Al, Ca, Ba, Sr, Zr and rare earth metals, referred 
to as active elements, is the most common type of inoculant. It is the active elements that provides 
the nucleating effect, whereas the ferrosilicon is a carrier of these needed to give the active elements 
the right concentration and solubility [2]. This specific study concerns the production of inoculant 
ferrosilicon with approximately 75% Si and 1.0-5.0% Zr.  

1.1 Ferrosilicon 
Ferrosilicon is an alloy of iron and silicon. Ferrosilicon with 75% Si, FeSi75, is the base material of the 
inoculant considered in this study. It melts at approximately 1350⁰C and has a density of 2.8 g/cm3 at 
room temperature [4, 5]. Solidification of FeSi75 begins with silicon crystallization and continues with 
ε-phase solidification. The ε-phase later transforms to stable FeSi2 [6]. Figure 1 is a schematic 
illustration of the silicon production process, which is principally the same as the ferrosilicon 
production process except that no iron is charged. 

 

Figure 1. Schematic illustration of silicon production [6]. 

  



2 
 

Basically, the main steps of ferrosilicon production are: 

• Production of ferrosilicon in a submerged electric-arc furnace via melting of raw materials 
and carbothermic reduction of silica  

• Refining (eventually) 
• Casting 
• Crushing 

Ferrosilicon production in the submerged electric-arc furnace and ladle refining will be described 
more closely in the following. 

1.1.1 Production of ferrosilicon 
Ferrosilicon is produced by melting of raw materials and carbothermic reduction of silica in 
continuously operated submerged electric-arc furnaces. The raw materials are quartz or quartzite, 
iron, carbonaceous material of various types, and electric energy. Scrap is the primary iron source. 
The electric energy is supplied through three consumable electrodes made of carbonaceous material 
[4, 7]. Production temperatures are normally 1700-1900⁰C and no slag is used [8]. Molten ferrosilicon 
is tapped into ladles from the bottom of the furnace in regular intervals [6].  

1.1.2 Refining 
Refining of ferrosilicon is done in ladles at temperatures between 1500⁰C and 1600⁰C through 
oxidation and slagging of impurities [9]. Oxidative refining, as this is called, is only applicable for 
impurities less noble than silicon; aluminum and calcium for instance [6]. The oxygen is introduced as 
air or oxygen gas through a lance or bottom plug or as an oxide (for example Fe2O3). Impurities are 
oxidized and then removed from the melt through absorption by the slag [10]. Typically, CaO, Al2O3 
and SiO2 are the main constituent of the slag [9]. The theoretically achievable impurity levels using 
oxidative refining are decided by the respective thermodynamic equilibria between silica and the 
dissolved impurities [10]. 

Oxygen and carbon is usually of no concern due to the low solubility of these elements in ferrosilicon. 
The melt is in general saturated with these elements in the submerged electric-arc furnace. 
Therefore, the decreasing temperature during tapping and solidification leads to SiO2 and SiC 
precipitation [9]. According to calculations, the solubility of O and C in FeSi75 at 1600⁰C is 90 and 140 
wt ppm, respectively [11]. SiC is removed from the melt by being caught up by the lining and the slag 
phase [6]. 

Some elements are more difficult to remove. Therefore, their content in the raw material must be 
limited [6]. 

1.2 Selected physical properties of the main commercial sources of Zr 
The most common source of zirconium is zircon, ZrSiO4. Zircon is mined from heavy-mineral sand 
deposits together with various titanium minerals. The ideal composition of zircon is 67.2 wt% ZrO2 
and 32.8 wt% SiO2, but the zircon found in nature usually contains 65-66 wt% ZrO2 due to the 
presence of impurities such as P, Ti, U, Th and rare earth elements [12]. Pure zircon decomposes into 
ZrO2 and SiO2 at 1673±10⁰C, but presence of impurities may cause decomposition at lower 
temperatures [13]. Zircon melts at 2100-2300⁰C, has a bulk density of 2.643-2.804 g/cm3 [14] and a 
theoretical density of 4.70 g/cm3 [15].  

Zircon sand is as well the major source of zirconia [16]. However, also the zirconia mineral 
Baddeleyite has commercial relevance as zirconium source [12]. The melting point of zirconia is 
1680⁰C and the density of tetragonal zirconia is 5.860 g/cm3 [16]. 
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1.3 Scope and research objectives 
Zr can be added to liquid ferrosilicon by use of Zr metal or zirconium ferroalloy. Then the recovery of 
Zr as well as the hit rate on specification is high [17]. The aim of this study was to investigate the 
possibility to add Zr as zircon sand or zirconia. That was done by studying the following topics: 

• The recovery of Zr from zircon sand and zirconia in comparison to zirconium ferroalloy when 
added to liquid ferrosilicon with 75% Si 

• The refining effect on aluminum when using the different additives 

The second point is interesting since both high and low Al containing inoculants exists. 

1.4 Solution setup 
The dissolution of Zr from the different additives (zircon sand, zirconia and zirconium ferroalloy) was 
studied by letting Zr additive and FeSi75 react in a graphite crucible under inert Ar atmosphere at 
1600⁰C for a certain amount of time. Details regarding the experimental setup is found in section 2.3. 

After experiments the ferrosilicon was separated from the Zr additive. The composition of the 
ferrosilicon was analyzed with induction coupled plasma-optical emission spectroscopy (ICP-OES) and 
LECO O/N. Scanning electron microscopy (SEM) and electron dispersive spectroscopy (EDS) was used 
to investigate the microstructure of the ferrosilicon and Zr additive after experiments. These results 
are presented in section 3. 

The discussion is carried out in section 4. The binary phase diagram of the system ZrO2-SiO2 revised 
by Telle, Greffrath and Prieler [18] was found very useful for understanding the reaction mechanism 
from the microstructural data obtained during examination in SEM-EDS. Thermodynamic data from 
Turkdogan’s Physical Chemistry of High Temperature Technology [19] was used for calculations of 
relevant Gibbs energies. These where needed when discussing the final composition of the 
ferrosilicon from a thermodynamic perspective.  
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2 Method and materials 
2.1 Materials 
Zircon sand, zirconia and FeSi75 were the materials used to study the possibility of using zircon sand 
and zirconia for adding Zr to liquid ferrosilicon. Zirconium ferroalloy was also used to create a 
reference sample. Table 1 - 4 shows the sizes and chemical compositions of all materials, according 
to the suppliers. Note that the sum of the chemical composition of the FeSi75 and ZrSiO4, Table 1 and 
3, is not 100 wt%. Different measures are used to address the sizes of the different raw materials; the 
size of the zirconium ferroalloy is given as a range, the size of the zircon sand is given as the d50 value, 
which is the median size of the particles, and the size of the zirconia is given as APS, short for average 
particle size. The suppliers are not given due to confidential reasons. 

Table 1. Details about the ferrosilicon. The composition is given in wt% unless otherwise stated. The 
sum of the chemical composition is not 100 wt%. 

FeSi75 
Fe Si Al Mg P Ti 
23.0 75.74 0.01 0.011 0.016 0.01 
Cr Mn Ni Cu C V 
0.025897 0.087 ppm 0.016 0.017648 0.0081 0.003591 

 

Table 2. Details about the zirconium ferroalloy. The composition is given in wt%. 

FeSiZr 
Size: 2-10 mm 
Si Zr Al Ti C Mn S P Cr Ni Cu Fe 
50.3 35.57 0.87 0.081 0.12 0.070 0.005 0.028 0.005 0.0048 0.005 bal 

 

Table 3. Details about the zircon sand. The composition is given in wt% unless otherwise stated. The 
sum of the chemical composition is not 100 wt%. 

ZrSiO4 
d50: 91 um 
ZrO2+HfO2 SiO2 (free SiO2) Al2O3 Fe2O3 TiO2 Th U 
66.2 32.6 (0.28) 0.30 0.06 0.23 198 ppm 252 ppm 

 

Table 4. Details about the zirconia. The composition is given in ppm. 

ZrO2, 99.5% (metals basis excluding Hf) 
APS: 1 µm 
Al Fe  Hf Si Ti 
<100 <100 <100 620 <100 

 

2.2 Sample preparation 
To remove moisture the zircon sand and zirconia were dried at 300⁰C overnight in a muffle furnace. 
The ferrosilicon was cleaned in ethanol in an ultrasonic bath and dried. The sample was prepared by 
putting 60 g of ferrosilicon together with one of the zirconium additives in a working crucible. The 
amount of zirconium additive was calculated to give 10 wt% dissolved zirconium supposed that all 
zirconium in the additive was transferred to the ferrosilicon. The addition of zirconium ferroalloy was 
supposed to give 5 wt% zirconium.  The mass of zirconium contained in the various zirconium 
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additives along with the zirconium level these would yield in the ferrosilicon are tabulated in Table 5. 
The latter is calculated as: 

[𝑍𝑍𝑍𝑍] = 𝑚𝑚𝑍𝑍𝑍𝑍
𝑚𝑚𝑍𝑍𝑍𝑍+𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹75

     [Eq. 1] 

for addition of zirconia or zircon sand. mZr is the mass of zirconium in the additives and mFeSi75 the 
mass of ferrosilicon. [Zr] is the zirconium level in the ferrosilicon at 100% recovery. The expected 
zirconium level on addition of zirconium ferroalloy to ferrosilicon was calculated as: 

[𝑍𝑍𝑍𝑍] = 𝑚𝑚𝑍𝑍𝑍𝑍
𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑍𝑍𝑍𝑍+𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹75

     [Eq. 2] 

since the total mass of the zirconium ferroalloy, mFeSiZr, was expected to add to the mass of the 
product. 

Table 5. The mass of zirconium contained in the zirconium additives and the zirconium level of the 
ferrosilicon if all zirconium in the zirconium additive would be transferred to the ferrosilicon. 

Test Added material Mass of Zr in added 
material [g] 

Zr level at complete 
transfer [wt%] 

1 FeSiZr 3.49 5 
2 ZrSiO4 6.66 10 
3 ZrSiO4 6.66 10 
4 ZrSiO4 6.66 10 
5 ZrO2 6.67 10 
6 ZrO2 6.66 10 
7 ZrO2 6.67 10 

 

2.3 Experimental setup  
2.3.1 The furnace 
A vertical electrical tube furnace with Kanthal super heating elements was used for the experiments. 
Figure 2 shows a detailed view of the furnace. The reaction tube of alumina had an inner diameter of 
70 cm. It was insulated with refractory inside the furnace body. The tube was sealed with O-rings on 
both ends, on the top by a water cooled quenching chamber and on the bottom by a water cooled 
cap, both made of aluminum. The lid of the quenching chamber had a simmering sealed hole for the 
suspension rod of steel. The graphite crucible holder, which is further described in the next section, 
was screwed onto the end of this rod. The suspension rod was fastened to a lift which could be 
moved automatically up and down on a track. A motorized screw-drive held a thinner steel rod in 
place inside the suspension rod. Simmerings inside the suspension rod sealed the gap between the 
two rods. The screw drive could revolve the inner steel rod, onto which a threaded graphite rod and 
a graphite impeller (more information in the next section) was attached, to mix the sample inside the 
working crucible. 

Two type B thermocouples (Pt-6% Rh/Pt-30% Rh) were connected to the furnace. One of them was 
placed in the furnace wall with the tip close to the heating elements. Another one was inserted 
through a packing in the lid of the water cooled cap at the furnace bottom. The tip of this 
thermocouple was placed 1 cm below the sample holder to measure the temperature close to the 
sample. The approximate temperature profile inside the tube was determined beforehand by 
measuring the temperature in 1 cm intervals in the length direction of the tube with a thermocouple. 
The temperature profile was among all used to define the hot zone, which is the largest range of 
constant temperature along the tube as well as the zone of highest temperature. Thus, placing the 
sample in the hot zone ensured an as even sample temperature as possible.  
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The furnace had two gas inlets; one on the quenching chamber, the other on the cap at the bottom. 
The inlet on the quenching chamber was also connected to a vacuum pump. A switch was used to 
choose either to pump gas in or out through this opening. Furthermore, there were two gas outlets 
with different positions on the quenching chamber. 

 

Figure 2. Schematic drawing of the furnace. 1-motorized screw drive, 2-lift, 3-inner steel rod, 4-
suspension rod, 5-lid, 6-gas inlet/vacuum, 7-water cooled quenching chamber, 8-gas outlet, 9-gas 
outlet, 10-furnace body, 11-alumina reaction tube, 12-sample setup, 13-water cooled cap, 14-gas 
inlet, 15-type B thermocouple. 

2.3.2 Working crucible and sample holder 
The same sample setup as that designed by J. White was used, see Figure 3 [20]. In general, it 
consisted of a working crucible containing the sample, a holder arrangement for the working crucible 
and an impeller to mix the sample inside the working crucible. All parts of the sample setup were 
made of graphite of grade IG11 and supplied by TANSO. The working crucible had an outside 
diameter of 38 mm. The inner geometry was created by boring out four 18 mm holes in the 
longitudinal direction. This geometry is supposed to cause vortex formation when the sample is 
being stirred, thus preventing bulk rotation, and improving the mixing. The mixing impeller was a 45 
mm high and 15 mm wide flat blade. It was screwed onto a threaded M8 graphite rod, which in turn 
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was connected to the stainless steel rod that could be rotated. The dimensions of the working 
crucible and impeller are given in Figure 4. The working crucible was held in place inside the furnace 
by a holding crucible. The holding crucible was connected to the support cap of the sample holder 
with two mounting pins. The upper end of the sample holder was screwed onto the stainless steel 
suspension rod. 

 

Figure 3. 3D view of the sample setup [20].  

 

Figure 4. Drawing of the impeller and working crucible showing the dimensions in [mm]. The figure is 
a modification of a figure from [20].  
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2.3.3 Experimental procedure 
The working crucible was placed inside the quenching chamber. To clear the furnace from air it was 
evacuated twice for 30 min. In between the evacuations it was filled and flushed with Argon. 
Thereafter the furnace was heated up to the desired temperature while introducing Argon at a flow 
of 0.05 L/min from the bottom inlet. The Argon flow was maintained until quenching. The purpose of 
letting Argon pass through the tube was to have an inert atmosphere around the sample.  In 
addition, the sample set-up made of graphite helped to keep the oxygen potential low in the furnace. 

The sample was brought from room temperature in the quenching chamber to a resting position at 
approximately 1100⁰C at a velocity of 10 mm/min to avoid exposing the alumina tube to thermal 
chock. 1100⁰C is below the melting point of ferrosilicon. Because the ferrosilicon is still solid at this 
temperature, none of the studied reactions can occur at any considerable rate. The sample was kept 
in the resting position for 10 min before lowering it down at a speed of 3000 mm/min to the hot 
zone in 2 steps with resting for 30 s halfway. To give the ferrosilicon time to melt the sample was 
kept in the hot zone for 10 min before the impeller was immersed into the sample to start stirring 
with 100 revolutions per minute. Stirring was done to increase the contact area between solid and 
liquid and to homogenize the liquid phase. The stirring proceeded for 3, 60, 120 or 240 min; the 
stirring time in each experiment is given in Table 6. After stirring the impeller was lifted out of the 
sample and the sample was kept for additional 30 min in the hot zone to give the ferrosilicon and 
zirconium additive time to separate due to density differences. Finally, the sample was lifted to the 
quenching chamber where an inlet flow of approximately 1 L/min of Argon had been initiated just 
before. The transfer time to the quenching chamber from the hot zone was about 6 s and the 
purpose of the rapid cooling was to stop all reactions in the sample. After 30 min in the quenching 
chamber the sample was cool enough to be taken out. 

Table 6. Specification of stirring time. 

Sample 1 2 3 4 5 6 7 
Added 
material 

FeSiZr ZrSiO4 ZrSiO4 ZrSiO4 ZrO2 ZrO2 ZrO2 

Stirring 
time 
[min] 

3 60 60 120 60 110 240 

 
2.4 Analysis 
2.4.1 ICP-OES and LECO O/N preparation and analysis 
The Zr content in the ferrosilicon after experiments was analyzed to know how much Zr that had 
been dissolved from the additive. As also the Al refining should be investigated, these levels were 
analyzed as well. ICP-OES, carried out in a Spectro Arcos with side-on-plasma, was used for this. The 
O level was analyzed by LECO O/N to be able to detect the presence of oxides. 

 Before analysis, the ferrosilicon was carefully separated from the working crucible and the zirconium 
additive using grinding paper and small diamond drills. The ferrosilicon (a few grams) was cleaned 
with ethanol in an ultrasonic bath and dried with a hairdryer before packing it in plastic bags and 
sending it to Elkem. 

At Elkem the ferrosilicon was crushed in a WC jaw crusher. A part of this material was used to 
measure the oxygen content by LECO O/N. 3-5 parallels of each sample were prepared and measured 
separately. The rest of the ferrosilicon was crushed to smaller pieces to further homogenize the 
sample for the ICP-OES measurement, through which the levels of zirconium and aluminum were 
determined. 3 parallels of 1 g each were analyzed. 



9 
 

2.4.2 SEM preparation 
SEM and EDS was used to examine the microstructure of the ferrosilicon and the Zr additives after 
experiments. The model of the SEM was Hitachi S-3700N, and it was equipped with a Bruker XSense 
spectrometer. The samples were either hot mounted with PolyFast from Struers or cold mounted 
with EpoFix hardener and resin, also from Struers. Cold mounting was chosen for the more porous 
samples containing large amounts of zircon sand or zirconia. After mounting the samples were 
grinded with grinding paper of decreasing coarseness and polished on a cloth with 2.5 µm diamond 
suspension from Kemet until the surfaces were satisfactorily smooth. The cold mounted samples 
were sputtered with Palladium to make them conductive.   
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3 Results 
Different aspects of the samples after experiments will be reported in this section. Firstly, the 
appearance of the samples almost right after they were taken out of the furnace will be presented. 
Then, the resulting composition of the ferrosilicon will be given. The given composition of the 
ferrosilicon only include the contents of Zr, Al and O, as these were the most interesting for this 
study. The section continues by showing some SEM and EDS results. First, micrographs of the 
samples are shown. The phases in these pictures are identified, based on EDS results. After that the 
appearance of the zirconia powder and zircon sand after experiments are shown. These pictures 
provide information about the interaction between Zr additive and ferrosilicon. Lastly, the surface 
appearance and composition of the samples is described. 

3.1 Sample appearance 
Right after the samples had been taken out of the furnace they were cut longitudinally in two halves. 
Pictures of such cross sections at a magnification of 1.6X are shown in Figure 5 and 6. Figure 5 shows 
a sample with zirconia addition and Figure 6 a sample with zircon sand addition. As can be seen by 
comparing the figures, the zirconia did not separate as a layer at the bottom of the sample as good as 
the zircon sand. In Figure 5, circles mark the locations of zirconia. The cross-section of the sample 
with addition of zirconium ferroalloy, sample 1, was completely metallic. 

 

Figure 5. Cross-sections of sample 5. Areas with zirconia are marked with circles. 1.6X magnification.  
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Figure 6. Cross-sections of sample 3. 1.6X magnification. 

The working crucibles, chemicals and impellers were weighted before the experiments and the filled 
working crucibles and impellers were weighted after the experiments to keep track of the weight 
change of the samples. The mass losses ranged between 0.10 and 1.65 % of the initial mass of 
ferrosilicon and zirconium additive, which can be considered as negligible. 

3.2 Ferrosilicon composition 
The ferrosilicon composition along with the experimental conditions are given in Table 7. The 
composition is expressed as average ± standard deviation in [wt%]. Notable is that sample 2 and 4 
contain significantly more oxygen than the other samples, which could be due to incomplete 
separation of oxides prior to analysis; the effects of this will be discussed later. The original 
aluminium level of the ferrosilicon was 0.01 wt%. The complete analysis is given in Appendix A. 

Table 7. The resulting ferrosilicon composition in each of the experiments.  

Sample Added 
material 

Stirring 
time [min] Zr [wt%] Al [wt%] O [wt%] 

1 FeSiZr 3 4.06±0.08 0.11±0.00 0.02±0.00 

2 ZrSiO4 60 0.12±0.00 0.02±0.00 0.13±0.04 

3 ZrSiO4 60 0.14±0.00 0.03±0.00 0.01±0.00 

4 ZrSiO4 120 0.14±0.01 0.02±0.00 0.40±0.29 

5 ZrO2  60 1.87±0.08 0.01±0.00 0.02±0.00 

6 ZrO2  110 3.22±0.12 0.01±0.00 0.03±0.01 

7 ZrO2  240 2.96±0.05 0.04±0.00 0.01±0.00 
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3.3 SEM 
3.3.1 Results of cleaning 
Cleaned ferrosilicon from sample 4 and 6 was examined in SEM to see how efficient the zirconia and 
zircon sand particles had been removed. Successful removal of zirconia and zircon sand was 
confirmed.  

3.3.2 Phase structure 
Ferrosilicon from test 4 and 6 was examined in SEM to get an idea of the phase structure. Figure 7 
shows the phases in the sample with zirconia addition and Figure 8 and 9 shows the phases in the 
sample with zircon sand addition. Figure 9 is a magnification of the bright phase in Figure 8. Both 
samples contained the same types of phases; the darkest phase is silicon, the lighter grey phase is 
FeSi2 and the brightest phase is a zirconium rich phase. What differs between the samples is the 
amount of zirconium rich phase which is less for the sample with zircon sand addition, Figure 8. The 
composition of the zirconium rich phase according to EDS analysis was roughly 20-30 at% Zr, 60 at% 
Si and 10 at% Fe. This information is based on the EDS-results presented in Appendix B, where also 
the composition of the other two phases are given. The samples were liquid during experiment, the 
observed phases were formed during cooling. 

 

Figure 7. SEM picture of the phases in the sample with zirconia addition (sample 6). 
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Figure 8. SEM picture of the phases in the sample with zircon sand addition (sample 4). 

 

Figure 9. Magnification of an area with Zr-rich phase in figure 8. 

3.3.3 Appearance of zirconium additives 
In the ferrosilicon of one of the samples with zirconia addition, sample 6, a particle with a core of 
zirconia and an outside layer of zircon was occasionally found. See Figure 10. This particle provides 
important information about how the ZrO2 was reduced. The EDS analysis along with the phase 
diagram of the system ZrO2-SiO2, Figure 14, suggest that the outer layer is ZrSiO4. 
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Figure 10. ZrO2 particle surrounded by a layer of ZrSiO4 in sample 6. 

Two types of zircon sand particles were detected in sample 4; pure ZrSiO4 particles, Figure 11, and 
ZrSiO4 particles with attachments of ZrO2, Figure 12. The black areas in the figures are mounting 
material. 

 

Figure 11. Zircon sand particles from sample 4. No zirconia was attached to these particles. 
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Figure 12. Zircon sand particles from sample 4. The bright areas surrounding the zircon particles are 
zirconia. 

3.3.4 Surface appearance 
Pieces from the surface of sample 4 and 6 were examined in SEM. These pieces were vertical cuts of 
the samples, containing both the surface layer and material close to the surface. The reason was to 
investigate the occurrence of oxides with lower density than ferrosilicon. The only type of oxide that 
was found at the surface of the sample with zirconia addition, sample 6, was zirconia. The presence 
of zirconia was expected since the investigated piece of ferrosilicon had not been cleaned, and as 
was seen in Figure 5 the zirconia occurred all over the sample. Furthermore, SiC was sighted at the 
surface of the sample, see Figure 13. The surface of the sample with zircon sand addition, sample 4, 
was covered by a layer of SiC. No oxides were detected.  

 

Figure 13. SiC was observed at the surface of one of the samples with zirconia addition, sample 6.  
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4 Discussion 
4.1 Dissolution of zirconium 
Complete removal of zirconia/zircon sand from the samples before chemical analysis was very 
important in this study, as remaining ZrO2/ZrSiO4 would exaggerate the zirconium content. All 
samples contained more oxygen than given by the solubility at 1600⁰C (90 wt ppm) which indicates 
presence of oxides [11]. From Figure 7 and 8, it is known that both zirconia and zircon sand resulted 
in dissolution of Zr. According to Table 7, sample 2 and 4 (zircon sand addition) contained 
significantly more oxygen than the other samples. It means that the cleaning of these samples must 
have been poorer than for the other samples. Thus, it could be that ZrSiO4 is present in these 
samples. Sample 3 (also zircon sand addition) have nearly the same oxygen level as the reference 
sample (sample 1) but Zr-level like sample 2 and 4, which makes it questionable if sample 2 and 4 
contain zirconium containing oxides. However, oxides or not it is still possible to conclude that very 
little Zr was dissolved from the zircon sand. 

The samples with zirconia addition have nearly the same oxygen content as the sample with 
zirconium ferroalloy addition, sample 1. Therefore, it can be assumed that the amount of un-
removed zirconia in these samples is negligible. Another way to evaluate if ZrO2 is present is to 
compare the oxygen level with the zirconium level. Calculations using the averaged values in Table 7 
show that if all the oxygen would be bound to zirconium to form ZrO2 that would decrease the 
zirconium level by 3% in sample 5, 2% in sample 6 and 1% in sample 7.  Thus, the level of dissolved 
zirconium would be 1.82 wt% in sample 5, 3.14 wt% in sample 6 and 2.9 wt% in sample 7. These are 
significantly higher Zr contents than in the samples with addition of zircon sand. 

For the samples with zirconia addition, the zirconium level increased by 72% when the stirring time 
was increased from 60 min to 110 min, according to calculations with the averaged values in Table 7. 
It means that this system had not reached equilibrium after 60 min, as at equilibrium the 
composition would become constant. When the stirring time was increased from 110 min to 240 
min, the average Zr level decreased by 8%. It is a quite small change that could be due to the 
experimental conditions or the analysis. It is likely that the samples with zirconia addition were in 
equilibrium after 110 min stirring, i.e. that both sample 6 and 7 were in equilibrium. For the samples 
with zircon sand addition, the zirconium level increased by 18% or 1 % when the stirring time was 
increased from 60 min to 120 min, depending on if comparing sample 4 and 2 or sample 4 and 3. The 
oxygen level increased by 200% (comparing sample 4 and 2) and 2700% (comparing sample 4 and 3). 
Thus, the change in Zr-content could have to do with presence of ZrSiO4. It is also possible that 
equilibrium was not reached after 60 min stirring. 

4.2 Refining of aluminum 
An investigation of the refining effect on aluminum when adding different zirconium sources to 
ferrosilicon was supposed to be carried out. In all experiments, the ferrosilicon contained more 
aluminum after the experiment, see section 3.2 and Table 7. The reason must be that all zirconium 
additives contained some aluminum or aluminum oxide, as given in Table 2-4. Another observation 
was that the average aluminum level was quite constant with time for samples with the same type of 
addition, see Table 7. An exception is sample 7 where the Al-level was a bit higher than in sample 5 
and 6; 0.04 wt% compared to 0.01 wt%. 

4.3 Reaction mechanism  
4.3.1 Zirconia 
A micrograph of a ZrO2 particle surrounded by a layer ZrSiO4 was shown in Figure 10. The formation 
of the ZrSiO4 layer is explained by the ZrO2-SiO2 phase diagram in Figure 14. The diagram tells that in 
the system Zr-Si-O at 1600⁰C, ZrO2 is in equilibrium with ZrSiO4. Thus, reduction of ZrO2 by Si to 
dissolve Zr occur according to: 
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2ZrO2 (s) + Si (l) = ZrSiO4 (s) + Zr (l)     [Eq. 3] 

As the ZrSiO4 was detected on the surface of the ZrO2 particle the reaction between Si and ZrO2 is 
assumed to have taken place there. The equilibrium constant, K, verifies the direction of Eq. 3. Its 
expression is: 

𝐾𝐾 = 𝑎𝑎𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹𝑖𝑖4𝑎𝑎𝑍𝑍𝑍𝑍
𝑎𝑎𝑍𝑍𝑍𝑍𝑖𝑖2
2 𝑎𝑎𝐹𝐹𝐹𝐹

= 𝑎𝑎𝑍𝑍𝑍𝑍
0.855

      [Eq. 4] 

where the activities of zircon and zirconia have been taken as 1 as these occurred as pure phases and 
the activity of silicon has been taken as 0.855. The silicon activity was calculated in ThermoCalc [21] 
for a 25 wt% Fe and 75 wt% Si alloy at 1 atm and 1600⁰C using the TCFE8 database and liquid as 
standard state for both Fe and Si. It is due to the initially very low Zr activity that Eq. 3 occurs to the 
right. 

 

Figure 14. The binary phase diagram of zirconia and silica [18]. 

4.3.2 Zircon sand 
ZrO2 was detected on the surface of some of the ZrSiO4 particles, Figure 12. It implies that the zircon 
decomposed to produce zirconia, silicon and oxygen according to: 

ZrSiO4 (s) = ZrO2 (s) + Si (l) + O2 (g)     [Eq. 5] 

As the ferrosilicon initially contained no zirconium there was also a driving force to dissolve some 
zirconium from the sand according to: 

ZrSiO4 (s) = Zr (l) + Si (l) + 2O2 (g)      [Eq. 6] 

That Eq. 5 and Eq. 6 would occur to the right is seen from the equilibrium constants:  

𝐾𝐾 = 𝑎𝑎𝑍𝑍𝑍𝑍𝑖𝑖2𝑎𝑎𝐹𝐹𝐹𝐹𝑝𝑝𝑖𝑖2
𝑎𝑎𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹𝑖𝑖4

= 0.855𝑝𝑝𝑂𝑂2     [Eq. 7]
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𝐾𝐾 =
𝑎𝑎𝑍𝑍𝑍𝑍𝑎𝑎𝐹𝐹𝐹𝐹𝑝𝑝𝑖𝑖2

2

𝑎𝑎𝑍𝑍𝑍𝑍𝐹𝐹𝐹𝐹𝑖𝑖4
= 𝑎𝑎𝑍𝑍𝑍𝑍𝑝𝑝𝑂𝑂2

2       [Eq. 8] 

The activity of ZrSiO4 and ZrO2 have been taken as 1 as these occurred in pure form, and the activity 
of Si has been taken as 0.855. Eq. 7 tells that if the oxygen pressure is very low, Eq. 5 occurs to the 
right. Eq. 8 tells that if both the oxygen pressure and zirconium activity is very low, Eq. 6 occurs to 
the right. The low oxygen pressure in the melt could be due to a low oxygen pressure of the 
surrounding atmosphere, resulting from the non-stagnant argon atmosphere and the sample set-up 
made of graphite keeping the oxygen level low. 

That ZrO2 was not seen around all ZrSiO4 particles (Figure 11) means that the oxygen activity was 
variable in the liquid ferrosilicon during the experiment, and that the system was not in equilibrium 
at quenching.  

4.4 Thermodynamic perspective 
There was a large difference in how much zirconium that was dissolved from the different Zr 
additives. Comparing the equilibrium Zr activity for zirconia reduction, Eq. 3, and zircon 
decomposition, Eq. 6, can give some information about how much the Zr content should differ due to 
thermodynamic reasons. The Gibbs energies for Eq. 3 and Eq. 6 are [19]: 

∆𝐺𝐺°𝐸𝐸𝐸𝐸.  3 = 129800 + 24.6𝑇𝑇 𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚    [Eq. 9] 

∆𝐺𝐺°𝐸𝐸𝐸𝐸.  6 = 2096000− 412𝑇𝑇 𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚    [Eq. 10] 

Thus, the equilibrium zirconium activity of Eq. 3 is 1.07E-5. The equilibrium oxygen pressure at 
1600⁰C is needed to calculate the Zr activity of Eq. 6. For a system containing Zr, Si and O in 
equilibrium at 1600⁰C, the oxygen pressure is either given by the equilibrium between ZrSiO4 and 
ZrO2 or ZrSiO4 and SiO2. If the former alternative is used, which has an oxygen pressure of 1.10E-16 
atm, the Zr activity of Eq. 6 becomes the same as for Eq. 3. The equilibrium between ZrSiO4 and SiO2 
is formulated according to: 

 ZrSiO4 (s) + Si (l) = 2 SiO2 (s) + Zr (l)    [Eq. 11] 

The oxygen pressure at 1600⁰C of Eq. 11 may be calculated using the Gibbs energy of Eq. 12: 

Si (l) + O2 (g) = SiO2 (s)     [Eq. 12] 

i.e.  

∆𝐺𝐺°𝐸𝐸𝐸𝐸.  12 = 956400 − 206𝑇𝑇 𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚    [Eq. 13] 

It follows that the equilibrium oxygen pressure for the system ZrSiO4-SiO2 at 1600⁰C is 1.35E-16 atm. 
The Zr activity of Eq. 6 calculated with this oxygen pressure is 7.03E-6.  Hence, the Zr activity when 
Eq. 6 is in equilibrium is 1.07E-5 or 7.03E-6 depending on the oxygen pressure used. The former 
alternative is approximately 50% larger than the latter. The equilibrium Zr activity is maximum 50% 
higher for Eq. 3 than for Eq. 6. This is much smaller than the difference in Zr content that was 
obtained from the different reactions. It suggests that thermodynamics alone cannot explain that 
much more Zr was dissolved from the zirconia than from the zircon sand.  

4.5 Reaction rate 
It was claimed in section 4.1 that the zirconia and ferrosilicon samples reached equilibrium after 110 
min stirring.  This rather slow reaction rate can be explained by zirconia reduction being a solid-liquid 
reaction, which usually are slow in comparison to, for instance, liquid-liquid reactions.  In section 
4.3.2 it was proposed that the zircon sand and ferrosilicon samples never reached equilibrium, 
although it was not possible to clearly see this from the results in Table 7, as discussed in section 4.1. 
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Among all, the unclear effect of remaining ZrSiO4 on the dissolved Zr content was discussed. 
However, it is possible that Eq. 6 was slow as well since it is also a solid-liquid reaction. 

If the dissolved zirconium contents are plotted with respect to stirring time, the diagram in Figure 15 
is obtained. Two curves have been drawn for the case of ZrSiO4 addition, since test 2 and 3 – both 60 
min stirring - yielded slightly different results. The curves are denoted ZrSiO4 (2) and ZrSiO4 (3) to 
elucidate if composition data from sample 2 or 3 was used. Since Figure 15 does not show the 
difference between these curves too well, they are shown at a higher magnification in Figure 16.  All 
curves have been forced to go through the origin although the Zr concentration at 0 min stirring is 
unknown. If the curve representing ZrO2 would have continued in the negative x-direction with the 
same slope as between 60 min and 110 min stirring, it would have hit the y-axis at 0.2 wt%. If the 
curves representing ZrSiO4 (2) and ZrSiO4 (3) would have continued in the negative x-direction with 
the same slope as between 60 min and 120 min stirring, they would both have hit the y-axis at 0.1 
wt%. 

If Eq. 6 is still going on in the samples with zircon sand addition after 60 min stirring, which is not fully 
clear, the curves for ZrSiO4 in Figure 15 imply that zircon decomposition is much slower than zirconia 
reduction. In theory, it is not surprising if dissolution of Zr from zirconia (Eq. 3) would be faster than 
from zircon sand (Eq. 6), since the zirconia particles were much smaller than the zircon sand 
particles. Generally, reaction rate increases with reaction area in heterogeneous systems, i.e. 
systems consisting of more than one phase. The APS of the zirconia powder is 1 µm, and the d50 of 
the zircon sand is 91 µm. That gives a surface area of 140 cm2 for 1 g of spherical uniformly sized 
zircon sand particles and 10000 cm2 for 1 g of spherical uniformly sized zirconia particles. It implies 
that the zirconia particles have a 70 times bigger surface area than the zircon sand particles. If 
considering that more zircon sand than zirconia was added to the samples, the zirconia addition gets 
a 48 times larger surface area than the zircon sand addition. Thus, the appearance of Figure 15 could 
be due to a very slow reaction rate of the zircon sand. In the previous section it was claimed that the 
big difference in Zr dissolution from zircon sand and zirconia could not be fully explained by the 
equilibrium Zr activities. It is possible that the higher dissolution of Zr from zirconia is due to a higher 
reaction rate. Another way to see this is that it could be possible to increase the performance of 
zircon sand by decreasing the particle size. Note that the theoretical densities of zirconia and zircon 
at room temperature, presented in section 1.2, was used to estimate the surface areas in this section 
and that use of other values could change the results. 

 

Figure 15. Zr concentration plotted with respect to stirring time. Separate curves have been plotted to 
take the different results of test 2 and 3 into account. These are denoted ZrSiO4 (2) and ZrSiO4 (3). 
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Figure 16. The curves denoted ZrSiO4 (2) and ZrSiO4 (3) in Figure 15 at a higher magnification. 

4.6 Separation of the zirconium additive and ferrosilicon 
Small particle size is in general favourable for the reaction rate, as mentioned previously. However, a 
disadvantage of small particle size was observed in these experiments. The zirconia did not segregate 
in a layer at the bottom of the crucible like the zircon sand, although zirconia has a higher density; 
5.86 g/cm3 compared to 4.7 g/cm3.  

4.7 Effect of temperature on the reduction of zircon and zirconia 
An experimental temperature of 1600⁰C was used in this study. However, production temperatures 
of inoculant ferrosilicon ranges from 1500-1900⁰C, as mentioned in section 1.1.1-1.1.2. Thus, it might 
be interesting to discuss and compare the reaction mechanisms and thermodynamics of zirconia and 
zircon sand at higher temperature. It was chosen to evaluate this in the range 1600-1900⁰C.  

As seen in the phase diagram in Figure 14, ZrSiO4 decomposes into ZrO2 and SiO2 at 1673⁰C. At 
1687⁰C zircon forms a mixture of ZrO2 and a liquid predominantly containing silica. Above 1687⁰C it is 
therefore primarily the reduction of solid ZrO2 that is of interest to discuss, both for zircon sand 
addition and zirconia addition. When ZrO2 is reduced by Si, two reaction products will form. One of 
them is dissolved Zr. According to the ZrO2-SiO2 phase diagram, the other one is a liquid with 
composition at the liquidus of the t-ZrO2 and liquid two phase region at the temperature of interest. 
Consequently, the reduction of ZrO2 in the range 1700-1900⁰C is assumed to occur according to: 

ZrO2 (s) + Si (l) = Zr (l) + SiO2 (l)     [Eq. 14] 

The Gibbs energy of Eq. 14 is [19]: 

∆𝐺𝐺°𝐸𝐸𝐸𝐸.  14 = 166100 + 7.20 𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚     [Eq. 15] 

Since there is no solubility of SiO2 in ZrO2 the activity of ZrO2 is 1 [18]. The SiO2 activity is also taken as 
1 although there is, as already mentioned, some solubility of ZrO2 in SiO2. The silicon activities at 
1700, 1800 and 1900⁰C were calculated in ThermoCalc in the same way as described in section 4.3.1. 
At these temperatures they were 0.859, 0.862 and 0.865, respectively [21].  

The reduction of ZrO2 in the range 1700-1900⁰C is only compared with the reduction of ZrO2 at 
1600⁰C. Table 8 shows the zirconium activity for Eq. 3 at 1600⁰C and Eq. 14 at 1700, 1800 and 
1900⁰C. As can be seen, the zirconium activity increases up to 1800⁰C. 

Table 8. Zirconium activities calculated for Eq. 3 at 1600⁰C and Eq. 14 at 1700, 1800 and 1900⁰C.  

T [⁰C] 1600 1700 1800 1900 
Eq. 3 14 14 14 
aZr  1.07E-5 1.44E-5 2.36E-5 2.33E-5 
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5 Conclusions 
The possibility of using zircon sand and zirconia as zirconium additives to liquid ferrosilicon was 
investigated. This was done by mixing FeSi75 and one of the zirconium additives at 1600⁰C for 
different times. Thereafter the final composition of the ferrosilicon was analyzed and the sample 
examined in SEM-EDS. The following was found:  

• Addition of zircon sand and zirconia to ferrosilicon both resulted in some dissolution of 
zirconium. 

• Zircon sand dissolved very little zirconium into the ferrosilicon. 

• Zirconia dissolved a bit more zirconium than the zircon sand, but still significantly less than 
the zirconium ferroalloy. 

• Dissolution of zirconium from zirconia was slow. The system had not reached equilibrium 
after 60 min stirring. 

• Reduction of zirconia by silicon occurred at the particle surface under formation of zircon and 
zirconium. The Zr was dissolved in the ferrosilicon.  ZrSiO4 was observed as a layer around 
the ZrO2 particle. 

• The zircon sand decomposed according to two simultaneous reactions. One resulted in 
zirconia, silicon, and oxygen. The other resulted in zirconium, silicon, and oxygen. ZrO2 was 
observed around some ZrSiO4 particles. 

• The small particle size of zirconia made its separation from the ferrosilicon more difficult. 

• No refining effect with respect to Al was observed in any of the experiments. 
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6 Future work 
It would be interesting to repeat the study using equal particle sizes of the different additives to 
avoid eventual impact of reaction rate on the Zr-dissolution.  

As discussed in section 4.4, thermodynamics do not predict the large difference in dissolved Zr-
content obtained in the different samples. If it would be found that reaction rate was not the reason 
to the different Zr-recoveries resulting from zircon sand and zirconia, it would be interesting to 
determine the actual reason. For instance, it could be needed to evaluate the quality of the 
thermodynamic data used. 

If there is interest to use zirconia or zircon sand in the presence of slag, the effects of including a slag 
phase in the system would need further study.   
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Appendix A: Raw data of the chemical analysis 
The table below gives the contents of Zr, Al and O in the ferrosilicon after Zr addition. 

# Added 
material 

Stirring 
time 
[min] 

Zr [wt%] Al [wt%] O [wt%] 

1 FeSiZr  3 4.17/3.97/4.03 0.11/0.11/0.10 0.022/0.017/0.015 
2 ZrSiO4 60 0.115/0.118/0.118 0.0179/0.0188/0.0189 0.140/0.196/0.089/

0.096 
3 ZrSiO4 60 0.1393/0.1409/0.1296 0.0266/0.0297/0.0190 0.014/0.015/0.013 
4 ZrSiO4 120 0.134/0.133/0.147 0.0194/0.0214/0.0193 0.157/0.840/0.458/

0.136 
5 ZrO2 60 1.99/1.81/1.81 0.0138/0.0113/0.0113 0.017/0.019/0.021 
6 ZrO2 110 3.06/3.30/3.31 0.0119/0.0123/0.0123 0.014/0.036/0.020/

0.047/0.021 
7 ZrO2 240 3.0192/2.8903/2.9815 0.0450/0.0422/0.0426 0.013/0.010/0.011 

Appendix B: Composition of ferrosilicon phases according to EDS 
Following, the with respect to Zr, Si and Fe normalized EDS-results of some randomly chosen points 
in each of the phases occurring in sample 4 (zircon sand addition, 120 min stirring) and 6 (zirconia 
addition, 110 min stirring) is given. 

Sample with zirconia addition 
Phase Zr [at%] Si [at%] Fe [at%] 
Si 0.0 99.8 0.2 
FeSi2 0.0 68.7 31.3 
FeSi2 0.0 67.6 32.4 
FeSi2 0.0 67.6 32.4 
FeSi2 0.0 65.3 34.7 
FeSi2 0.0 68.7 31.3 
Zr-rich phase 32.0 60.7 7.3 
Zr-rich phase 31.9 60.2 7.8 
Zr-rich phase 30.1 61.8 8.1 
Zr-rich phase 29.8 61.3 8.8 
Zr-rich phase 23.4 62.8 13.8 

Sample with zircon sand addition 
Phase Zr [at%] Si [at%] Fe [at%] 
Si 0.0 99.8 0.2 
Si 0.0 99.8 0.2 
FeSi2 0.0 68.7 31.3 
FeSi2 0.0 68.0 32.0 
FeSi2 0.0 66.2 33.8 
Zr-rich phase 26.1 62.7 11.2 
Zr-rich phase 27.7 64.3 8.0 
Zr-rich phase 28.2 62.5 9.4 
Zr-rich phase 23.5 63.0 13.5 
Zr-rich phase 21.8 63.9 14.3 
Zr-rich phase 28.6 62.1 9.3 
Zr-rich phase 27.9 62.6 9.5 
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