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Abstract. The control of the carbon macrosegregation level in steel ingots is important for the
structural integrity of the final component. Previous studies using the SOLID® multiscale
modelling software have shown that in order to obtain predictive results for the macrosegregation
and the grain structure (CET, grain morphology) in steel ingots, a model needs to account for
fragmentation of columnar dendrites as a source of equiaxed grains. The goal of this study is to
show that a numerical model that takes into account fragmentation can describe the formation of
the structures and the macrosegregation during solidification of a large steel ingot. The present
article describes how fragmentation is taken into account in the multiphase numerical model
used in the simulations. The simulation results are compared to experimental data from a
9.8 tonne ingot cast in A5/6 steel by ArcelorMittal Industeel. The model correctly reproduces
the major features of the experimentally observed structure and macrosegregation. We show that
the structures are formed very early on during solidification, whereas macrosegregation develops
much more gradually. Our results also underline the importance of liquid flow and grain
movement in order to correctly predict the final structure and macrosegregation.

1. Introduction

Achieving homogeneous mechanical properties for large cast ingots is an industrial challenge because
of the segregation of alloying elements during solidification. This is due to an enrichment of the liquid
in alloying elements as solidification progresses. This can lead to large-scale inhomogeneity
(macrosegregation) which will affect the local mechanical properties. Being able to predict and control
macrosegregation is thus crucial for the structural integrity of the components.

Segregation is the result of the complex interaction of the solidification structures (columnar,
equiaxed, grain morphology) and liquid flow. Additionally, the structures themselves can influence
mechanical properties, so accurately predicting both the macrosegregation and the solidification
structures is an important issue for steel ingot producers. The prediction of the structures requires taking
into account the fragmentation of the columnar dendrites in the model [1]. The present study uses the
SOLID® multiscale and multiphysics model to predict the structure and macrosegregation of a 1.44 m
diameter, 9.8 tonne steel ingot by taking into account the fragmentation during solidification. The
originality of this study lies in the prediction and description of the formation of the structures and the
macrosegregation, which is not commonly found in literature for such large products.

Fragmentation of the columnar dendrites happens when secondary dendrite arms detach and are
swept in the bulk liquid. If the local conditions are favourable, they will grow as equiaxed grains before
sedimenting at the bottom of the ingot, leading to a columnar to equiaxed transition. Fragmentation is
an important source of equiaxed grains, especially in castings with no inoculation. The detachment of
secondary arms does not occur because of mechanical breakage [2] but rather due to local dissolution at
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the root of the secondary arms [3] or remelting of the arms due to temperature increase [4]. During
normal coarsening of the columnar structure, secondary arm detachment is quite slow. However, certain
situations massively increase fragmentation, such as unconstrained growth of the columnar front [5] or
slowdown of the columnar tip velocity [6]. In addition, in steels, the peritectic transformation can also
promote the increase in size of the equiaxed region [7].

2. Model used in the SOLID® software

The SOLID® software, developed on scientific models from IJL, supported by a French consortium of
industrials in the framework of metallurgy and supported also by national and European funding is
commercialized by SCC (see www.scconsultants.com) to be released in the industry. SOLID® uses a
2D finite volume method to discretise the set of partial differential equations of a multiphase model
(liquid, columnar, equiaxed and inter-dendritic liquid for both solid phases). Each discretised volumetric
element, or "cell" can contain both columnar and equiaxed solid, in addition to liquid. Cells containing
both columnar and equiaxed grains are called mixed cells. Solidification begins with a columnar front
starting on the mould walls which can grow and fragment. Fragmentation generates equiaxed grains in
the undercooled region ahead of the columnar front. These equiaxed grains are not individually
simulated but are instead represented by average grain size and grain density values in each cell.
Fragmentation is implemented using the model developed by Nicolas Leriche in his PhD [8].
Fragmentation uses two parameters: the fragmentation flux density (number of generated grains per
surface area of columnar front per second) and the thermal gradient activation threshold. The threshold
means that the fragmentation occurs only when the temperature gradient at the columnar front is locally
smaller than a given threshold value.

The model calculates the movement of the liquid phases (bulk liquid and inter-dendritic liquid inside
the grain envelope) and of the equiaxed grains. There is a complex interaction between liquid flow and
grain movement, each influencing the other. The grains can be swept up by the liquid flow and grow or
remelt depending on local undercooling. Generally, small grains (< 1 mm) will follow the liquid
movement, whereas larger grains have enough mass that the liquid flow cannot overcome their
downward movement, and they sediment at the bottom of the bulk liquid. Grain movement in a cell is
blocked when the liquid fraction is below 0.6. Additionally, there is no grain movement in cells
containing columnar grains. The columnar front in a cell is blocked when the envelope fraction of
equiaxed grains in that cell reaches 0.5, leading to a columnar to equiaxed transition (CET). Unlike the
columnar structure, equiaxed cells cannot progress from one cell to the next. However, they can generate
an equiaxed to columnar transition (ECT), producing new columnar cells. In the model, ECT is set to
occur only if there are no equiaxed grains in the surrounding liquid. When ECT starts, a new columnar
front is started in the adjacent liquid cells, which can then grow, fragment and can itself be blocked.
Further information about the model can be found in previously published work [9].

3. Structures and macrosegregation experimentally observed in the 9.8 t ingot

The focus of the present article is a 9.8 t experimental research ingot cast in A5/6 steel by Industeel. It
has a diameter of 1.44 m and a height of 0.74 m, which is much smaller than typical commercial
Industeel ingots. This ingot was cast specifically for research purposes and was not destined to produce
a component. Ingots of this shape (large diameter compared to height) are used to make flat component
such as thick plates and disks [10]. The composition of the alloy, measured just before casting, is given
in table 1.

Table 1. Chemical composition in wt% of the A5/6 steel used in the 9.8 t ingot.

C S P Si Mn Ni Cr Mo Cu Sn Al Fe
0.184 0.026 0.008 0.245 0.59 0.17 0.23 0.035 0.250 0.025 0.018 Balance
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The mould is made of cast iron and there is no hot top, however the liquid metal is covered by two
layers of powder: an exothermal powder with an insulating powder on top. The total solidification time
was less than 6 hours. After solidification, the ingot was cut in half along a diameter in order to analyse
its macrostructure and segregation. Figure 1 shows the schematic representation of macrostructures such
as dendrites and equiaxed grains, identified with a macro-etching. The different macrostructures were
visually identified and manually colour-coded.

The stand-out features have been numbered in figure 1: the primary columnar region along the side
and bottom walls (1); an equiaxed structure with fine grains (2) on the bottom and larger grains on top
(3); a thin layer of equiaxed grains (4) separating the primary columnar with the central columnar region
(5). Above the equiaxed region, a large ‘step’ in columnar thickness is visible (6). The top of the ingot
is mostly columnar, with the centre region being a mix of columnar and equiaxed grains.

Equiaxed + columnar

Columnar + channels

Columnar (ECT)

Dendritic equiaxed

Fine equiaxed

Columnar

Figure 2. Experimental measurements of
carbon concentration in a cross-section of the
ingot, represented as percentage variation of
nominal composition AC/C,. Contour lines
were obtained by interpolating the
experimental data. Only half of the ingot is
represented, the centreline is on the left.
Minimum value is —23% and maximum value
is +290%.

DeltaC/C0 (%)

Analysis was performed on the open face of the ingot cross-section to measure carbon segregation.
The experimental measurements of carbon concentration are presented in figure 2. Each data point is
located by a black dot and its value is given as a percentage variation of the nominal concentration
AC/Cy. The experimental data was interpolated in order to plot contour lines. The bottom part of the
ingot is negatively segregated, reaching —23% of the nominal composition. The top centre region, which
is the last to solidify, features a large positive segregation, with a maximum of +290% relative to the
nominal composition.
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4. Numerical simulation

The solidification of the 9.8 t ingot was simulated using the SOLID® software using an axial symmetry.
In order to simplify the calculation, a binary Fe—C alloy is used, with 0.184 wt% carbon. The
fragmentation parameters were determined by performing a sensitivity analysis on these parameters (not
discussed in this article), and then choosing the values that gave the results closest to the experimental
ingot. The chosen fragmentation parameters are: fragmentation flux density of 500 frag.m2.s"' and
activation of fragmentation at a thermal gradient below 26 K.m!. Both exothermal and insulating
powders are present in the simulation. The exothermal reaction is simulated using an enthalpy of
reaction, leading to an increase in temperature of the powder. The chosen enthalpy of reaction in this
simulation leads to a powder temperature significantly lower than the liquidus of the alloy
(Texo < Tiiquiaus)- Additionally, the formation of columnar grains is disabled on the top surface of the
ingot, where the liquid metal is in contact with the exothermal powder. Filling is taken into account
using a simplified line by line filling method. The simulation uses a mesh size of 1 cm, so the total
number of cells is 21643 of which 5697 are for the ingot. With a time step of 0.1 s, the total computation
time on one CPU core was 40 hours. Coarser mesh sizes give similar results, with a roughly equivalent
columnar thickness.

P Columnar Col. from ECT
B Col. front I ECT col. front

equivalent diameter of grains (mm)
DeltaC/CD (%)

Figure 3. Simulation results for the 9.8 t ingot. The structure map is given on the left side, showing
the columnar structure (either primary or from ECT) and the grain diameter for the equiaxed structure.
On the right side, the carbon composition is given as a percentage of nominal composition.

The final structure map and carbon segregation pattern at the end of the simulation are given in
figure 3. The same structure colour code was used as in figure 1: green and orange for columnar, blue
for equiaxed. In addition, mixed columnar-equiaxed cells are distinguished by a darker columnar colour
(dark green or dark orange).

The simulated macrosegregation is similar to the experimental results (figure 2), with a negative
segregation reaching —34% in the bottom part of the ingot and a large positive segregation in the top
part, with the maximum value (+129%) along the centre axis. The transition from negative to positive
segregation along the axis happens at a similar point, roughly half the height of the ingot. The simulated
structures also show similarities to the macrographic etching (figure 1), with almost all major features
being reproduced. These have been numbered the same way as in figure 1: the primary columnar on the
mould wall (1); the equiaxed region (2) of small grains (mostly smaller than 9 mm) with the transition
to larger grains (3) (greater than 9 mm); the large central ECT region (5); and the ‘step’ in columnar
thickness (6) above the equiaxed region. However, the layer of equiaxed grains separating the primary
columnar from the center columnar (4) in figure 1, is missing. Additionally, the thickness of the primary
columnar is overall greater in the simulation than in the experimental data.
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[ Columnar Col. from ECT Liquid, eqx. grains Lig. mushy zone
B Col. front I ECT col. front —:2cms <—:0.02 cm/s

(a) End of filling

equivalent diameter of grains (mm)

(b) 900 s after
the end of filling

(c) 3600 s after
the end of filling

(d) 6300 s after
the end of filling

Figure 4. Simulation results for the 9.8 t ingot. The left side shows the columnar structure, with
fragmenting cells outlined in black, the equiaxed grain diameter and grain movement (blue arrows).
The right side shows T — Tiiquiaus (positive: superheated; negative: undercooled), the liquid movement
in black arrows, and the liquid movement in the mushy zone is in red arrows.
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5. Discussion
The simulation shows the entire solidification sequence, explaining when and how the various structures
were formed. The solidification sequence can be divided into the following stages, illustrated in figure 4:

Solidification starts immediately with a columnar front initiating on the mould walls. Halfway
during filling, a few cells start fragmenting at the bottom on the ingot, generating fragments in the
liquid ahead of the columnar front.

At the end of filling (figure 4(a)), the columnar front is already well developed, and the equiaxed
grains produced by fragmentation have already blocked the columnar front on the bottom surface.
The equiaxed structure starts forming at the bottom from the accumulation of sedimented grains.
Because of the simplified filling model, there is little liquid convection during filling, and most of
the liquid remains in superheat. After filling, convection is much more pronounced due to the heat
exchange between the liquid and the exothermal powder (which is colder than the liquidus
temperature of the alloy). The liquid loses its superheat 200 s after filling.

900 s after filling (figure 4(b)), liquid convection has stabilised into a large vortex with the liquid
flowing downward in the middle of the ingot and upward along the columnar front. This movement
is due to the liquid being simultaneously cooled at the top by the exothermal powder and enriched
in carbon along the columnar front. Because the entire bulk liquid is undercooled, the equiaxed
grains grow and sediment quickly. The liquid vortex prevents the sedimenting equiaxed grains (blue
arrows) from reaching the centre of the ingot. The grains thus sediment near the mould wall, creating
an equiaxed region on the outer edge of the ingot, and allowing the centre columnar region to grow
unimpeded. The equiaxed and columnar regions grow upward roughly in parallel, creating the
central structure seen in figure 1.

Around 3600 s after filling, the small corner vortex in the liquid convection becomes much larger,
as seen in figure 4(c). For the next 1000 s, the liquid convection has two counter-rotating vortices,
after which the smaller corner vortex subsides. This smaller vortex changes the liquid flow along
the vertical columnar front: instead of warm enriched liquid flowing upward, cooler less rich liquid
is flowing downward. The falling equiaxed grains therefore grow much faster before sedimenting,
and the sedimentation of larger grains leads to a rapid progression of the equiaxed region. This
region of large equiaxed grains can be seen in figures 1 and 3.

After the corner vortex disappears (around 4600 s after filling), the sedimenting grains are much
smaller in size. This is because the liquid flowing up against the columnar front is enriched and less
undercooled, but also because the grains have a shorter distance to grow before blocking. The
sedimentation of smaller grains greatly slows down the upward progress of the equiaxed region.
This gives time for the columnar front on the mould wall to grow horizontally. This is shown in
figure 4(d): at 6300 s after filling, the columnar region on the side has grown horizontally to cover
the region of large equiaxed grains. At that time, the ingot is 78% solidified, with the upper part still
fully liquid and a small mushy zone in the equiaxed region (the red arrows in the figure shows the
liquid convection in the mushy zone). At this stage, most of the macrostructures are already in place
but the macrosegregation is still low: the carbon content in the bulk liquid is +15% relative to
nominal composition.

For the remainder of solidification (¢ > 6300 s), there are no major changes to the structure or liquid
flow. Total solidification time is around 21300 s, with final solidification in the upper region at the
centre of the ingot. The two columnar fronts slowly grow, competing with the equiaxed region to
fill the remaining liquid volume. This results in the columnar and equiaxed structures that are visible
in the top part of the ingot in figure 3. This final stage of the solidification is by far the longest
(15000 s, 70% of total solidification time), during which the macrosegregation continues to evolve
slowly due to liquid flow and grain sedimentation.

The simulation has a complex liquid flow that has a large influence on the sedimenting grains, and

this ultimately affects the final structure and macrosegregation of the ingot. Liquid flow is driven by
thermal convection but also by solutal convection (carbon enrichment reduces liquid density). In the
simulation, thermal convection is largely influenced by the temperature of the exothermal powder that
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covers the top of the ingot. If the powder is sufficiently colder than the liquidus temperature of the alloy,
cooling the liquid, then the liquid will flow downward along the central axis of the ingot. This is the
case for the simulation presented in figure 3 and 4, with the resulting convection loop shown in figure 4.
The convection generates an outward liquid flow along the bottom part of the ingot, chasing away the
sedimenting grains and allowing for the large columnar region in the centre of the ingot. The convection
also brings in fresh liquid into the growing columnar front, pushing enriched liquid outward and upward.
This creates the region of negative segregation seen at the bottom of the ingot in figure 3. In the current
model, this is achieved by using enthalpy of reaction values that give exothermal powder temperatures
that are unrealistically low compared to the industrial process. Further work must be done to better
understand the influence of the exothermal powder on liquid flow.

Conversely, if the powder is hotter than the liquid, then the top part of the bulk liquid stays hot and
the cooling of the liquid happens from the side wall. This creates a convection loop in the opposite
direction: liquid is flowing downward along the mould wall and upward along the centre axis. A
convection loop in the opposite direction will bring in sedimenting grains and enriched liquid, instead
of pushing them away. This drastically changes the macrosegregation and structure in the bottom part
of the ingot. Figure 5(a). shows the result of a simulation with Tex, > Tliguiaus (other parameters being
identical). The opposite convection loop in this simulation removes the central columnar region and
leads to a much less pronounced negative segregation.

I Columnar [ Col. from ECT
I Col. front I ECT col. front

(a) Frag. 19
parameters:

500 frag.m?.s™! 12
26 K.m'!

Texo > Tliquidus

eqguivalent diameter of grains (mm)

(b) Frag.

parameters: 100
1500 frag.m?.s! 50
25 K.m!

Texo < ]}iquidus

DeltaC/CO0 (%)

Figure 5. Simulation results for the 9.8t ingot with different fragmentation parameters and
exothermal powder temperatures.

These results show the large influence that liquid movement in the bottom part of the ingot has on
structure and macrosegregation. An outward movement along the bottom will lead to a columnar region
in the centre, with a pronounced negative segregation. Inward convection will instead lead to an
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equiaxed region and a reduced negative segregation. This effect is further illustrated in figure 5(b). In
this simulation, the direction of liquid flow changes several times during solidification, and this creates
alternating layers of equiaxed and columnar grains in the lower part of the ingot. Furthermore, these
columnar regions have corresponding areas of negative segregation.

The absence of convection during filling in the simulations is probably the reason why the layer of
equiaxed grains between the primary columnar and the central columnar is missing at the bottom of the
ingot. The ingot being bottom poured, this will naturally lead to a large vortex with inward flow along
the bottom, thus creating the missing equiaxed layer.

6. Conclusion
The simulation results show that by using only fragmentation as a source of equiaxed grains, it is
possible to predict both the macrosegregation of carbon and the complex macrostructure of a steel ingot.
The simulations show that liquid flow has a large influence on the development of the structures and the
segregation. In addition, most of the structures are formed early on during solidification, 6300 s in our
case, 30% of the total 21300 s. Conversely, the large positive segregation forms slowly over a much
longer period

However, as the exothermal powder temperature used in the simulations is lower than what is used
industrially, further work must be done to understand its effect and improve how it is modelled.
Additionally, the lack of convection during filling is another area where the model will be improved.
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