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Abstract

A new simulation model is developed that predicts carbon macrosegregation in and below
risers due to feeding flow in steel castings. The model uses feeding flow velocities predicted with
a new advanced feeding flow model that predicts melt pressure, feeding flow and porosity
formation and growth during casting solidification. These new models are utilized to simulate
carbon macrosegregation in three experimental top-risered cube castings (one with no breaker
core, one with a 75% breaker core, and one with a 50% breaker core), that were cast to study
under-riser carbon macrosegregation. The simulated and experimental results for these castings
are compared. Positive carbon macrosegregation in all three risers is predicted reasonably well,
indicating that feeding flow is the driving force behind macrosegregation in the riser. The carbon
concentration is reasonably well predicted in the under-riser region of the casting with no breaker
core, in which significant under-riser macrosegregation does not occur. In both breaker core
castings, a region of positive macrosegregation is predicted in the cube beneath the riser, as seen
in the experiments. This indicates that feeding flow is an important consideration in determining
under-riser macrosegregation. However, the predicted magnitudes and locations of these positive
under-riser macrosegregation regions are at best only qualitatively correct, which indicates that
natural convection (which is not considered in the present model) plays an important role in
under-riser carbon macrosegregation, in addition to feeding flow.
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1. Introduction

Segregation of alloying elements occurs in virtually all steel casting processes. The root
cause of segregation is the fact that most alloying elements are more soluble in the liquid phase
than in the solid phase. Thus, as metal solidifies, alloying elements in the mushy zone
(solidifying liquid-solid mixture) are rejected from the growing solid dendrites into the
neighboring interdendritic liquid, which becomes more and more enriched with alloying
elements as solidification proceeds. On the scale of the dendrites (tens to hundreds of microns),
segregation results in a non-uniform solute distribution in and between the dendrite arms. This is
termed microsegregation. Considering a small volume element containing many dendrites and
the liquid between them, the average composition resulting from microsegregation is still the
nominal composition, C,. However, if there is relative movement between dendritic solid and
interdendritic liquid in the mushy zone, then liquid or solid with a solute concentration different
from the nominal composition can move within the solidifying casting, thus changing the
average local composition of the solidifying mixture. If this relative movement occurs over large
distances (i.e., much larger than the scale of the dendrites), the change that this movement effects
in the average local solute concentration away from the nominal composition is termed
macrosegregation. Unlike microsegregation, macrosegregation can result in a casting with
regions having a composition quite different from the nominal value. If the local composition is
above the nominal value, this is termed positive macrosegregation; if the composition is below
the nominal value, it is termed negative macrosegregation.'

The current study focuses on carbon macrosegregation that commonly occurs beneath risers.
This under-riser segregation can cause significant problems in steel casting. First of all,
segregated under-riser casting regions may have inferior mechanical properties, because the steel
chemistry in this region is different from the intended chemistry. Secondly, under-riser
segregation can lead to under-riser cracking in the casting when the riser is removed or when the
surface is machined. Insightful discussions regarding the causes and effects of under-riser
segregation, as well as common industry practices to prevent it from occurring, can be found in
two previous SFSA T&O papers written by Ken Murphy.*™

In the present investigation, a model is developed that predicts macrosegregation caused by
shrinkage-driven flow moving from risers into the casting (for example) to feed solidification
shrinkage. A species conservation equation is employed that utilizes feeding flow velocities
determined using a new advanced feeding model. This new macrosegregation model is used to
predict carbon macrosegregation in three simple experimental castings, in which carbon
concentrations were measured. The predicted carbon concentration profiles are then compared
with the measured values.

It is very important to note that there are several possible causes of macrosegregation that
may be relevant in the present study. One is shrinkage-driven flow. Another is buoyancy-driven
flow (i.e., natural convection), caused by thermal and/or solutal gradients in the liquid. In
addition, macrosegregation may also be caused by solid movement due to the settling of
equiaxed grains or solid fragments.!"! Since the present macrosegregation model considers only
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shrinkage-driven flow, it can not completely predict macrosegregation. However, by determining
where predicted carbon concentrations are in agreement with observed values and where they
differ, some light will be shed on which macrosegregation regions are the result of shrinkage-
driven flow, and which regions are the result of other causes.

In the next section, the experimental casting results utilized in this study will be discussed.
Then, the advanced feeding and macrosegregation models will be presented. This will be
followed by a description of the casting simulations and presentation of the simulated
macrosegregation results. Finally, the predicted and measured carbon macrosegregation values
will be compared.

2. Experimental Castings

Under-riser carbon macrosegregation was studied experimentally many years ago by
American Cast Iron Pipe Company (formerly known as ACIPCO, presently known simply as
AMERICAN).** A series of ten inch cube castings, with a variety of riser arrangements, were
cast using AISI 1035 steel in green sand molds. The measured alloy composition in the ladle was
0.360% C, 0.76% Mn, 0.028% P, 0.020% S, and 0.048% Al. The present study considers three of
these castings, shown schematically in Fig. 1. All three castings considered here utilized 8 in.
diameter, 9.4 in. high risers with mildly exothermic-insulating sleeves and hot topping. In the
first casting (Fig. 1a), the riser was placed directly on top of the cube. For the second and third
castings (Figs. 1b and 1c), 1 in. thick breaker cores were inserted between the cube and the riser.
The second casting (Fig. 1b) used a 6 in. diameter (i.e., 75%) breaker core, while the third
casting (Fig. Ic) used a 4 in. diameter (i.e., 50%) breaker core.

In order to analyze the carbon concentrations in these castings, slabs were cut from the center
of each casting, and the mid-casting face of each slab was etched with 10% nitric acid to reveal
carbon macrosegregation. The etched slab from the casting without a breaker core is shown in
Fig. 2c. The dark areas in this picture correspond to positive carbon macrosegregation. It is seen
that positive macrosegregation is mostly confined within the riser. The dark, thin diagonal lines
seen near the top corners of the cube (particularly visible on the left side of the cube) correspond
to “A” segregates.!'! The slabs were then drilled in various locations to measure the carbon
content, as shown in Fig. 2a (no breaker core), Fig. 3a (75% breaker core) and Fig. 4a (50%
breaker core). The carbon values determined from this process are printed on the castings next to
their corresponding locations. Note that no photographs are available of the etched slabs from the
two breaker core castings prior to drilling, but the etching in these two castings is visible in Figs.
3a and 4a. Fig. 3a shows positive macrosegregation in the riser, the riser neck, and in the under-
riser region of the cube with a 75% breaker core. Fig. 4a shows positive macrosegregation in the
riser and in the upper portion of the cube with a 50% breaker core. Both Figs. 3a and 4a also
show evidence of “A” segregates in the cubes. Comparing Figs. 2c, 3a and 4a, it is clear that the
central region of positive carbon macrosegregation moves down from the riser into the cube as
the riser neck size decreases.



The vertical centerline carbon measurements for all three castings are plotted together in Fig.
5 as a function of the distance from the bottom of the castings. Vertical lines indicate the top of
the cube, the neck region (for the castings with a breaker core), and the riser. The carbon
concentrations are normalized by the measured ladle carbon content (C, =0.36% ) to give the
carbon index (see Section 3.2 for more on the carbon index). All three castings show the same
macrosegregation trend in the riser: starting at the bottom of the riser, the carbon index increases
moving up the riser. The casting with no breaker core and the casting with a 75% breaker core
both exhibit positive macrosegregation (i.e., carbon index > 1) throughout the riser. The casting
with a 50% breaker core has negative macrosegregation (i.e., carbon index < 1) at the bottom of
the riser where it connects to the riser neck, and then increases moving up the riser. The highest
measurement in the 50% breaker core casting displays negative macrosegregation. Considering
Fig. f4a, notice that the highest drilling in the 50% breaker core casting appears to be in the
vicinity of the riser pipe; there is riser pipe-related porosity immediately to the right of this
drilling, both above and below the drilling. Also notice that there are dark etched regions above
and to the right of the drilling, indicating positive macrosegregation. This figure indicates the
sensitivity to location of the measured carbon concentrations near the riser.

Returning to the discussion of Fig. 5, it is seen that the positive macrosegregation in the riser
of the casting with no breaker core originates close to the top of the cube, and that there is
essentially no macrosegregation in the under-riser region beneath this. In each of the breaker
core castings, however, notice that there is significant positive macrosegregation in the under-
riser region of the cube. Also note that the location of the maximum positive macrosegregation
(which roughly indicates the middle of this positive macrosegregation region) moves lower in
the cube as the breaker core size decreases. Finally, notice that the change in the
macrosegregation profiles is not of a predictable, monotonic nature as the breaker core size
decreases. In the under-riser and riser regions, the 75% breaker core macrosegregation profile
displays more positive macrosegregation at every location than the casting with no breaker core.
When the breaker core size decreases to 50%, the trend of increasing positive macrosegregation
in the under-riser region continues, but the carbon index drops suddenly in the riser neck,
resulting in negative macrosegregation at the top of the riser neck rather than positive. This
results in the carbon index in the riser of the 50% breaker core casting being smaller at every
location than in either of the other castings.

3. Numerical Modeling of Feeding Flow and Carbon Macrosegregation

The primary focus of the present investigation is the carbon macrosegregation model.
However, this model uses feeding flow velocities determined by the advanced feeding model, so
it is beneficial to briefly describe the advanced feeding model to provide context for the
macrosegregation model. Additionally, the riser pipe, which is also predicted by the advanced
feeding model, warrants discussion because it plays a role in the final segregation profile.
Therefore, this section will first describe the advanced feeding model, including riser pipe
formation. Afterward, the macrosegregation model will be presented. Finally, the
implementation of these models will be briefly described.



3.1 Advanced Feeding Model

The macrosegregation model utilizes feeding flow velocities predicted by the new advanced
feeding model.’® The advanced feeding model determines melt pressure, feeding flow, and
shrinkage porosity formation and growth during casting solidification. This is accomplished by
solving mixture mass conservation and liquid momentum conservation equations that are derived
assuming an averaging volume composed of some combination of solid metal (s), liquid metal

(l ), and porosity ( p), such that the volume fractions of these three phases satisfy the relation:
g, +g, +g,=1. Mixture properties are determined by the sum of the property values of each
phase multiplied by their respective volume fractions. For example, the mixture density is given
by: p=g.p,+gp +g,p, Note that for pure shrinkage porosity, with no dissolved gases in
the melt, the pore pressure (P,) and pore density ( p,) are negligibly small, due only to vapor

pressure of the elements in the melt. Therefore, and the mixture density simplifies to:
p=g.p, +g,p,. Assuming that the solid and porosity phases are stationary, the mixture mass

conservation equation and the liquid momentum conservation equation can then be expressed as:

0 _
Mass: E(gsps +g,p,)+V-(g,p,Vl)=0 (1)

g g —
_ZVP__lpl,refg (2)

Momentum: V?*(g,v;)= &(gzvz )+
K ,Ul /ul

where v, is the intrinsic velocity; P is the melt pressure; the subscripts s, / and p indicate the
phase; gis the volume fraction; p is the density; p, ., is the reference liquid density, taken as
the melt density at the liquidus temperature; g, is the liquid dynamic viscosity, K is the
permeability of the solidifying metal; g is the gravity vector; and ¢ is the time. Neglecting the

surface tension at the pore-liquid interface, shrinkage porosity forms in solidifying metal when
the local melt pressure drops to zero (i.e., vacuum). This porosity then grows with the local melt
pressure fixed to zero to satisfy Eq. (1), substituting g, =1-g —g,, until solidification is

complete. The advanced feeding model is described in more detail in Refs. [5-6].

The formation of the riser pipe due to solidification shrinkage is also considered in the
advanced feeding model. The motion of the metal free surface of the riser pipe is tracked using a
VOF-type method, by solving the following mass conservation equation for air:

%.

o+ V-(e,n,)=0 3)

where g, is the air fraction (g, +g,+g,+g, =1 in riser pipe regions containing a free

surface), and u, is the air velocity. This surface tracking method is employed at locations along



the riser pipe free surface where the melt pressure is less than or equal to the ambient pressure,
provided that the liquid fraction at the location under consideration is greater than or equal to a
critical value, g, .. If the liquid fraction is smaller than this critical value, it is assumed that the

dendritic network is sufficient to prevent the surface from moving. When these two conditions
(P<P,, and g, =g, ) are met at a location on the riser pipe free surface, the local melt

pressure is forced to the value P, ,, and Eq. (3) is solved to determine the position of the free

mb >

surface by determining the air fraction, g, .

3.2 Carbon Macrosegregation Model

The carbon concentration throughout the solidifying casting is determined by solving the
following species conservation equation, which assumes there is no carbon in the porosity or air
phases:

oC, _ oC, 0
—+ v,-VC, =— ~+(C, -C, )— 4
g1P or g1P1V ! 8Py or ( I S)at(g.vlos) 4)
where C, and C, are the carbon concentrations in the liquid and solid phases, respectively, and
v, 1s determined by solving Eqgs. (1) and (2). Carbon is a fast-diffusing element, and hence C, is

modeled using the lever rule, which gives
C, =«C, (5)

where x is the carbon partition coefficient. Combining Egs. (4) and (5), the conservation
equation for carbon can be written as:

oC ~ o 5
8P+ 8PV, VC = =g.p, E(KC1)+ C, (1—K)5(gsps) (6)

Initial and boundary conditions are necessary in order to solve Eq. (6). Initially, the carbon
concentration throughout the casting is assumed to be equal to the initial concentration, which is
expressed as C, =C,. At the casting surfaces, a zero gradient condition is imposed, or

0C,/on =0, where n is the direction normal to the boundary. Using these conditions, Eq. (6)

can be solved to determine the carbon concentration in the liquid throughout the casting, and Eq.
(5) can be solved to find the carbon concentration in the solid. These quantities can be combined
into a mixture concentration, C,,, :

Cmix — gspsCs +glplcjl (7)
gsps +glpl

Finally, Eq. (7) can be normalized by the initial concentration, C,, to give a quantity termed the

macrosegregation index or carbon index:



carbon index = C o - (gSpSCS + g,plC,) (8)

G, CO(gsps +g1,01)

Note that when the casting is completely solidified (i.e., g, =0), the carbon index given by Eq.

(8) reduces to C, /C, , the normalized carbon concentration in the solidified casting.

Finally, while the current focus is on carbon macrosegregation, Eq. (6) is applicable for any
fast-diffusing element (C, N, etc.). An expression similar to Eq. (6) can be derived for slow-
diffusing elements, replacing the lever rule in Eq. (5) with the following Scheil equation:

0 0
~(g.p.C.)=kC,— 9
6t(gsps s) lat(gsps) ( )

Eq. (9) can be combined with Eq. (4) to develop a conservation equation for any slow-diffusing

element, analogous to Eq. (6). This yields:

oC _ 0
glpza_tl+g1p1‘/1 -VC, :CI(I_K-)E(gsps) (10)

Thus, the concentration of any alloying element throughout the casting can be determined with

this model, utilizing Eq. (6) for each fast-diffusing element and Eq. (10) for each slow-diffusing
element.

3.3 Implementation of Models

The advanced feeding and macrosegregation models described above are implemented as
special models within the commercial casting simulation software package MAGMAsoft.!”
During solidification, the temperature field is determined using the standard MAGMAsoft
solidification module. This temperature data is then utilized to determine the temperature-
dependent material properties needed to solve Egs. (1) and (2) for the feeding velocities, and
then to solve Eq. (6) for the carbon concentration in the liquid. Once the liquid concentration is
determined, the solid concentration can be found from Eq. (5), and the carbon index can be
calculated using Eq. (8).

4. Feeding Flow and Carbon Macrosegregation Simulations

The AISI 1035 property dataset required to simulate the solidification of the three
experimental castings described in Section 2 was generated using the interdendritic solidification
package IDS."® The dataset was created using the chemistry provided in Section 2, with a
constant cooling rate of 0.1°C/s. The temperature-dependent carbon partition coefficient curve
generated by IDS is shown in Fig. 6. Notice the sharp increase in this coefficient at about
1489°C, which corresponds to the rapid transformation of the solidifying metal from ferrite to
austenite at this temperature. Before this transformation occurs, carbon is more than five times
less soluble in the solid than in the liquid. After the transformation, carbon is about three times
less soluble in the solid than in the liquid.



Solidification of the experimental castings was simulated using MAGMAsoft. Filling was not
simulated. The initial temperature was taken to be 1565°C (about a 60°C superheat). For each of
the three castings, the sand mold was modeled using MAGMA’s green sand database
(GREEN_SAND). Foseco databases were used to model the properties of the exothermic riser
sleeve (KALMINEX 35) and the breaker core (BC_Silica). A constant heat transfer coefficient
of 1000 W/m>-K was used between the metal and the sand mold, and between the metal and the
breaker core. Temperature-dependent heat transfer coefficients from the Foseco database were
used to model the heat transfer between the sleeve and breaker core and the materials with which
they are in contact. The hot topping was modeled by simply defining each riser as open, which
prompts MAGMAsoft to apply its default hot topping heat transfer boundary condition. For the
riser pipe model described in Section 3.1, the default critical liquid value (g, = 0.65) was used.
A uniform 5 x 5 x 5 mm grid was employed, which resulted in about 190,000 casting control
volumes in each simulation.

Fig. 7 shows velocity vectors at the casting mid-plane during the solidification of each
casting. Fig. 7a shows a view of the entire casting without a breaker core, to illustrate the
location of the cube-riser junction region that is shown in Figs. 7b — 7d. The color contours
provide the temperature distribution, where the minimum and maximum temperatures on the
scale are the solidus and liquidus temperatures, respectively. Fig. 7b shows the cube-riser
junction region for the casting without a breaker core, while Figs. 7c and 7d show the same
region for the 75% breaker core and 50% breaker core castings, respectively. Two horizontal
lines are included to highlight the velocity profiles at the top of each cube as the metal flows
downward from the riser into the cube. As indicated in each figure, a velocity vector beginning at
the top line and ending at the bottom line has a magnitude of 40 z m/s, or 0.040 mm/s. For the
casting without a breaker core (Fig. 7b), the maximum velocity is about 30 zm/s, and the
velocity decreases rapidly to the right of the maximum value as the temperature decreases. Figs.
7c and 7d indicate that as the riser neck size decreases, the velocities entering the cube increase.
This is reasonable, because the amount of feed metal required by each casting is about the same,
and to provide the same volumetric flow rate of feed metal into each cube, the velocity must
increase as the casting area through which metal flows into the cube decreases. For the 50%
breaker core casting in Fig. 7d, the maximum velocity has reached about 40 #m/s, and the
velocity remains relatively high across the entire neck.

The mid-plane porosity results predicted by the advanced feeding algorithm for each of the
three castings are shown in Figs. 2b, 3b and 4b. As expected, the porosity results indicate that the
only significant shrinkage porosity present in these castings is located in the riser pipes. Unlike
riser pipes generated with the traditional MAGMAsoft feeding algorithm, which transition
rapidly from sound metal to empty riser pipe regions, the advanced feeding algorithm produces
riser pipes with porosity values that transition more slowly from sound metal to empty riser pipe.
The riser pipes for each of the three castings are all very similar, with high porosity values in the
top third of the risers, and small amounts of porosity extending down to an inch or two above the
bottom of the risers. It is quite reasonable that the porosity predictions are all similar, because
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about the same amount of feed metal is required in each casting, and the cooling rates throughout
solidification are similar for all three castings.

The mid-plane carbon index values predicted by the macrosegregation simulations are shown
in Figs. 2d, 3¢ and 4c. The purple contour regions in each figure indicate the regions where the
carbon index is approximately one (0.99 — 1.01), indicating no macrosegregation. These three
figures are re-plotted together in Fig. 8, in order to observe the predicted changes in carbon
concentration as the riser neck size decreases. Each casting has a similar region of high carbon
index in the riser, just below the riser pipe region, with relatively large carbon index values. In
the casting without a breaker core (Fig. 8a), negligible macrosegregation is seen in the under-
riser region of the cube. For the 75% (Fig. 8b) and 50% (Fig. 8c) breaker core castings, negative
macrosegregation is predicted in the riser neck, and a region of positive macrosegregation is
predicted below this in the under-riser region of the cube. The magnitudes of the negative
macrosegregation in the riser neck and the positive macrosegregation in the under-riser region
both increase as the breaker core size decreases.

Finally, the results in Fig. 8 are compared further in Fig. 9, plotting the carbon index values
along the vertical centerline of each of these castings, analogous to Fig. 5 for the experimental
castings. Fig. 9 illustrates that, for all three castings, positive macrosegregation is predicted in
each riser beginning near the bottom, with the magnitude increasing sharply moving up the riser.
Each carbon index curve increases to a maximum (corresponding to the center of the high carbon
index region seen in the risers in Fig. 8), and then decreases again above this. The maximum
value seen in each riser decreases slightly as the riser neck size decreases, but otherwise these
curves are very similar. The shift in the location of the maximum seen in the curve for the
casting with no breaker core is simply due to the fact that the riser for this casting starts an inch
below the breaker core castings (since there is no breaker core), and hence the top of the riser in
this casting is an inch shorter than in the breaker core castings. In the under-riser region of the
casting with no breaker core, very little macrosegregation is evident. However, in each breaker
core casting, significant positive macrosegregation is seen in the under-riser region of the cube.
The magnitude of this positive macrosegregation increases as the breaker core size decreases.
Similarly, each breaker core casting also has a region of significant negative macrosegregation in
and slightly below the riser neck, which increases in magnitude as the breaker core size
decreases.

5. Comparison Between Simulation and Experimental Results

The simulation results in Figs. 2 — 4 are presented next to photographs of each casting so that
the results predicted by the simulations can be compared to the corresponding experimental
results. First, compare the observed riser pipes in Figs. 2a, 3a and 4a with the riser pipe
predictions shown in the simulated porosity plots in Figs. 2b, 3b and 4b. The shapes of the
completely empty parts on top of each riser pipe seem to be reasonably represented by the
regions of high porosity in the simulation results. Comparing the lower parts of the observed
riser pipes, where shrinkage holes are visible in metal, it is seen that all regions containing
visible holes appear in areas where porosity is predicted, and that these holes extend down to
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regions where the porosity prediction is relatively low (< 10%). Overall, the porosity predictions
seem reasonable compared to the observed riser pipes. A final note concerning the shape (i.e.,
shallowness/steepness) of the riser pipe: changing the critical liquid fraction value in the riser
pipe model (see Section 3.1) from the default value of g, . =0.65 would change the shape of the
riser pipe; this was not investigated in the present study, as the present riser pipe predictions
seem reasonable.

Carbon macrosegregation results are also compared in Figs. 2 — 4. For all three castings,
good qualitative agreement is seen between the observed regions of positive macrosegregation in
the risers (Figs. 2c, 3a and 4a) and the predicted high carbon index values in the corresponding
risers (Figs. 2d, 3¢ and 4c). The variations in carbon level corresponding to the “A” segregates
seen in the cubes in Figs. 2¢, 3a and 4a are not predicted by the simulations because “A”
segregates are caused by buoyancy that is induced by solutal gradients, and buoyancy-driven
flow is not considered in the present model. For the casting with no breaker core, positive
macrosegregation is not seen in the under-riser region of the cube (Fig. 2c), and this is reflected
in the prediction (Fig. 2d). For the 75% breaker core casting, the positive macrosegregation
observed in Fig. 3a persists down through the riser neck and into the top of the cube, whereas the
simulation predicts a region of negative macrosegregation in the neck and in the top of the cube
before returning to positive macrosegregation in the under-riser region of the cube. Finally, for
the 50% breaker core casting, the etched casting in Fig. 4a shows positive under-riser
macrosegregation beginning in the middle of the neck, and continuing down into the top portion
of the cube. The simulated carbon index results in Fig. 4c correctly predict a positive under-riser
macrosegregation region, but it begins further down in the cube compared to Fig. 4a.

To further compare the predicted and measured segregation results, the measured vertical
centerline carbon index values shown in Fig. 5 are compared to the corresponding simulated
carbon index values shown in Fig. 9. The predicted and measured values for the casting without
a breaker core are compared in Fig. 10. The agreement throughout this casting is reasonably
good. Both the prediction and the measurement show increasingly positive macrosegregation in
the riser, beginning near the top of the cube, with no significant macrosegregation in the under-
riser region of the cube. The simulated carbon index in the riser begins to decrease above a
certain point near the simulated riser pipe. As mentioned earlier, this decrease would also be
expected in the measurements if it were possible to take them higher in the riser. The
discrepancy in carbon index near the riser pipe is due to minor differences in the observed and
simulated riser pipes, and displays the sensitivity of macrosegregation to the proximity of the
riser pipe. The comparison for the 75% breaker core casting is provided in Fig. 11. Qualitative
agreement is seen between the simulated and measured trend in the riser of positive, increasing
macrosegregation, as in the casting with no breaker core, although the magnitude of positive
macrosegregation is under-predicted. Furthermore, the measured macrosegregation in the riser
neck is significantly positive, whereas the simulation predicts mild negative macrosegregation in
the neck. A region of positive macrosegregation is predicted in the under-riser region of the
cube, but it is somewhat lower than the observed positive macrosegregation region. Finally, the
comparison for the 50% breaker core casting is given in Fig. 12. For this casting, the correct
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trend is seen throughout the riser, with negative macrosegregation at the bottom of the riser,
increasing with height through the riser, and then falling again near the riser pipe. Although the
negative macrosegregation at the top of the riser neck is somewhat under-predicted, good
agreement is seen in the measured and predicted values in the bottom of the riser. The difference
in the location of the maximum values in the riser are again due to differences between the
measured and predicted riser pipes. In the under-riser region of the cube, the simulation again
correctly predicts a region of positive macrosegregation. However, the magnitude and size of this
region are both under-predicted.

The comparisons in Figs. 10 — 12 provide valuable information about the mechanisms that
are responsible for the carbon macrosegregation seen in the experimental castings. In the risers,
the measured positive carbon macrosegregation is predicted reasonably well, which indicates that
feeding flow is indeed the driving force behind macrosegregation in the risers. In the two breaker
core castings, the positive macrosegregation seen in the under-riser region of the cubes is
predicted, indicating that feeding flow is indeed an important consideration in under-riser
macrosegregation. However, the predictions in these under-riser regions are not in particularly
good agreement with the measured values; agreement is only qualitative at times, and the
locations of the positive under-riser macrosegregation regions are not quite correct. This
indicates that buoyancy-driven flow is important in these regions, and that both feeding flow and
buoyancy-driven flow must be considered in order to correctly predict the macrosegregation
profiles seen in these regions of the experimental castings.

6. Conclusions

A new simulation model has been developed that predicts carbon macrosegregation due to
feeding flow in steel castings. The model uses feeding flow velocities predicted with a new
advanced feeding flow model that predicts melt pressure, feeding flow and porosity formation
and growth during casting solidification. These new models were employed in the present study
to simulate the solidification of three experimental cube castings that were produced to study
under-riser carbon macrosegregation, and the simulation results were compared to measurements
and observations in the experimental castings. The riser pipes predicted with the new advanced
feeding model are in reasonably good agreement with the riser pipes observed in the castings.
Also, positive carbon macrosegregation seen in all three risers is predicted fairly well. For the
casting without a breaker core, no significant under-riser macrosegregation occurs, and the
simulation predicts this correctly. In both breaker core castings, a region of positive
macrosegregation is predicted in the cube beneath the riser, as seen in the experiments.
Furthermore, the magnitude of the positive macrosegregation increases as the breaker core size
decreases, which is in agreement with what is seen in the measurements. The predicted under-
riser macrosegregation results for the casting with a 50% breaker core are in qualitative
agreement with the measured values, but the predicted region of positive under-riser
macrosegregation is not close enough to the neck, and the magnitude of the macrosegregation is
under-predicted. The predicted under-riser results for the casting with a 75% breaker core display
the poorest agreement with measurements, with the prediction indicating a negative
macrosegregation region in the neck, where positive macrosegregation was measured.
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Because the simulations performed for this study only predict carbon macrosegregation due
to feeding flow, these results shed some light on the cause of the macrosegregation measured in
the experimental castings. The trend of positive macrosegregation in the risers appears to be due
to feeding flow, since these values are predicted reasonably well by the present macrosegregation
model. For both breaker core castings, the regions of positive macrosegregation beneath the
risers observed in the experimental castings are predicted, indicating that feeding flow is an
important factor in under-riser macrosegregation. However, discrepancies between the predicted
and measured carbon concentrations in the under-riser region indicate that buoyancy-driven flow
(i.e., natural convection, which is not considered in the present model) is also important in this
region. Thus, in order to correctly predict under-riser carbon macrosegregation in these castings,
both feeding flow and buoyancy-driven flow must be taken into account.
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(b) porosity prediction at casting mid-plane from corresponding simulation; (c)
etched mid-casting slice of cube with no breaker core, and (d) predicted carbon
macrosegregation at casting mid-plane. Photographs courtesy of Ken Murphy. !
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porosity and (c) carbon segregation index results at the casting mid-plane. Photographs courtesy of Ken Murphy.*™!
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Measured vertical centerline carbon index values for casting without breaker core, as
well as for castings with 75% and 50% breaker cores. Carbon index is computed by
dividing the carbon measurements shown in Figs. 2a, 3a and 4a by the measured
ladle carbon content, 0.36%.
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