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ABSTRACT

The microstructure of ferrosilicon is important since it controls the disintegration of the material during
crushing and thus the generation of fines. Therefore a study of the microstructure formation during
solidification of pure FeSi(75wt%Si) and FeSi(75wt%Si) containing 1.2wt%Al and 0.2wt%Ca has been
initiated.

The material has been cast into rods of Smm diameter, which have been remolten by induction heating and
directionally solidified in a Bridgman apparatus. This allows the temperature gradient and the growth rate
to be controlled independently. The temperature history during solidification has been recorded by a
thermocouple in the melt. Growth rates have been varied between 5 and 400ums™ and temperature gradients
between 3 and 14°Kmm™'. The microstructures show a large dependence on the solidification conditions. The
crack formation in the alloys has been studied and found to be strongly related to the microstructure.

1. INTRODUCTION

Industrial ferroalloys are used as inoculant materials in cast-iron and as deoxidisers in steel. Casting into iron
moulds/sand moulds and layer casting into beds made of fines are the most used casting methods in the
industry. These casting processes offer little control of the microstructure of the cast material. In both cases,
the next step in the production process is crushing the alloy to a suitable size for the steel industry. Work on
process optimisation has illucidated the problem of fines generation during this crushing process. Fines,
defined as having a particle size under 10mm, are likely to be trapped in the slag, while coarser materials
would need a longer dissolution time. Thus fines resulting from any crushing process, can be sold only to a
limited extent or at a low price.

Many investigations have shown that the crushability of ferroalloys depends on the cooling rate of the cast
alloy and on its macro and microstructure [1]-[5]. Some authors have also studied the microstructure as a
function of the cooling rate. These studies were based on cooling rates obtained with different industrial
casting processes and with laboratory equipment [5]-[7]. The cooling rate was measured but not always
controlled. Thus the aim of the present study is to do controlled solidification experiments in order to
investigate how the microstructure is influenced by the independent variation of each of the two parameters
constituting the cooling rate, the temperature gradient and the growth rate. Two different ferrosilicon alloys
have been investigated: the first one is an alloy containing pure silicon (75wt%) and pure iron (referred to
FeSi75) and the second one is ferrosilicon (75wt% silicon) with 1.2wt% Al and 0.2wt% Ca (referred to
FeSi75(Al, Ca)).

2. EXPERIMENTAL WORK

2.1 Equipment

A Bridgman furnace has been used in order to allow for a certain uncoupling of the growth rate and the
temperature gradient. Such a furnace has a hot and a cool zone as seen in Figure 1. The distance between
these zones and their temperatures determines the temperature gradient. A crucible is translated through this
temperature field at a uniform rate (growth rate).
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Figure 1. Schematic drawing of the Bridgman furnace.

The heater is made of an induction coil connected to a 12 kW high frequency generator. The frequency
varies from 500 kHz to 1,3 MHz depending on the dimensions and the physical properties of the workpiece
and has not been measured in this study. Indirect induction heating has been achieved by surrounding the
sample by a susceptor. The susceptor consist of a MoSi, tube with the same length as the coil inside which it
is placed. It is believed that the susceptor absorbs all the power of the induction field thereby efficiently
shielding the sample as it is heating it. The penetration depth of the induction field has been calculated to be
0,5mm and the thickness of the susceptor is about 12 mm (Figure 1).

The cooler is a tin bath placed a few centimetres below the susceptor and set at 300°C. The free surface is
large enough to avoid a significant change in the level of the tin and so to avoid change in the distance
between the hot and the cold zone.

2.2 Casting

The sample is molten in the hot zone of the furnace and solidifies before it enters the cold zone. Samples are
typically 20 cm long and have a diameter of 8 mm. They are prepared from a mixture of solar-grade silicon
and pure iron that are molten by induction heating in a graphite crucible, and then cast by sucking into quartz
glass tubes by vacuum. Pure calcium and pure aluminium are added for the impurity containing ferrosilicon.
The carbon contamination of the sample is estimated to be below 0,012wt% C at 1820 °K according to
previous work [8].

The crucible in the Bridgman furnace is a quartz tube about 40cm long. The inside of this tube is coated with
a silicon nitride layer, applied as a water based emulsion which is then dried at 900 °C for an hour. The
coating prevents any reaction between the quartz and ferrosilicon. The crucible is connected to an argon inlet
and to a vacuum pump. Since ferrosilicon is expanding when solidifying, the tube cracks during the
experiment, which is actually without influence on the casting.
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The thermocouple is inserted into the melt from the top. A quartz capillary coated with boron nitride protects
the lower part. The thermocouple used is of S-type with a platinum sheath and has a diameter of 1 or 1,5
mm. A data logger records the temperature in the sample during the casting experiments.

The crucible is mounted to a screw that moves the system up and down. The rotation of the screw is
controlled by a step motor that is itself controlled by a PC program. The speed of the crucible can be
regulated down to one pm.s™.

When the sample has been placed in the crucible, the whole system is evacuated (4-6 Pa) and back filled
with argon. This procedure is carried out several times. The metallic sample is placed in the coil and molten.
The crucible is then partially lowered until 1-2 cm of the molten sample is in the tin bath. The thermocouple
is inserted in the melt until the tip reaches the middle of the melt. When a stable temperature field is
obtained, the crucible is lowered at the desired speed. The thermocouple moves with the sample so that it
stays in the same place in the sample during the whole experiment.

2.3 Investigation

The resulting rods have been prepared for metallographic investigation by casting into resin support, ground
so that the surface to be studied is a longitudinal cross-section through the centre of the sample, and then
polished. They have been observed both by light optical microscopy (microscope 1) and scanning electron
microscopy. An image analysis software applied on light optical microscope pictures obtained by a different
microscope (microscope II) has been used to measure the distance between cracks, the primary silicon grain
size and the fraction of pores.

3. RESULTS AND DISCUSSION

A good control of the temperature gradient has been achieved. Both the distance between the hot and the
cold zone and the superheat in the melt have been varied to obtain a variation of the temperature gradient.
The resulting gradients calculated from the measured distance between the liquidus and the solidus isotherms
varied from 3 to 14°K.mm™. The growth rate, assumed to be equivalent to the travel velocity of the crucible,
has been set to 5, 25, 200, 400 and 800 um.s'1 (the last value has been used only for FeSi75 without
impurities). One sample has been cast at 200um.s™ and then quenched. The rapid change of growth rate lead
to a change of the eutectic microstructure allowing observation of the shape of the eutectic growth front. The
front has been found to be planar and horizontal as shown in Figure 2.

The image analyses have been carried out at two magnifications (25x and 100x). The lowest magnification is
probably better for the evaluation of the primary silicon grains since whole grains are contained in each
picture. The highest magnification is probably better to evaluate the distance between cracks since more
cracks are visible.

Figure 2. SEM micrograph of the quenched sample  Figure 3. SEM micrograph of a sample with eutectic
showing the planar eutectic front. segregation to the left in the picture and
macrocracks.
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3.1 Primary silicon grains

A clear change of the primary silicon grain shape has been observed when varying the process parameters. A
decreasing growth rate leads to a coarsening of the primary silicon grains and disappearance of the typical
two parallel plates growth (Figure 4 and 5). That is actually in contradiction with some previous work where
the typical two parallel shape has still been observed in a casting done with a cooling rate in the mushy zone
of 3.5.107 °K.s™" [7]. The influence of the temperature gradient is obvious for the samples cast at 200 and
400pum.s”. A better directionality, longer and fewer grains are observed at higher gradient, which might be
explained by the much more narrow mushy zone (Figure 6 and 7). The influence of the gradient at low
growth rate is very limited. The presence of aluminium and calcium did not seem to influence the shape of
the primary silicon grains.

Figure 4. SEM micrograph of a sample cast at Figure 5. SEM micrograph of a sample cast at
400pm.s™ and high temperature gradient Sum.s” and high temperature gradient. The primary
silicon grains are larger and shorter than at higher
growth rate.
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Figure 6. SEM micrograph of a sample cast at Figure 7. SEM micrograph of a sample cast at
200pum.s” and low temperature gradient. 200pum.s” and high temperature gradient. The
primary silicon grains are much longer than at low

gradient.

The image analysis concerning primary silicon shows that decreasing the growth rate from 400 to 200um.s™
hardly influences the size of the grains, while a further decrease leads to a larger grain size (Figure 8). It
seems that a higher temperature gradient also results in a larger grain size, which was not obvious from the
observation in the SEM.
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Figure 8. Silicon grain size distribution for samples  Figure 9. Distance between cracks in samples cast at
cast at high temperature gradient and different high gradient and different growth rate. The samples
growth rate. The samples are observed at are observed at magnification 100.
magnification 25.

3.2 Eutectic

The eutectic microstructure has been found to vary significantly. FeSi75 is first considered. Eutectic in the
sample cast at 800um.s™ is rather dispersed generally but is coupled in some areas. Cells of intermetallic
surround the primary silicon grains (Figure 10). In the samples cast at 400um.s™, the growth is coupled and
tends to be lamellar and finer than for 800um.s™. A thin layer of intermetallic surrounds the primary silicon
grains (Figure 11). The temperature gradient seems to influence the eutectic growth for the samples cast at
200pum.s™'. The eutectic is finer and less lamellar at higher gradients. The intermetallic layer, almost non-
existent at high gradient becomes larger and cellular at lower gradient. The eutectic observed in the samples
cast at lower growth rates shows large differences in the same sample. That suggests that the heat flow is
varying significantly in a same sample and that it may be influenced by the primary silicon grains. Between
the primary silicon grains, eutectic tends to be dispersed while it is finer and lamellar in the segregated part
(Figure 3). In FeSi75(Al, Ca), the eutectic is always dispersed (Figure 12) with two exceptions, the sample
cast at 200um.s” and high gradient (Figure 13) and the eutectic segregated part in the sample cast at
25um.s™ and low gradient. The intermetallic cells seem to nucleate between the primary silicon grains and
grow parallel to the heat direction. Secondary silicon seems to grow between these intermetallic cells leading
sometimes to protuberances on the primary silicon grains. Comparing the two samples cast at high growth
rate and high temperature gradient shows that the eutectic is much coarser and less plate-like when the
sample contains impurities (Figure 11 and 13). This influence of aluminium and calcium suggests that one or
both of these elements influence the growth mechanism of eutectic silicon.
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Figure 10. SEM micrograph of a sample cast at Figure 11. SEM micrograph of a sample cast at
800pm.s™. Cells of intermetallic are growing 400um.s". The intermetallic layer around the
around the primary silicon grains. primary silicon grains is rather thin.
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Figure 12. SEM micrograph of a sample containing  Figure 13. SEM micrograph of a sample containing

Al and Ca, cast at 400um.s'1. The eutectic is Al and Ca, cast at 200pm.s’1. The eutectic is coarser
dispersed. than for a sample without Al and Ca but is not really
dispersed.

3.3 Distribution of aluminium and calcium

Elemental mapping in an electron micro-probe has been carried out to determine the distribution of the
additional elements Al and Ca. The calcium distribution could not be analysed probably because of a too low
concentration. The aluminium distribution has been found to be dependent on the growth rate and is probably
related to the growth of the intermetallic cells. In the samples containing very clear intermetallic cells,
aluminium is segregated on the boundaries of these cells (Figure 14). At low growth rate, aluminium seems

to be more soluble in the intermetallic (Figure 15). In any case, the solubility in silicon is very low and not
detected by this method.

Figure 14. Element map showing the partition of Figure 15. Element map showing the partition of
aluminium in a sample cast at 400pm.s™. aluminium in a sample cast at 25pm.s™.
3.4 Cracking

Macrosegregation has been observed in the samples cast at low growth rate, especially at Sum.s”. A rather
large area containing only eutectic appeared along the edge of the rods. It contains macrocracks visible at
low magnification as shown in Figure 3. This agrees with the theory that cracks are induced by
thermomechanical stresses resulting from the difference in the coefficient of thermal expansion between
silicon and intermetallic [5]. In Figure 3, the left part and the right part of the sample have probably a
different expansion coefficient putting the left part under tensile stress.
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Observation of the samples by a light optical microscope at magnification 50 shows a variation of the crack
pattern. The crack pattern seems to be strongly related to the distribution of the primary silicon grains
(Figure 16 and 17). Significantly more cracks can be observed in a sample where the primary silicon grains
are highly branched or in high number and randomly oriented. In the samples containing few long and
oriented primary silicon grains, the network of cracks is much less dense.

Figure 16. Light optical microscope picture from a Figure 17. Light optical microscope picture from a
sample cast at 400pm.s” showing the crack pattern.  sample cast at 200um.s” showing the crack pattern.

The image analysis concerning cracks shows that the tendency is an increase of the distance between cracks
with the decrease of the growth rate (Figure 9). It is consistent with the tendency observed for the primary
silicon grain size, which would suggest that most of the cracks propagate in the eutectic. However, it has
been found in some samples that cracks also propagate in silicon (Figure 10) and cracks are usually parallel
to the length of the silicon grain. It seems also that some silicon grains resist more to crack spreading than
others do. Another explanation for the lower amount of cracks at lower growth rate is the shape of the
primary silicon grains. Indeed, round grains would be expected to result in lower local stress than grains with
sharp edges. The influence of the growth rate observed with the microscope Il and quantified by image
analysis does not reflect the influence observed in the microscope I (magnification 50). Observation with
microscope I clearly showed for example that the crack network is much denser in the FeSi75 sample cast at
400pum.s™ than in the one cast at 200um.s™ (Figure 16 and 17). Since the results of the image analysis are
similar at magnification 25 and 100, it is probable that the quality of the picture from microscope I is low and
that only major cracks are seen. It is uncertain if all the cracks have the same influence on fine generation. At
low magnification the typical distance between cracks is between 100 and 1000um, while it is between 500
and 2000pm at higher magnification. In both cases, the values are higher than the ones found by Guéneau et
al. [5], who obtained 30 to 120um as typical values for the size of the grains delineated by the cracks in the
matrix of a high purity ferrosilicon alloy 65wt% Si. The temperature gradient has no influence for the
samples cast at high growth rate but a higher gradient leads to a higher distance between cracks at low
growth rate. The influence of aluminium and calcium both on the primary silicon grain size and the distance
between cracks is very limited.

3.5 Porosity

The growth rate and the alloying elements influence the fraction of pores (Figure 18). At higher growth rate,
the porosity increases. The samples cast at 200 and 400pum.s” actually contain gas pores. When the samples
contain aluminium and calcium, the porosity tends to be higher especially at higher growth rates. These
samples contain some gas porosity but most of the pores are polishing artefacts that could not be avoided. It
has been observed during the sample preparation that samples with aluminium and calcium are much more
difficult to prepare. That could be related to the very coarse or dispersed eutectic that results sometimes in
relatively large areas with pure intermetallic that is brittle. However, the particles falling out could also
correspond to another phase. The pore size is typically between 50 and 200um.
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Figure 18. Percentage of pores as a function of the growth rate,
the temperature gradient and the composition of the alloys.

4. CONCLUSIONS

Casting two ferrosilicon alloys with controlled process parameters and analyses of the microstructures of the
cast samples led to a better understanding of the microstructure formation. Observations made seem to
confirm that cracks are induced by thermomechanical stresses resulting from the difference in the coefficient
of thermal expansion of silicon and intermetallic.

A decrease of the growth rate mostly influences the microstructure at low growth rates. It results in a
coarsening of the primary silicon grains and of the eutectic and an increase of the distance between cracks.
An increase of the temperature gradient significantly influences the primary silicon shape at higher growth
rates but not at lower growth rates. It results in a higher distance between cracks at low growth rates but does
not have influence at higher growth rates.

Aluminium and calcium do not influence the shape of the primary silicon grains but lead to a very coarse or
dispersed eutectic. The silicon grains seem to inhibit cracks’ spreading but do not necessarily stop them. The
crack network seems strongly dependent on the microstructure of primary silicon. Samples containing
aluminium and calcium seem to be more brittle, which might be attributed to the dispersed eutectic.
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