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Abstract. We present a new method to handle a representative elementary volume (REV) with
a mixture of columnar and equiaxed grains in ingot castings in the framework of an Eulerian
volume averaged model. The multiscale model is based on a previously established fully
equiaxed model. It consists of a three-phase (extra-granular liquid, intra-granular liquid and
solid) grain-growth stage coupled with a two-phase (solid and liquid) macroscopic transport
stage accounting for grain and nuclei movement.

In this context, we take into account the formation of a columnar structure and its development
using a simplified front-tracking method. Columnar solidification is coupled with the growth of
equiaxed grains ahead of the columnar front. The particularity of the model is the treatment of
concurrent growth of mixed columnar and equiaxed structures only in the volumes that contain
the columnar front. Everywhere else, the structure is considered either fully columnar or fully
equiaxed. This feature allows for reasonable computational times even in industrial size
castings, while describing the solutal and mechanical blocking phenomena responsible for the
Columnar-to-Equiaxed Transition.

After a validation of the model, we discuss the numerical results for a 6.2-ton industrial steel
ingot by comparison with experimental measurements. Final maps for macrosegregation and
grain structures size and morphology are analysed. Furthermore, we quantify the impact of
nuclei formation through fragmentation along the columnar front on the result.

An attempt at predicting the occurrence of the Equiaxed-to-Columnar Transition in the later
phases of the process is also made.

1. Introduction

The following work is based on a multiphase volume-averaged model developed by Combeau and
Zaloznik, which makes use of a numerical splitting technique [1,2]. Several studies of this research
group about industrial ingots have already been presented concerning macro-segregation and grain
morphology [3-5]. However, the columnar and equiaxed structures were only distinguished by
defining a zone close to the mold where the grains were set to be fixed.

Efforts have recently been made to predict, thanks to multiphase models, the competition in
industrial ingots between a columnar structure growing from the mold and transported equiaxed grains
[6,7]. This multiphase model has been able to reproduce qualitatively the centerline macro-segregation
in a 2.45-ton steel ingot. However, no comparison with CET observation was undertaken and the
description of the equiaxed grain morphology remained simplified.
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In the work presented thereafter, a complete model has been developed, including the growth of the
columnar structures from the mold, their interaction with the equiaxed grains and especially the
Columnar-to-Equiaxed-Transition (CET). The columnar grains can also grow from a packed equiaxed
zone which leads to an Equiaxed-to-Columnar Transition (ECT).

The origin of the equiaxed grains in a steel ingot can be attributed to various causes including the
detachment of grains formed in contact with the mold during filling or fragmentation of existing
dendrites. This is the reason why different mechanisms for the formation of equiaxed grains have been
investigated in the present model.

2. Description of the model

The present model is based on the fully coupled equiaxed model developed by Combeau and
coworkers [1,2]. This model has been recently extended to take into account the presence of an inter-
granular liquid [8] within the grain envelopes following the ideas of Rappaz and Thevoz [9]. Thus, the
grain structure can be schematized as in Figure 1 where it was chosen to use a square envelope shape
(ocathedral in 3D).

In this framework, the goal of this model is to take into account the apparition of columnar
structures and their growth concurrently with the development of moving equiaxed grains. Based on
previous models in the literature [10,11,12] we chose to use the same envelope shape and
morphological parameters to model the columnar and equiaxed structures. In Figure 2, each columnar
trunk is schematized by a regular assembly of sub-structures with a square envelope, arranged on a
cubic lattice with characteristic length A;. The length £(t) gives access to the propagation of the
columnar front in the volume.

Interdendritic

Solid, s
Simplified

70

Figure 1. Schematic representation of a Figure 2. Schematic of a mixed volume
grain and its envelope together with the containing both (blue, left) columnar and
different phases. (red, right) equiaxed grains.

The main difference between the two types of structures lies in their origins. The columnar sub-
structures are propagated by a front which initially originates at the mold and is connected to it, while
the equiaxed grains take their origin in the dendrite fragments or nuclei. The position of the columnar
front needs thus to be tracked during solidification. To this end, we make use of a method similar to
the one developed by Ludwig and Wu [13]. Therefore, each representative volume can be located (i)
behind the columnar front, (ii) contain the growing front or (iii) only contain liquid plus possibly
equiaxed grains. In order to propagate the front further to neighboring volumes, a maximal length
€ref of the front is defined in each averaging volume, similarly to the procedure in ref[13]. We
considered that the direction of propagation of the columnar trunks is aligned with the local thermal

gradient in the liquid ahead of the front (VT) front” Consequently, £,.¢ is simply the length of the
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volume along the direction of (VT) front The velocity vy, of the front at the columnar tips as well as

the growth velocities of both the equiaxed envelopes and the columnar “sub-envelopes” are all
calculated according to the LGK model [14].

In our model, a mixed volume containing both columnar and equiaxed structures as the one in
Figure 2 is made of six phases. Three phases are associated with the equiaxed grains: the volume

fraction of the solid phase gqu as well as the inter- and extra-granular liquid fractions gsqx and gﬁq"

respectively. Similarly, we can define the variables g5°, g5°* and g°for the columnar structures such

that: ge ™" + gg™ + go™ + g&° + g5° + g&°t = 1. In order to simplify the calculations, we suppose
that the equiaxed grains present in a mixed volume containing the columnar front are fixed and only
the liquid phase is allowed to move in these volumes. This approximation is only made for a layer of
mixed volumes. The movement of equiaxed grains is accounted for ahead of the columnar front where

columnar grains are not present. In the volumes containing only equiaxed structures, two flow regimes

are considered. Where the local grains fraction gf}%in is larger than the packing limit gﬁ,‘jﬁ", the solid

phase is fixed. The flow of the intragranular liquid is then described by a momentum equation for
porous media including a Darcy term for the drag interactions. The permeability of the porous solid is
modeled by the Kozeny-Carman law. For local grains fractions smaller than the packing limit

g;?;{n < gf,‘f,fk, the solid phase is considered to be in the form of free-floating equiaxed grains.

In accordance to most volume-averaged models of the literature, two phenomena responsible for
the Columnar-to-Equiaxed Transition (CET) are considered:
1) Solutal blocking of the front. Its description is intrinsic to our model. Indeed, when the equiaxed
grains grow, they enrich the equiaxed extra-granular liquid and thus reduce the chemical undercooling
used to calculate vy;,. This liquid medium becomes solutally well-mixed, in which case vy, is
negligible and the columnar tips are effectively blocked.
2) “Mechanical” blocking. It occurs when the equiaxed grain fraction ng,zm in a mixed volume

containing the front reaches a critical value g;;;;,. This parameter has been used in previous studies
with values ranging from 0.2 [15] to 1 [16]. In the present work, we used g;;;,, = 0.5 according to the
geometric criterion proposed by Hunt [17].

At the top of industrial steel ingots, it is common to observe an oriented dendritic structure [3]. It
is believed that this structure originates from a packed equiaxed zone when the sources of nuclei and
fragments have been depleted [4]. As a consequence, this phenomenon can be assimilated to the restart
of a columnar structure during what we call here the Equiaxed-to-Columnar Transition (ECT).
Previously, it was necessary to artificially “renucleate” new equiaxed grains to be able to solidify the
top of the ingots even with a non-uniform nucleation law [1]. We propose here a more physical way to
deal with these zones according to the ECT idea: when the remaining liquid in front of an equiaxed
packed zone is emptied of grains and nuclei, a new columnar structure is initiated in the volumes
directly adjacent to the packed zone. These columnar trunks will interact with further remaining
equiaxed grains and this will possibly lead to a subsequent CET.

The sources of these equiaxed grains have already be mentioned. However, most of the models
applied to industrial ingots use either a three-parameter model [13] or a simple uniform model [1] to
simulate the volumic heterogeneous nucleation of ny[grains.m™3] equiaxed grains at
undercooling AT,,[K]. Yet, it remains unclear if there are a significant number of nucleation sites in
non-inoculated alloys [18]. Another potentially important source of grains is through fragmentation of
the columnar dendrites, especially in industrial ingots [19]. That is why the goal of this work is also to
study the effect of a surface injection model at the columnar front. During the growth of the front, we
consider a constant surface flux of equiaxed grains ¢, [grains.m~2s~1] which will be added to the
adjacent liquid volumes that do not contain columnar structures. Because the initial sizes of the
fragments are unknown, they will all be fixed to 1 um, i.e. the same value as for the grains formed by
heterogeneous nucleation. The only condition for the surface injection is that the quantity of solid in
the mushy columnar zone is greater than the solid formed by the grains being injected.



MCWASP IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 84 (2015) 012087  doi:10.1088/1757-899X/84/1/012087

When modeling the volumic heterogeneous nucleation of the grains, we account for the movement
of the nuclei and suppose that they move at the same velocity as the liquid.

3. Case definition and experimental parameters
The present study concerns a 6.2-ton steel ingot cast by Ascometal Industries [3]. The experimental
ingot has a square cross-section and a slightly conical shape. In the framework of our model, we
consider a simplified 2D axisymmetric geometry of equal mass which is shown in Figure 3. Details
concerning the thermal boundary conditions, the thermo-physical properties as well as experimental
measurement of the morphologies and macrosegregation can be found elsewhere [3-5].

The ingot exhibits along the mold a roughly uniform

columnar zone, between 7 and 11 cm thick. The ingot was Symmetry
cast with a hot-top consisting of a 3 c¢cm thick insulating RO
material. Shortly after the beginning of solidification, an —e——

exothermic powder is released besides the hot-top and refractory
produces heat by a chemical reaction which lasts for
5 minutes. This exothermic reaction causes significant
remelting in the hot-top region and is believed to promote
the breakdown of the columnar structure by fragmentation.
Therefore, we could expect a thinner columnar zone in the
hot-top and probably very few columnar structures  cColumnar zone
originating from an ECT scenario.

Concerning the new parameter of the model, 14,
a value of Imm was chosen which corresponds to the
average measured primary dendritic spacing in the
columnar zone. It is noteworthy that the value of g;;,,, had
only a very limited impact on the results in our case. The  Figure 3. Geometry and boundary
other parameters of the model are reported in a previous  conditions for the 6.2-ton steel ingot.

study on the same ingot [5]. Most notably the packing

fraction for equiaxed grains was gfﬁ,fk = 0.4, the alloy was simplified as a binary Fe-1.01 wt.%C and

no pouring superheat was considered; i.e. the initial temperature of the liquid steel, T,, is
equal to the liquidus temperature Tl?q = 1475 °C. The initial mold temperature is set to 25 °C.

Convective +
Radiative heat

ingot transfert

2.67m

mold

H=

Adiabatic

The numerical domain was discretized into approximately 8600 cells for an average cell size of 1
cm. The time step is variable from 1073 s to 0.1 s. The code is not parallelized and was run on a
single Intel Xeon X5550 2.66 Ghz processor. The clock time for a typical simulation is about 60
hours.

4. Results and discussion

Results for volumic injections of equiaxed grains are showed in Figure 4. No fragmentation (surface
injection at the columnar front) is considered and only a single class of nuclei n, in the range
[10%; 10°] [nucl.m™3] is activated at the liquidus temperature, i.e. with ATy =~ 0 K. For comparison
and to highlight the role of grains motion, simulation are carried out (wo) without and (w) with
movement of the equiaxed grains. The black thick lines indicate the CET whereas the dashed zones
bordered by thick white lines indicate columnar zones which have formed following an ECT event.
The colour map indicates the equiaxed grain fraction gZiZin in the whole ingot, characterizing notably

the extent of the mixed columnar/equiaxed zones.
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Figure 4. Predicted maps of the final equiaxed grain fraction gzgzin as well as (thick

black lines) the CET for increasing nuclei densities from 10° to 10° [nucl. m™3]. We

have assumed no nucleation undercooling. The columnar zones predicted following

the ECT are shown as hatched zones bordered by white lines. For each case, the (wo)

left map corresponds to fixed solid phases and the (w) right map to moving equiaxed

grains.
Without accounting for grain motion and for values of n, greater than 107 grains.m=3, the columnar
zone is negligible and the ingot is predicted to have a fully equiaxed structure. This is shown in Figure
4 with gggiin > 0,5. For lower grain densities, we notice a roughly uniform columnar zone, except at
the top of the ingot. For ny = 10° grains.m™3, sweeping of colder yet not significantly enriched
liquid at the bottom of the ingot near the beginning of —EXP

. g . . . . 3.04 ——N=10"m"
solidification favours the growth of equiaxed grains. This _N:=105 i
explains why the front is blocked at the bottom first, ——NE=10° m? :
leading to a thinner columnar zone. The columnar front is 25 N,=10° m”* (fixed solid)

then blocked upwards in the ingot. In the hot-top region,
complex thermal conditions and the interaction with the

advancing front set up an enriched, cold liquid which is 201
trapped in a clockwise convection cell. At the junction -
between the hot-top and the mold, this first liquid meets % 151
the relatively poorer and hotter liquid from the core of the gn

o

ingot. Consequently, higher thermal gradients arise at this
junction and favour the columnar structure which explains
the wedge-like shape of the front there. Considering that
without solid movement a computational volume cannot 054
be emptied of equiaxed grains or nuclei, no ECT event is
predicted in these cases. The macrosegregation profiles SRy
assuming a fixed solid are similar to previous results [5]. O 0% 0% 10%
An example is shown in Figure 5. Here the average C,., [% wt]
composition, C, is normalized with the nominal ] . )

- . Figure 5. Comparison of the axial
composition Cy. The dashed curve represents the axial . .

. 8 . -3 central segregation with measurements,

central segregation profile for ny, = 10° grains.m

: : : ; (€-Co)
without solid movement. Except for a negative segregation =~ Where Cro; = 100 X C—Oo [%].

1.04
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at the bottom of the ingot and an inversion at the top, a strong positive segregation is predicted which
is not in agreement with the experimental results. For other values of n,, the results without solid
movement are qualitatively similar. Especially, the position and height of the main positive
segregation are the same, even though the intensity of this segregation can differ.

When taking into account the movement of the equiaxed grains, we notice a very dissimilar
repartition of the structures in Figure 4. Starting fromn, = 10°grains.m=3, we see a clear
distinction between a lower zone where the columnar thickness is very thin and an upper part which is
entirely columnar. As n, increases, the equiaxed zone becomes larger and its boundary with the
columnar zone moves upward. The top of the ingot always remains columnar. This can be explained
by the fact that the motion of the equiaxed grains is controlled primarily by sedimentation. The grains
first appear in the vicinity of the columnar front where the undercooling is maximal. Then, the grains
grow rapidly and slide down along this region, thus participating to the formation a packed layer at the
bottom of the ingot. Because of liquid convection, the whole ingot quickly becomes undercooled
(except the top part) and the majority of the nuclei are activated. The newly formed grains directly fall
at the bottom of the ingot and favour the growth of the packed layer. The local packing times (the
times it takes for the grain in the equiaxed zone to become locally packed) are short and the
sedimentation ends at t = 300 s in all cases. This value is to be compared with the total solidification
time for the ingot, £ = 9000 s.After that, virtually no equiaxed grains remain in the liquid as
evidenced by the negligible values of gzzzin in the upper part of the ingot. Once the equiaxed grains

have packed and nearly all the nuclei are activated, the columnar structure is free to develop in the
remaining liquid. Remarkably, an ECT takes place at the top of the packed layer. The columnar
structures originating from this ECT subsequently meet those growing from the mold. This is seen in
Figure 4 with n, = 10° [nucl.m™3] where a dashed blue region and a plain blue region are
connected. The segregation profiles along the axis are shown in Figure 5 for three different densities
of nuclei. The results are similar to previous calculations [5]. The best fit of the experimental results is
found for ny = 10° nucl. m™~3 but fails predicting the CET and is still not satisfying when considering
the measured segregation profile.

The results presented in Figure 5 remain qualitatively valid when considering different nucleation
undercoolings ATy. A three parameter heterogeneous nucleation model [20], based on a Gaussian
distribution, has also been tried. Comparable results were obtained, albeit with a more cone-shaped
equiaxed zone.

It can be concluded that a volumic injection of nuclei fails to predict the observations. The volumic
source of nuclei can be connected with heterogeneous nucleation or grains formed at the mold surface
during the filling stage and then detached. It is already known that the fragmentation of dendritic
columnar structures is another important source of equiaxed grains in industrial castings [19]. Thus,
we investigate the influence of fragmentation on the results. The surface injection model mentioned
earlier is now used for different flux values ¢, [grains.m~2s~1] at the columnar front. The results
are summarized in Figure 6 where no volume densities of nuclei were considered for these
calculations. All calculations include grain movement as simulations with fixed solid do not produce
realistic results. This stems from the fact that the fragments appear only in the liquid besides the front
and need to be carried by the liquid to fill the centre of the domain. It is first noticeable that for ¢4 =
102grains.m™2.s1, the equiaxed zone has a much more pronounced cone shape than in previous
volumic injection scenario.

The fraction of equiaxed grains entrapped in the columnar structures is also not negligible and the
predicted structure can become considerably mixed especially at the top of the ingot, where remelting
takes place. When the fragmentation flux is increased, a thin columnar zone is predicted in the lower
part of the ingot whereas there is still a thick columnar zone in the upper part of the ingot.
Nevertheless, the columnar zone at the bottom is not negligible with a CET at about 5 cm from the
mold providing that ¢, = 4.102grains.m™2.s~1. The upper part is not entirely columnar in contrast
with the case with the volumic density of nuclei scenario and the front is blocked at mid-radius. The
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columnar zone directly besides the hot-top is thinner because of the thermal conditions and the fact
that the columnar structures can re-melt due to the re-heating induced by the exothermic material
present in the hot-top [3].

@o[grains.m=2.s71] 3.0

2102 3.102 4.10% 5.10%

[ 2.54
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=
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Figure 6. Predicted final equiaxed grain Figure 7. Comparison of the axial central
fraction g;%in as well as the CET and ECT segregation with the measurements where
for increasing fragmentation fluxes at the Cre; = 100 X (C;—CO) [%]and for different
columnar front. a 0
uxes.

The CET predicted which fits better the experiment can be explained in terms of packing behaviour
of the equiaxed grains. As soon as the columnar structures appear at the mold, fragmentation takes
place, producing new equiaxed grains which will at first instantly sediment along the columnar front.
These first grains will not only contribute to the growth of a flat packed zone at the bottom, but also to
the quick build-up of a vertical packed zone next to the front whose height is exactly that of the thin
columnar region. This build-up takes place in about 200 s and causes the CET. The remaining
fragments as well as the new ones coming from the front in the upper regions will then fill the rest of
the ingot with a normal succession of horizontal layers. The whole ingot is filled with equiaxed grains
in about 1300 s explaining why the columnar zone is thicker in the upper parts (except near the hot-
top). As evidenced in Figure 6, there are few columnar structures originating from an ECT event
contrary to the previous nuclei density model. Only dispersed spots of columnar zones can be seen in
the core of the ingot.

The macrosegregation profiles at the centreline are reported in Figure 7 for the three highest fluxes.
As we can see, the results at the bottom of the ingot are comparable to the calculations with the
volumic nucleation model. In the top half of the ingot the results deviate from the experiment and a
positive segregation is found. This corresponds roughly to the position where the columnar zone is too
thick.

5. Summary and conclusions
Modelling of the columnar structure in ingot casting, its interaction with moving grains and the
resulting CET and ECT have been implemented in a formerly purely equiaxed model [2].

Simulations were carried out for a 6.2-ton industrial steel ingot cast by Ascometal Industries. Two
different origins of the equiaxed grains were studied: either a classical heterogeneous nucleation
model or the injection of fragments in the liquid ahead of the columnar front. A parametric study for
the nucleation densities suggests that this mechanism cannot accurately predict the experimental CET
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in steel ingots because the source of grain in the liquid are eventually exhausted and the top of the
ingot exhibit a purely columnar structure. The use of a fragmentation mechanism seems to give better
results for the structures repartition most notably at the top of the ingot.

Both type of injection scenario give comparable results for the axial segregation. For example,
using ¢, = 5.102grains.m™2.s71 yields final equiaxed densities in the central part between
Negx = 10° and Negx = 107 grains.m™3. We can see on Figures 5 and 7 that calculations for

©o = 5.102grains.m™2.s71 and ny, = 107 grains.m™3 indeed show similar profiles for the axial
segregation. The main difference is noticeable in the top third of the ingot, where the predicted
structures are very dissimilar.

It has been reported in the literature [21] that during the filling stage of the ingot, numerous grains
grow at the contact of the mold, then become detached and survive in the liquid as fragments or
inoculants for the heterogeneous nucleation law. This points to the fact that both mechanisms could
operate at the same time. However, our calculations with both nucleation and fragmentation do not
exhibit significantly better results at the moment. We can therefore conclude that more work needs to
be done to better understand the relative importance of these two mechanisms.
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