Simulation of Convection and Macrosegregation in a Large

Steel Ingot

JP. GU and C. BECKERMANN

Melt convection and macrosegregation in casting of a large steel ingot are numerically simulated.
The simulation is based on a previously developed model for multicomponent steel solidification
with melt convection and involvesthe solution of fully coupled conservation eguationsfor the transport
phenomena in the liquid, mush, and solid. Heat transfer in the mold and insulation materias, as well
as the formation of a shrinkage cavity at the top, is taken into account. The numerical results show
the evolution of the temperature, melt velocity, and species concentration fields during solidification.
The predicted variation of the macrosegregation of carbon and sulfur along the vertical centerline is
compared with measurements from an industrial steel ingot that was sectioned and analyzed. Although
generally good agreement is obtained, the neglect of sedimentation of free equiaxed grains prevents
the prediction of the zone of negative macrosegregation observed in the lower part of the ingot. It is
also shownthat theinclusion of the shrinkage cavity at thetop and thevariation of thefinal solidification
temperature due to macrosegregation isimportant in obtai ning good agreement between the predictions

and measurements.

[. INTRODUCTION

MACROSEGREGATION in large steel ingots is one
of the most well-known and now classical problems in the
field of solidification and casting.™!! It arisesfrom the relative
movement of solute-rich or poor liquid and solid phases
during solidification over distances much larger than the
dendrite arm spacings. Commonly found macrosegregation
patterns in steel ingots are a positively segregated zone at
the top, negative segregation near the bottom in the equiaxed
zone, inverse segregation near the ingot surface, V segre-
gates along the centerline, and A segregates in the columnar
zone.[23 These inhomogeneities can severely limit the yield
in ingot casting and cause problems in the subsequent pro-
cessing and final steel properties. It is well established that
the macroscopic transport of species |eading to macrosegre-
gation can occur by a variety of mechanisms, including
thermally and solutally driven natural convection of the melt
in the mushy zone, flow due to solidification contraction,
and the sedimentation of free equiaxed crystals. Fredriksson
and co-workerd*®! provide recent overviews of the solidifi-
cation, transport phenomena, and macrosegregation in
ingot casting.

While there exists a relatively good understanding of the
physical processes that cause macrosegregation in steel
ingots, the mathematical modeling and quantitative numeri-
cal prediction of macrosegregation have proven to be diffi-
cult. Macrosegregation models were first developed by
Flemings and co-workers.!® These models have yielded
much insight into macrosegregation due to interdendritic
fluid flow. Ohnaka® presented a numerical model for pre-
dicting macrosegregation in steel ingots, but it was limited
to a binary Fe-C alloy. In the study by Olsson et al.,™ a
simple ingot macrosegregation model was developed that
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included consideration of the settling of free crystals and A
segregates. Although good agreement with experiments was
achieved, the model relied on many approximations (such
as estimating the flow velocities). It should aso be men-
tioned that many models have appeared in the literature that
are solely concerned with heat transfer during steel ingot
casting (for example, Reference 9 and references therein).
While these models form the foundation for any realistic
ingot casting modeling, they do not address solid/liquid
transport during solidification and the resulting macro-
segregation.

More recently, macrosegregation models have been for-
mulated that rely on fully coupled numerical solutions of
the mass, momentum, energy, and species conservation equa-
tions for a solid/liquid mixture.’* Beckermann and
Wang!*? and Prescott and Incroperal*® have reviewed the
progressin this area. Although many basic phenomena, such
astheformation of A segregates and the negative segregation
due to settling of equiaxed crystals, have been successfully
simulated on laboratory-scale systems, the application of
such continuum or multiphase models to multicomponent
steel ingot solidification has been very limited.

Combeau and co-workers4-1" attempted to extend recent
binary alloy solidification models that couple mass, momen-
tum, energy, and species conservation in all regions (solid,
mush, and bulk liquid) to model steel solidification consider-
ing only buoyancy driven flow. In order to simplify the
calculation procedure, the mass, momentum, and energy
conservation equations were solved assuming that the com-
positions in the mushy zone were given by the lever rule
(for carbon) or Scheil equation (for other elements). With
the solid fraction and velocity distribution known, the solid
and liquid compositions were then determined explicitly at
the end of each time-step. Using abinary Fe-C alloy solidify-
ing in a cylindrical ingot, Vannier et al.[!] compared this
“partialy coupled” method of calculation with fully coupled
predictions. While the two methods predict the same trends,
differences of upto 70 pct were apparent in axial segregation
profiles, and at some locations aong the centerline, the
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partially coupled model predicted positive segregation where
the coupled model indicated negative segregation. Combeau
et al.[* used the model to examine the effects of initial and
boundary conditions on the formation of macrosegregation
and found that the amount of superheat had little effect on
the predicted carbon segregation aong the ingot centerline,
while insulating the top of the cylindrical ingot reduced the
degree of carbon segregation at theingot top. Roch et al 11416l
determined that the predicted degree of carbon segregation
aong the axis of a cylindrical steel ingot decreased as the
specified mushy-zone permeability was decreased,
decreased when the specified value of the carbon-partition
coefficient was increased, and decreased as the height-to-
diameter ratio of theingot wasincreased. In addition, slightly
increasing the molybdenum content of the steel (from O to
1 wt pct Mo) was shown to decrease the extent of carbon
segregation along the ingot axis, but a drastic increase in
the molybdenum content (3 wt pct Mo) actually increased
the carbon segregation. Finally, Vannier et al.l*” obtained
qualitative agreement between measurements and predic-
tions of the evolution of carbon segregation and the final
carbon distribution along the centerline of a 65-ton cylindri-
cal steel ingot.

The objective of the present study is to apply a recently
devel oped micro-/macrosegregation model for multicompo-
nent steel 8 to casting of a production-scale steel ingot and
compare the predictions to measurements of the segregation
pattern. The model involves the simultaneous numerical
solution of the fully coupled mass, momentum, energy, and
species (for each element) conservation equations in the
liquid, solid, and mushy regions, and the heat conduction
equation in the cast iron mold and hot top, together with
realistic boundary conditions. The effects of each element
in the steel on theliquidustemperature, partition coefficients
and liquidus slopes, back-diffusion and solid fraction evolu-
tion, liquid density and buoyancy forces are fully accounted
for. Furthermore, a procedure is implemented in the model
that calculates the drop in the liquid stedl level and the
formation of the shrinkage cavity at the top due to thermal
contraction of the liquid during cooling and the shrinkage
associated with the liquid-to-solid transformation.

Asin the original model,*® the movement of solid in the
form of settling equiaxed crystals is neglected. Although
model s have been proposed that include the effects of nonsta-
tionary equiaxed crystals,*? they are of a very preliminary
nature and cannot be used with sufficient confidence in
the modeling of steel ingot solidification. In particular, the
generation and growth of equiaxed crystals in an
undercooled convecting melt cannot presently be modeled
accurately.l'? The large uncertainties introduced by such
a preliminary model could, in fact, prevent a meaningful
comparison with measurements. The neglect of settling equi-
axed crystals can be expected to result in problems predicting
the negative region of macrosegregation often observed near
the ingot bottom. By comparing measurements and predic-
tions, the present study will allow for an examination of the
importance of the settling effect on the macrosegregation
pattern. As demonstrated in Schneider and Beckermann,!*@l
the model is, in principle, able to predict the formation
of A segregates. However, the relative coarseness of the
numerical grid prevents the prediction of these small-scale
features in the present simulation. A segregates can have a
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strong effect on the overall macrosegregation pattern in the
ingot, because liquid highly enriched in aloying elements
streams through the A segregation channels in the mush out
into the bulk liquid.l Similar to the issue of the settling
equiaxed crystals, the present comparison with the measure-
ments may shed light on theimportance of thiseffect. Hence,
the simulation reported here should only be viewed as pre-
liminary in some respects and in need of improvement,
once improved models and greater computational resources
become available. Nonetheless, it represents an accurate
assessment of the current predictive capabilities of fully
coupled solidification/segregation models, with essentially
no adjustable parameters, when applied to a full-scale
steel ingot.

[I. DESCRIPTION OF THE STEEL INGOT
SIMULATED

The ingot ssimulated in the present study was cast, sec-
tioned, and analyzed by L ukens Steel Company (Coatesville,
PA). It was alarge 1.016-m-wide X 2.083-m-deep X 2.819-
m-high big end up ingot of AISI grade 4142 steel. Theladle
composition of thisingot is given in Table I. The cast iron
mold had a taper of 11 pct, such that the ingot was 1.016-
m wide at the top and 0.705-m wide at the bottom. The
thickness of the cast iron mold varied from 0.337 to 0.276
m. The narrow faces of the mold were corrugated.

Theingot was cast with a 14 pct volume hot top consisting
of 3.81-cm-thick low density insulating sideboards, bottom
pour casting flux, and an exothermic topping compound.
The layer of combination flux and hot topping compound
on top of the ingot at the conclusion of teaming was about
12.7-cm thick.

Teaming temperaturefor thisingot was 1807 K with about
a 14 K temperature drop expected from ladle to mold during
teeming. The calculated liquidustemperatureis 1762 K using
the phase-diagram data published by Kagawa and Oka-
moto.[** The ingot was sectioned along the centerline of
the ingot broad face (i.e., a vertical cut at middepth) and
machined. Fluorescent dye penetrant testing and sulfur prints
revealed the presence of numerous inverted A segregates
and an equiaxed center core. Drillings were obtained in a
grid pattern along the vertical centerline and across the hot
top of the cut section for the macrosegregation measure-
ments. The drillings were analyzed for carbon and sulfur
using a LECO* CS analyzer. Positive macrosegregation for

*LECO is atrademark of LECO Corporation, St. Joseph, MI.

carbon and sulfur wasfound to be 34 and 46 pct, respectively,
at the hot top junction. The percentages refer to the relative
difference to the ladle concentration of an element. The
carbon concentration decreased to the ladle concentration at
about 0.838 m below the junction, and the negative macro-
segregation in the lower part was no more than 10 pct. More
detailed measured macrosegregation patterns are presented
subsequently.

I11. MODEL

The model is restricted to the same vertical section at
middepth as where the ingot was cut for the concentration
measurements. Thus, the model is two-dimensional and
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Tablel. Ladle Compostion of the Ingot (Weight Percent)

C Mn P S Cu

Ni Cr Mo \ Al

0.41 0.79 0.012 0.035 0.13

0.24 0.18 0.90 0.17 0.05 0.01

assumes an infinite ingot depth normal to the section. While
this assumption is necessitated by the excessive computer
costs associated with a three-dimensional analysis, it can be
expected to result in some inaccuracies due to the neglect
of heat losses and melt friction at the narrow faces of the
ingot. Furthermore, the corrugations on the mold walls are
neglected and symmetry is assumed at the centerline of the
vertical section. The resulting simulation domain is shown
in Figure 1, where all dimensions are in millimeters. Four
different materials are present: the cast iron mold and base,
the insulating boards, the flux and hot topping compound
at the top, and the steel. The thermophysical properties of
all materials except for steel are listed in Table 1. They
were obtained from Lukens Steel Company and can only
be viewed asfirst approximations. Thethermophysical prop-
ertiesof the steel and all phase-diagram parameters (partition
coefficients, liquidus slopes, etc.) used in the simulation
are essentially the same as those listed in Schneider and
Beckermann(*®l and are not repeated here. Again, many of
the steel properties used are only accurate to within about
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Fig. 1.—Schematic of the two-dimensional ingot cross section simulated
showing al dimensions (in mm) and materias.
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20 pct, but it is felt that the resulting inaccuracies are well
within the overall model uncertainty. Filling of the mold
was not simulated, and the melt was assumed to be initialy
quiescent at atemperature of 1793 K (about 31 K superheat).
All other materials are assumed to be initially at an ambient
temperature of 303 K. For the purpose of calculating the
shrinkage cavity at the top, the liquid steel is assumed to
contract by about 2 pct per 100 K, and the solidification
contraction is about 3 pct.

The governing conservation equations for mass, momen-
tum, energy, and species are identical to those in Table | of
Schneider and Beckermann,*® and only a brief description
is provided here. The conservation equations are based on
averaging the point equationswithin aphase over arepresen-
tative elementary volume (REV) that contains arbitrary frac-
tions of solid and liquid phases. They account for the
microscopic flow and phase-change process in the mushy
zone, while reducing to the correct single-phase limits in
the pure solid and liquid regions. The solid is assumed to
be rigid and stationary, the solid and liquid phases within a
REV are assumed to be in therma equilibrium, and the
liquid within a REV is considered to be well mixed for all
species. In the solid, as well as in the mold and insulating
materials, the energy equation reducesto theregular transient
heat conduction equation. Separate averaged species conser-
vation equations are solved for each aloying element (11
elements total, Table I) in both the liquid and solid phases.
The temperatures and liquid concentrations in the mushy
zone, coupled with the phase-diagram relations, provide the
local liquid fraction according to a method described in
Reference 18.

The species equations incorporate a back-diffusion model
to account for microsegregation, a detailed description of
which can be found in Schneider and Beckermann.*® The
back-diffusion model relies on a one-dimensiona platelike
secondary dendrite arm geometry, with the back-diffusion
rate being proportional to the solid mass diffusivity of the
element in question, the interfacial area per unit volume,
and the inverse of a diffusion length that is based on a
parabolic species concentration profile in a dendrite arm.
With this model, the solidification path and final solidifica-
tion temperature are cal culated at each point within theingot
and will vary depending on the local cooling conditions
and macrosegregation. All previous studies assume a certain
solidification path and solidus temperature. Asisillustrated
subsequently, the so-called solidus temperature (defined here
as the temperature at which the solid fraction reaches unity)
canvary by morethan 50K intheingot, because macrosegre-
gation changes the local sted composition. The back-diffu-
sion model requires the specification of the secondary
dendrite arm spacing. This spacing is calculated from a
relation given in Jacobi and Schwerdtfeger,[*” and averages
about 400 um for the present ingot simulation.

The liquid momentum equation reduces to the regular
Navier—Stokes equation in the single-phase liquid region.
In the mushy zone, the momentum equation contains the
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Tablell. Thermophysical Properties of the Insulating Powder, Insulating Board, and Cast Iron

Thermal Conductivity

Material Density (kg/m®) Specific Heat (Jkg-K) (W/m-K)
Insulating powder 304.4 134.0 0.3201 (0.2249 after 45 min)
Insulating board 480.6 134.0 0.9516 (0.3288 after 10 min)
Cast iron 7300.0 850.0 37.0

liquid volume fraction and a permeability term, that accounts
for the friction the melt experiences as it flows through the
dendritic network and forces the melt velocity to vanish as
the liquid fraction approaches zero. The local permeability,
K, is calculated from the following relation:

&
-y .

where A, is the primary dendrite arm spacing and ¢ is the
liquid volume fraction. This relation was found to give good
agreement with previous experimental and analytical results
(Figure4in Reference 21). The primary spacing iscal culated
from a relation given in Reference 20 and averages about
1200 um for the present ingot simulation. Finally, it should
be mentioned that the momentum equation contains a buoy-
ancy term, in which the liquid density is calculated as a
function of the local temperature and concentration of each
element in the liquid. These and other details can be found
in Schneider and Beckermann*® and Schneider et al.?!

A critical partinredlistically simulating steel ingot casting
is the specification of the therma boundary conditions at
the outer surfaces and the heat transfer coefficient due to
gap formation at the mold-ingot interface. Many studies
have been performed on this subject, and we follow an
approach similar to that described in Thomas et al.[% The
heat flux, g, at the vertical outer mold surface is given by
the sum of radiation and natural convection contributions as

q= oen (Té— T + 1.24(T; — T.)t® [2]

where o = 5.776 X 1078 W/m? K; the emissivity of the
mold surface, e, is assumed to be 0.85; and T; and T.. are
the mold surface and ambient temperatures, respectively. At
the top and bottom surfaces, for simplicity, Newton's law
of cooling with constant heat transfer coefficients equal to
10 and 80 W/m? K, respectively, was used. The centerline
is adiabatic. For the purpose of estimating the gap heat flux,
Ogep: the time for gap formation for the present ingot was
estimated to be about 5400 seconds.[¥! After gap formation,
the heat transfer across the gap is primarily by radiation and
can be estimated from the following equation:

K=6x10"%2

ofT4 — Téy

Qgap = 1 = 1 [3]
= +=-1
&j Em

where ¢g; is the emissivity of the ingot surface (assumed
equal to 0.9), and T4 and Ty, are the surface temperatures
of the ingot and mold, respectively, on either side of the
gap. Before gap formation, the conductive heat transfer coef-
ficient (or contact conductance) is assumed to drop linearly
with time from an initial value of 3 X 108 W/m? K to zero
at the time of gap formation. Again, the preceding thermal
boundary conditions are empirically established and found
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to work well in other ingot casting simulations (Reference
9 and references therein).

The numerical solution procedures are described in
Schneider and Beckermann.'® Essentially, the same set of
governing equationsis solved everywhere on afixed, rectan-
gular grid using a fully implicit method and the Simpler
agorithm. The sloped material and domain boundaries are
thus approximated as staircase patterns. Depending on the
local fraction liquid and a material designator, the equations
and thermophysical properties take on the correct values as
described in the previous publication.[*8]

The formation of ashrinkage cavity at the top of the ingot
is considered in the present simulation. The total shrinkage
volume (including liquid shrinkage and solidification con-
traction) is calculated after each time-step and summed.
Once the shrinkage volume exceeds the volume of a grid
cell that (1) contains steel, (2) has a solid fraction less than
0.05, and (3) is closest to the top and centerline, that cell
is considered empty and a new summation is started. The
properties of an empty cell are taken to be those of the
insulation compound. No other modifications were made to
the governing equations published in Reference 18.

A grid of 38 X 54 control volumes was used in the
simulation reported here. About 27 X 46 control volumes
are present in the ingot, while the remainder are distributed
in the mold and insulating materials. At the beginning of
solidification (before 7000 seconds), the time-step was about
0.15 seconds. As the convection inside the ingot becomes
weaker, the time-step was increased up to 5 seconds. The
total cpu timeis difficult to estimate because the simulation
was run on a variety of workstations, but is estimated at
several weeks of equivalent cpu time on an HP* J200 single

*HPisatrademark of Hewlett-Packard Company, Colorado Springs, CO.

processor workstation. Thislong simulation timeis primarily
caused by the fact that the model equations are extremely
complex (14 highly coupled advection-diffusion equations),
thetime-step is small relative to the total simulation time (of
about 25,000 seconds), and theiterative solution algorithmis
difficult to converge. Aside from the convergence issues
discussed in Reference 18, some additional convergence
problems seemed to arise from the presence of the sloped
material boundaries. These problemswere ultimately solved,
and the cpu time per time-step was found to be similar to
that reported in Reference 18 for a much smaller physical
domain size. Due to the large size of the present ingot, the
total time that was simulated was about 20 times greater
than the one in Reference 18, while the time-step was about
the same. Since the cpu time increases linearly with the
number of time-steps, the aforementioned very long total
cpu time resulted. Pure heat conduction simulations of the
same ingot and with the same grid were found to require
less than 4 hours of cpu time. Clearly, the bulk of the cpu

METALLURGICAL AND MATERIALS TRANSACTIONS A



time is due to the flow. It is difficult to imagine taking a
much coarser grid or alarger time-step given theflow veloci-
ties and ingot size involved. Therefore, simulations such as
the present one can only be performed on a research basis.

IV. RESULTS AND DISCUSSION

Theresults of the simulation of theingot cast and analyzed
at Lukens Steel Company consist of time evolutions of the
temperaturefield, the solid fraction field, the melt velocities,
and the concentration fields for each element. The latter
(carbon and sulfur only) are compared to the macrosegrega-
tion measurements.

Representative temperature fields at t = 3000, 9000,
15,000, and 24,000 seconds are shown in Figures 2(a)
through (d), respectively. These temperature fields are simi-
lar to those expected from a pure heat conduction analysis.
Overdl, the patterns indicate a favorable solidification
behavior, and the isotherms are sufficiently inclined and
rounded to avoid premature bridging at the centerline. Figure
3 shows the predicted cooling curve at the point of last
solidification. This point is located in the hot top at the
centerline, 0.221 m abovethe hot top junction. Superimposed
on the cooling curveisthe predicted solid fraction evolution
at the same location. The cooling curve shows a sharp kink
when the melt reaches the liquidus temperature of 1762 K
corresponding to the initial composition (at t ~ 3000 sec-
onds). Beyond this time, the temperature drops only slightly
due to the release of latent heat in the ingot, until solidifica-
tion is complete and continued cooling causes the tempera-
ture to decrease more sharply. The cooling curve in Figure
3 can be used to estimate the total solidification time of the
ingot. However, the exact time is difficult to determine,
because a solidus temperature is not specified in the present
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Fig. 3.—Predicted cooling curve and solid fraction evolution at the point
of last solidification (at the centerline, 221 mm above the hot top junction);
the liquidus and solidus temperatures indicated on the plot were calculated
using the model of Miettinen.[?d

model. The microsegregation model, coupled with the mac-
roscopic transport equations, predicts the solid fraction evo-
lution, but the path predicted for the final 5 to 10 pct of
liquid is likely to be unreliable due to the neglect of the
formation of any secondary phases, such as eutectics, that
can form at the end of solidification when the remaining
liquid films are highly enriched in solutes. Therefore, we
have used the microsegregation model for steel of Mietti-
nent?? to obtain an estimate of arealistic solidustemperature.

(d)

1200 1350 1500 1650 (K)

Fig. 2.—Predicted temperature fields at times of (a) 3000 s, (b) 9000 s,(c) 15,000 s, and (d) 24,000 s.
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This model involves detailed thermodynamic and diffusion
calculations for a representative closed volume element in
the mushy zone, and was shown to provide solidus tempera-
tures that are in close agreement with differential thermal
analysis (DTA) measurements on a large variety of steels.
Using the initial composition of the present stedl, an esti-
mated cooling rate of 0.02 °C/s, and a secondary dendrite
arm spacing of 400 wm, the Miettinen model yieldsasolidus
temperature of 1689 K. With reference to Figure 3, this
temperature then gives a total solidification time of 31,000
seconds (8.6 hours). That time agrees well with the “experi-
mental” estimate by Lukens Steel Company of “less than”
9 hours. Note that beyond this time, the cooling curve in
Figure 3 becomes linear, indicating that most solidification
is indeed predicted to be completed. The preceding agree-
ment in the total solidification time is similar to what other
ingot heat-transfer models that explicitly specify a solidus
temperature achieve (for example, Reference 9).

However, acloser examination of the predicted solid frac-
tion evolution in Figure 3 reveals that solidification at the
specified location in theingot does not start until the temper-
ature reaches about 1740 K (t = 25,000 seconds), which is
more than 20 K below the liquidus temperature correspond-
ing to theinitial steel composition, and does not reach values
of about 0.9 until thetemperatureisabout 1615K (t = 35,000
s), which is more than 70 K below the solidus temperature
calculated by the Miettinent?? model using the initial steel
composition (refer to previousdiscussion). Thesedifferences
can be explained by macrosegregation. As is shown in the
following figures, the point of last solidification in the ingot
ishighly segregated and the final composition at thislocation
is predicted to be (refer to subsequent discussion) 0.70 pct
C, 0.96 pct Mn, 0.026 pct B, 0.082 pct S, 0.13 pct Cu, 0.33
pct Si, 0.19 pct Ni, 1.08 pct Cr, 0.24 pct Mo, 0.053 pct V,
and 0.012 pct Al (compared to 0.41 pct C, etc., Table 1.).
Using again the Miettinen model, but this time with the
preceding final composition, yields a liquidus temperature
of 1739 K and a solidus temperature of 1618 K. Those two
temperatures closely correspond with the start and end of
solidification predicted by the present model, as shown in
Figure 3 (disregarding thefinal few percent of solidification).
Hence, macrosegregation is found to cause considerable
shifts in the liquidus and solidus temperatures, and fixing
the solidification range, asin al previousingot heat-transfer
models, can lead to considerableerrors, especially in estimat-
ing the total solidification time (more than 1 hour in the
present case). Ingeneral, solidification of thelast few percent
of liquid steel in a mushy zone is difficult to model accu-
rately, and DTA measurements are not believed to aways
reflect the true solidus temperature.[?® With the shifts possi-
ble due to macrosegregation, these uncertainties in the sol-
idus temperature can add up to significant differencesin the
solidification time estimated by various methods and models.

Figures4(a) through (d) show the predicted melt velocities
and solid fraction contours at t = 500, 3000, 9000, and
15,000 seconds, respectively. For better visualization, the
velocity vectors were interpolated onto a coarser grid than
used inthe simulation. The solid fraction contoursare plotted
in increments of 0.2. Att = 500 seconds, solidification has
just started along the mold walls and the mushy zone extends
over less than 20 pct of the ingot. Due to primarily thermal
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buoyancy forces, there exist strong counterclockwise rotat-
ing convection cells. In the thermal boundary layer along the
mush-liquid interface, the downward flowing melt reaches
velocities of several centimeters per second. At subsequent
times, as the mushy zone grows in size, the melt velocities
decrease considerably, until at about t = 15,000 seconds the
single-phase liquid region disappears and all remaining flow
is through the mush. In general, the velocities in the mush
are several orders of magnitude smaller than in the pure
liquid region, because of the friction the melt experiences
as it flows through the dendritic network. Nonetheless, the
flow in the mush is responsible for the development of
macrosegregation, as shown subsequently. A more detailed
discussion of the relative importance of thermal and solutal
buoyancy forces in steel solidification can be found in
Schneider and Beckermann. 8!

Also apparent from Figure 4 is the development of the
shrinkage cavity at the top of the ingot. At t = 15,000
seconds, the shrinkage cavity is closeto itsfinal shape. This
shape and the predicted depth at the centerline (measured
form the original fill height) of about 0.14 m agree closely
with the cavity dimensions observed for the ingot cast at
Lukens Steel Company.

Theevolution of macrosegregationisillustrated in Figures
5(a) through (d) at the same four times as the velocities in
Figure 4. Plotted is the predicted mixture (solid and liquid)
concentration of carbon normalized by the nominal carbon
concentration (0.41 pct) with the maximum and minimum
values provided below each plot. It is shown in Schneider
and Beckermann® that the macrosegregation patterns for
al elementslook similar if scaled by theinitial concentration
and the partition coefficient. Therefore, only the patterns for
carbon are presented here. It can be seen that the normalized
concentration field evolves from initially uniform values of
unity to a nonuniform pattern where the solute is highly
redistributed. Since the solute redistribution is due to melt
flow in the mushy zone, the pattern development occurs
simultaneoudly with the growth of the mushy zone (Figure
4). The flow advects solute-rich melt out of the mushy zone,
leading to a continual enrichment of the remaining melt
in the single-phase liquid region. Consequently, the outer
regions and the lower part of the ingot are generally nega
tively segregated, while the last part to solidify, i.e., the
region in and near the centerline of the hot top, has the
highest positive macrosegregation.

The resulting final macrosegregation patternsin the fully
solidified ingot are shown in Figures 6(a) and (b) for carbon
and sulfur, respectively. Notethat agray scale different from
Figure 5 is used in order to better visualize the pattern in
the top region. The patterns for the two elements indeed
look similar, although local differences are possible. On the
average, the normalized macrosegregation values for sulfur
are about 1.8 times the carbon values. The same factor was
found by Schneider and Beckermann!*®! for a different steel
composition, who showed that the root-mean-square of mac-
rosegregation for each element can be linearly related to
the partition coefficients. As opposed to the simulations of
Schneider and Beckermann, which dealt with a hypothetical
steel ingot only 20 X 10 cm in size, no A segregates are
predicted in the present simulation, although the sulfur prints
revealed their presence in the ingot cast (Section II). This
can be directly attributed to the lack of a sufficiently fine
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numerical grid. Similar observations were made by Vannier
et al.'1 A control volume used in the computationsis about
18 X 55-mm large, while an A segregate is typically only
severa primary dendrite arm spacings in diameter (i.e., of
the order 5 mm). In order to predict A segregates in the
large ingot of the present study, we estimate that the grid
spacing would need to be decreased by at least a factor of
30in each direction. The resulting increase in computational
cost by more than two orders of magnitude would make
such refined simulations impossible for the near future. As
mentioned in Section |, A segregates can have an effect on
macrosegregation that extends beyond the region where they
are visible in the solidified ingot. Only a comparison with
experimental data, as is presented next, can help to clarify
the importance of this effect.

Figures 7(a) and (b) show a comparison of the measured
and predicted carbon and sulfur, respectively, macrosegrega-
tion levels aong the vertical centerline of the ingot where
the bulk of the measurements were taken. In general, the
agreement between the measured and predicted concentra-
tions can be considered good, athough some obvious differ-
ences are present. The good agreement is particularly
noteworthy in view of the fact that there are essentially no
adjustable parameters in the model (the largest uncertainty
perhaps being the thermal boundary conditions). Even the
mushy zone permesbility relation (Eg. [1]). which is known
to have a large effect on macrosegregation predictions,*3
cannot be considered to be adjustable, because the same
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relation has been found to work well for other aloy systems
(Figure 4 in Reference 21 for a comparison of the relation
with experimental data), and the correlation used to calculate
the primary dendrite arm spacing in the permeability relation
is well established. Particularly good is the agreement
between the measured and predicted sulfur concentrations
inside the hot top (Figure 7(b)). The agreement is not quite
as good for carbon (Figure 7(a)), for which the measured
concentrations at the top are consistently above the predicted
values. This discrepancy is somewhat surprising, because
the model is formulated such that the concentration predic-
tions for one element must be as good (or bad) as for any
other solute. While the predicted carbon and sulfur concen-
trations along the entire centerline are different by a factor
of 1.8 (as discussed previoudly), the measured values at the
very top are not. In lieu of any measurements for a third
element, we believe that the higher measured carbon concen-
trations near the very top may be due to pick up of carbon
from the hot topping flux combination. It should aso be
noted that the proper modeling of the shrinkage cavity at
the top appears from Figure 7 to be crucia in predicting the
macrosegregation pattern in the hot top region. Without the
shrinkage cavity, the predicted pattern in the upper part of
the ingot would be shifted upward by almost half of the
original hot top height (140 mm), and the agreement with the
measurementswould be unacceptable. The dight decreasein
the predicted concentrations just below the top surface is
due to the fact that the point of last solidification is several
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centimeters below the surface. This effect is not reflected
by the measurements.

The measured concentrations reach the nominal values
about 0.8 m below the hot top junction, indicate negative
macrosegregation of about 10 pct for carbon and 18 pct for
sulfur over thelower part of theingot, and appear to approach
the nominal values again at the very bottom (Figure 7).
The predicted macrosegregation, on the other hand, remains
positive over the entire ingot centerline, except for the bot-
tom 0.25 m, where it becomes dlightly negative. The pre-
dicted negative region at the very bottom is due to the flow
of solute-rich liquid out of the mush that forms at the walls
in the early stages of solidification, and such negative segre-
gation is also observed adjacent to the vertical mold walls
(Figure 6). The disagreement between the measured and
predicted centerline concentrations over thelower two-thirds
of theingot ismost likely dueto the neglect of sedimentation
of free equiaxed crystals in the model. The free crystals
form early in the solidification process and are poor in sol-
utes. When they settle, a zone of negative macrosegregation
develops in the lower center part of the ingot. In fact, the
sulfur prints of the ingot cast revealed that the measured
zone of negative macrosegregation coincides with an equi-
axed grain structure, while the remainder of the ingot is
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columnar. When the equiaxed crystalssettle, acorresponding
volume of solute-rich melt must flow upward, further con-
tributing to the positive macrosegregation in the top portion
of the ingot. This upflow of melt due to settling of solid
may also explain why the measured carbon concentrations
in the top one-third of the ingot are consistently larger than
the values predicted by the present model (which assumes
a stationary solid) (Figure 7(a)). For sulfur (Figure 7(b)),
the measured concentrations around the hot top junction are
aso larger than the predicted ones, although the effect is not
asobviousdueto larger fluctuationsin the measurements. As
discussed previously, the agreement between the measured
and predicted sulfur concentrations becomesgood again well
inside the hot top. In summary, sedimentation of equiaxed
crystals, and the corresponding upflow of melt, appears to
bethe most | ogical explanation for the discrepancies between
the measured and predicted centerline macrosegregation.
This explanation is consistent with the findings of Olsson
et al.,[ who also present a simple model for calculating the
extent of macrosegregation due to settling of crystals. It is
also shown by Olsson et al. that melt convection, as modeled
in the present study, and convection through A-segregate
channels affect primarily the macrosegregation level in the
top portion of the ingot. Since the agreement between the
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measurements and predictions near the top is good (at |east
for sulfur), it is unlikely that the lack of A segregatesin the
present simulation contributes to any of the discrepancies
in the lower part of the ingot.

V. CONCLUSIONS

A numerical simulation is reported of the heat transfer,
species transport, and melt convection during solidification
of alarge steel ingot. The study represents a first attempt
at applying a fully coupled, multicomponent solidification
with melt convection model to an industrial-scale casting.
Itisalso one of the very few studiesthat compares measured
macrosegregation patterns to predictions from a model that
has essentially no adjustable parameters. Major shortcom-
ings of the simulation are (1) the neglect of sedimentation
of free equiaxed crystals, (2) the coarseness of the numerical
grid preventing the direct prediction of A segregates, and
(3) the excessively long computational time.

The simulation results reveal the nature of the heat
transfer, melt flow, and species transport phenomena during
solidification of theingot. The comparison between the mea-
surements and predictions alows for the following main
conclusions.

1. Thepredicted level and variation of the macrosegregation
along the vertical centerline are generally in good agree-
ment with the measurements.

2. Theneglect of the sedimentation of free equiaxed crystals
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prevents the prediction of the measured negative macro-
segregation in the bottom half of the ingot; it also leads
to acorresponding underprediction of the positive macro-
segregation near the hot top junction.

3. The absence of A segregates in the present simulation
(due to the coarse grid) apparently does not cause major
disagreements along the centerline.

4. The pickup of carbon from the insulation material leads
to an underprediction of the measured positive carbon
macrosegregation at the very top of the ingot (in the hot
top); no such disagreement exists for sulfur.

5. Macrosegregation leads to considerabl e shifts (more than
50 K) in the temperatures at which solidification is com-
plete; consequently, the predicted final solidification time
is much different from what is obtained from simple heat
transfer or even uncoupled macrosegregation model s that
assume a fixed solidus temperature.

6. The predicted shape and depth of the shrinkage cavity
at the top agree well with observations made on the cast
ingot; the modeling of the shrinkage cavity is crucia in
predicting the correct macrosegregation variation in and
near the hot top.

As reviewed in Beckermann and Wang,!'? models that
include the settling of equiaxed grains have recently become
available, but are preliminary in some aspects. In particular,
the theoretical description of melt undercooling and the ini-
tial formation of free grains in the presence of melt convec-
tion need additional research attention before such model can
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Fig. 7.—Comparison of measured and predicted macrosegregation variation of (a) carbon and (b) sulfur along the vertical centerline of the ingot.

be applied to ingot casting. It is hoped that the measurements
presented here can serve as a test case for validating such
future models.
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