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Amodel for the solidification of multicomponent steels is presented and used to simulate the solidification
of an austenitic steel. Assuming stationary solid phases, conservation of multiple species is considered
simultaneously with the solution of the energy and Navier-Stokes equations, with full coupling of the
temperature and concentrations through thermodynamicequilibrium requirements. By including finite-rate

microscopic solid solute diffusion in the model, the solidus temperature of multicomponent austenitic steels

can be accurately calculated. Theextension of the model to incorporate a microscopic model of the peritectic

transformation is described. Asimulation of the austenitic solidification of a steel containing ten elements
in a rectangular cavity cooled from the side showsthe formation of macrosegregation, channel segregates,
and islands of mushsurrounded by the bulk melt. The global severity of macrosegregation of an element
is found to be linearly dependent on its partition coefficient, although such scaling is not possible [ocally.

KEYWORDS:solidification; steel; peritectic ttansformation; thermosolutal convection; macrosegregation.

1. Introduction

In recent years, numerical simulations have shownthe
ability of macroscopic solidification models to predict
the effects of convection in the mushyzone and bulk
liquid on the developmentof an irregular liquidus front,

flow channels in the mushyzone, Iocal remelting of solid,

and complicated macrosegregation and eutectic fraction
distributions for the solidification of a variety of binary
alloys.1~8) Although this focus on binary systems has
led to a greater understanding of the fundamental
phenomenainvolved in alloy solidification, the solidifi-

cation of commercially and technologically important
multicomponent alloys (e.g., steels and nickel-base
superalloys, respectively) involves an intricate coupling
betweenbuoyancy forces imparted by each element (as

characterized by their differing solutal expansion
coefficients) and microsegregation of each element (as

characterized by their differing partition coefficients and
solid massdiffusivities).9)

Previous efforts at modeling macrosegregation in

multicomponent steel alloys have suffered from the
limitations of neglecting bulk liquid motionl0,11) or
incomplete coupling of energy and species conservation
in the mushy zone.i2~i5) All of these models also

assumedthat microscopic diffusion of each element in

the solid phase waseither absent (Scheil type behavior)

or complete (lever rule type behavior).
In a recent paper, the modeling of the formation

of macrosegregation in steel due to multicomponent
thermosolutal convection was explored in detail.9) In
the present study, that work is extended to include a

microscopic model of the peritectic transformation. Re-
sults from a representative simulation of the solidifica-

tion of a ten element austenitic steel in a rectangular
cavity cooled from the side are also presented. Simula-
tion results for the peritectic solidification of a multi-

componentsteel will be described in a separate study.

2. Model Description

Themodel is an extension of a model for binary alloy
solidification8,i6,17) and can be obtained directly from
the volume-averaged two-phase modelof alloy solidifica-

tion presented by Ni and Beckermann.18) Since a detailed

discussion of the macroscopic conservation equations is

available elsewhere,9) the focus here is on modeling of
solid microsegregation and the peritectic transformation.

2.1. Macroscopic Conservation Equations

Themacroscopic conservation equations in the model
are summarizedin Table l. In deriving the equations, it

has been assumedthat there are at most three phases
and three phase interfaces, i.e., ferrite (~), austenite (y)

and liquid (/) phasesas well as ~/i, y// andy/8 interfaces.

Use has also been madeof the fact that the interfacial

areas (S) and phase change rates (F) at the k/j (or jlk)

interface are related through Skj =Sjk and rkj = - Fjk. In
all of the equations, yk>k indicates the intrinsic volume
average of a quantity y of phase k. ~kj indicates an
average of a quantity ~f of phasekover the k/j interfacial

area in the aVeraging volume, and a superscript m
indicates a value for solute m. The reader is referred to
the Nomenclature for a complete description of all the

symbols.
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Anumberof assumptions have been madeto arrive my~~) are assumedto be constant (but unequal) for each

at the conservation equations in Table 1, including: element, and the equilibrium partition coefficients (K~l *
stationary and rigid solid phases (i.e,, no floating or and Ky~5) for each element are assumedto be constant.

settling of equiaxed crystals); thermal equilibrium and a This simple approach to phase equilibrium cannot
solutally well mixed liquid within an averaging volume; account for the formation of secondary phases or com-
negligible cross-diffusional effects between alloying ele- pounds due to strong interactions between the ele-

ments; and the dissipative interfacial stress for flow ments, and the authors anticipate incorporating more
through the mushyzone is modeledusing an anisotropic precise equilibrium calculations into the model in the

permeability in analogy with Darcy's law. Since the future.

cooling rates considered here are low, thermodynamic Since the focus of the following sections is on solid

equilibrium is assumedto exist at the solid/f and 8/y microsegregation, it is instructive to examine in detail

interfaces so that the interfacial temperature and con- the 5-solid species conservation equation in Tab]e 1
centrations can be related through the simple phase (with a similar analysis applicable to the y-solid equa-
equilibrium expressions shown in Table I (where the tion). This equation indicates that the rate of changeof
effects of each element on the liquidus (Tj*) and the volume average 8-solid concentration (1eft side) is

y/5-interface (Tva) temperatures are additive). Further- balanced by the interfacial transfer of species at the 8lf

more, in this study the changes in the liquidus and (first term on right) and 8/y (second term on right)

6/y-interface temperatures with concentration (m~ and interfaces. The interfacial species transfer rate at the ~lj

Table 1. Summaryof the governing equations for multicomponent peritectic solidification.
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One-dimensional, plate-like model of a
dendrite arm, illustration of the solid

concentration profiles and illustration of
the species diffusion lengths for: (a)

primary (5 or y) solidification and (b)

peritectic solidification.

interface consists of two partsl9): the first due to phase
change and the second due to species diffusion in the
solid at the interface. Theinterfacial species transfer rate
due to diffusion is proportional to its driving force (the
difference between the 8/j interfacial average and 8-solid

volume average concentrations) as well as the 6/j inter-

facial area concentration, and inversely proportional
to a solute diffusion length (la"j) which characterizes
the resistance to diffusion. Mathematically, a diffusion
length is defined as

lk~j=[Ck~j-
k]!

k
•

•••••••••••••••••••••(1)
aC~
an kJ

where the denominator represents the meanconcentra-
tion gradient in phase k normal to the k/j interface.19)

The physical meaning of the various diffusion lengths
that appear in Table I is illustrated in Fig. l.

2.2. Solid Microsegregation

In modeling the solidification of steel there are three
situations one must be concerned with: the formation of
primary 5-solid above the peritectic temperature, the
formation of primary y-solid for alloys whosecompo-
sition is greater than the peritectic, and peritectic
solidification. Figure 1(a) illustrates the conditions on
a microscopic scale for the first two cases (i,e., 8- or
y-primary solidification) while Fig. 1(b) illustrates the
microscopic conditions during peritectic solidification.

During the peritectic transformation, y-solid is assumed
to form simultaneously from both the liquid and ~-solid,

with the ~/y transformation limited by solute diffusion

through the y-solid layer to the 8/y interface.20) This
model of peritectic solidification has showngood agree-

667

ment between microsegregation predictions and mea-
surements. 20 - 23)

Themodelused for the diffusion lengths wasproposed
by Wangand Beckermannl9) based on the work of
Ohnaka24)using the one-dimensional plate-like dendrite
geometry shown in Fig. I . A parabolic concentration
distribution is assumedin the solid phases (both ~- and
y-solid) so that

C*" =a+bx+cx (2)

The determination of the coefficients in Eq. (2) is dis-

cussed in the following sections.

2.2,1. Diffusion Lengths for Primary Solidification

As shownin Fig. 1(a), for primary solidification only

one of the solid phases (either 5- or y-solid) is present,
and the boundary conditions

dC."=0
atx=0 and C.~=C.~f atx=d./2

dx

s=5 or y
"(3)

can be applied to Eq. (2) along with the definition of the

volume average concentration

'=d2, fod'/2Crdx
s ~or y ..........(4)

Using Eqs. (2) through (4) the concentration profile in

the solid can be determined which, in combination with
Eq. (1), yieldsl9)

/*~j d/6 s=~ or y ........
.........,(5)

Basedon the geometry in Fig. l(a), the length d, as well
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as the interfacial area concentration S*j can, in turn, be
related to the solid volume fraction and the secondary
dendrite arm spacing asi9)

d*=8*~2 and S*f=2/~2 s=~ or y ..........(6)

Note that substituting Eq. (6) into Eq. (5) yields a
diffusion length that is equal for all species. However,
since the rate of diffusion of an element in the solid on
a microscopic scale also depends on its solid mass
diffusivity, microsegregation for each element will still

be different.

Using this approach, the solidus temperature for

multicomponent alloys can be reproduced fairly ac-
curately. Wangand Beckermann25)have shown that,

1750
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Table

0.0 0,1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

~Y

Comparisonof the evolution of the solid fraction with

temperature for different solid microsegregation

models. The lever rule was used to model carbon
microsegregation for all cases, and the present model

curve is for ~2=25pm,tf=230sec and a parabolic

solidification rate. Also shownare measuredsolidus

and liquidus temperatures.22)

2. Initial concentrations, species dependent thermo-
physical propertiesl0.21,30,31) and phase diagram
parameters33) (Tf = 1809K).

El. Ci
n

mmlv mKl ~
pg' D~'

C
Si

Mn
S
P
Cu
Cr
Ni
Mo

0.8

0,15

O.3

0.01

0.008
0,2

O. 1
0.15
0,04

- 78

- 17.l

-3.32

- 30.4

27
. l

- 1.7

- 2.6 l
- I.6

- 3.25

0.34

0.59

0.75

0,024
0.09

0.96
0.76

0.94
0.56

1.10x l0~2 5.6x l0~10

l.19x l0~2 5.6x l0~13

l.92x l0~3 1.2x l0~13

l.23x lO2 3.3x 10~11

l.15x lO2 2.4x IO12
-5.48 x l0~4 4.4> ~0~12

3.97x l0~3 1.2x l0~12

-6.85x l0~4 1.9x 10~13

-1.92x l0~3 1.8x l0~13

Table

for no macroscopic transport of solute and a parabolic
solidification rate, the solid and liquid species conserva-
tion equations in Table I ,

together with Eqs. (4) and (6)

and the thermodynamic equilibrium expressions from
Table l, provide an analytical relationship between the

volume average liquid concentration of solute m, the

solid fraction, and the partition coefficient and diffusion

Fourier number (o("' =4D."tf/~~ where tf rs the local

solidification time) for solute m. The T-ev curve shown
in Fig. 2was generated using this analytical solution
bogether with the liquidus temperature relation in Table
l, the properties in Table 2, ~2=25~mand tf=230s.
(Note that the alloy in Fig. 2 is not the sameas the

one considered in the solidification simulations in Sec.

3.) The measuredliquidus and solidus for the alloy, as
well as T-8y curves where microsegregation is describ-

ed by the lever rule or Scheil model, are also shownin

Fig. 2. In addition, Table 3showsvalues of ~2 that give

solidus temperatures within the error associated with

measuring the solidus for three austenitic steels, and
they are reasonable for alloys of the given compositions.

During primary solidification, there is the possibility

of local remelting of someof the solid that has formed.

To avoid the difficulties associated with determining the
26,27) it islocal composition of the solid that is melting,

assumedthat the average solid concentration of element

mremains constant during remelting, i.e.,

*=constant during remelting s=~ or y .....
(7)

2.2.2. Species Diffusion Lengths for Peritectic Solidifi-

cation

Thedetermination of the diffusion lengths for peritec-

tic solidification follows that for primary solidification

in Sec. 2.2.1
.
Themicroscopic geometry and dimensions

are given in Fig. l(b), and the parabolic concentration
distribution given by Eq. (2) is assumedin both the 8-

and y-solids. Theboundaryconditions used to determine
the coefficients for the solute distribution in the ~-solid

are as given in Eq. (3) with C~~and d* replaced by C5~y

and da, respectively. Following Eqs. (1) through (5), the

diffusion length in the a-solid at the 8/y interface is then

16";=d~/6
.....

..........(8)

Similarly, the length d6 and the interfacial area con-
centratlon S~v are readily shownto be

d~=8~~2 and S~y 2/~ ..........(9)

As for primary solidification, substituting Eq. (9) into

Eq. (8) gives a diffusion length that is equal for all

species.

Lengths for diffusion in the y-solid at the y/~ and ylf

interfaces can be obtalned using Eq. (2) and the boundary

3. Dendrite arm spacings that reproduce measuredsolidus temperatures.

C Si Mn P
Composition

S Cr Ni Mo Cu
Measuredsolidus If

V (d: 15K)22) (s)

A2
('Im)

0.55

0.69
l.Ol

0.27 0.0 19 0.0 12 3.O0.990.50

0.23 0.022 0.024 0.020.020.72
0.25 0.012 0.009 0.030.020.46

0.31 0.06 O.08

0.01 O.03

0.02 0.03

l 663

I 628

I 593

230 16-30

240 26
270 27
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conditions (note that Cv"5~Ca"y)

C~=Cv~bat x=d~/2 and C~=Cy~fat x=dy/2 ....(lO)

along with the definition of the volume average y-solid

concentration given in Eq. (4). Then, the diffusion lengths

in the y-solid can be shownto be

- -
}1

m
(~?vm~

~
Cyml) ~412

l=v~ (dv~d~) (dv~d5)(Cyma~
v)

.(1 l)

lv~f~{

~
~ ~~ ••••••••(12)4 (C~ C~) ~ 1

_
12~

~8 ~~
yf y~

(dv d) (dv d)(Cy~f y)

For the geometry in Fig, l(b), the length dv and the

interfacial area concentrations Syl are

dv=(85+ev)~2 and Syl 2/~ ..........(13)

Note that unlike the diffusion length in the 5-solid, Iy~~

and ly~f are different for different species.

In contrast with primary solidification, it is not possible

to obtain a simple analytical relationship between the

liquid composition andthe solid factions during peritectic

solidification with no macroscopic solute transport, and

a numerical time integration schememust be employed.
Given a prescribed cooling rate and using an implicit

numerical scheme,for example, the y// phasechangerate

can be determined by substituting the discretized liquid

species conservation equation for each element for the

liquid concentrations in the expression for the liquidus

ternperature, and finding the root (Fyf) of the resulting

non-linear equation. Similarly, the y/5 phasechangerate

(Fva) can be determined by combining the expression for

the y/~-interface temperature with the v/6-interfacial

species balance and the discretized solid (both ~- and y-)

species conservation equations. (Using this procedure, it

is necessary to iterate on the concentrations and phase
change rates within each time step). Comparisonof per-
itectic microsegregation calculations using the diffusion

length model described here with previous calculatlons

and experimental measurementswill be described in a
future study.

2.3. Numerical Procedure

For the simulations discussed in Chap. 3, an implicit,

control-volume based finite difference schemehas been
used to discretize the conservation equations, and a
power law schemeused to evaluate the finite difference

coefficients. The velocity-pressure coupling in the mo-
mentumequations was handled using the SIMPLER
algorithm.28) Themethodused to couple the energy and
species conservation equations in the mushyzone to

calculate the solid fractions is described by Schneider

and Beckermann.9) Computations were performed on a
42 x 82 grid with a time step of 0.25 s. For a ten element

multicomponent simulation, I sec of simulation time

requires approximately I 150sec of cpu time on an HP
715/50 workstation.

3. Results and Discussion

In order to illustrate the use of the model to predict

the formation of macrosegregation, the solidification of

a ten element austenitic steel alloy, with initial com-

Table 4. Thermophysical properties ofsteel.

Densities33)

p, =p! =7300kg/m3
Specific heats34'35)

e y/a T=650J/kg/K

a!/a T=800J/kg/K
Liquid viscosity33)

,s! =6.0 x 10~4kg/m/s
Latent heatl o)

/ - " =270 x 103 Jlkg

Thermal expansionl o)

pT=2.0 x l0~4 K- 1

Thermal conductivities34.3 5)

ky =30W/m/K
kt =27W/m/K

Liquid massdiffusivities33)

D/"'=2 x i0~9 m2/s
Dendrite arm spacings

~1 =350um
A2=25 ,4m

Permeability- parallel to primary dendrite armss)

;* ~8j3

[4.53 x l0~4+4.02 x l0~6(81 +0' 1)~5]
(1 -8!)

K~~=
for et

007425A[ In(1-81)~1.487+2(1-el)0.5(1-8!)2]

for 81~~0.7

Permeability perpendicular to primary dendrite arms8)

3
1)

-

2

A I ' o9 A~et3
l.73 x 10 for et

A (1 -g!)o 749
K~n=

_ I.476 +2(1 -8t)0.03979~~[- In( I - gl)

- I.774(1 -8i)2 +4.076(1 -
el)3] for et;~0.7

position as given in Table 2, was simulated. Note that

the alloy composition is such that only y-solid will form,

so that there is no peritectic transformation. Thedomain
used for the simulations was a two-dimensional rec-

tangular cavity of O.2mheight and 0.1 mwidth, with
insulated top, bottom and right walls, that was cooled

at the left wall via an overall heat transfer coefficient of

150W/m2/Kand an ambient temperature of 293 K. The
initial condition was a quiescent melt at a uniform
temperature of 1813K and uniform composition.
Thermophyslcal properties for steel (as well as relations

for the mushyzone permeability) are summarized in

Tables 2and 4. Since the permeabilities decrease 'with

decreasing liquid fraction, the velocities in the mushy
zone are naturally dampenedduring solidification, Note,
also, that flow due to solidification shrinkage is not
included (i,e., py=pf)'

The results of the sirnulation are summarizedin Figs.

3through 6. Theshadedmacrosegregation plots used in

the discussion of the results are of the normalized mixture
concentration, i.e., C~i*lC*~~=(efPf

i+evPv
*)/

(8fPf+evpv)/Ci~~ with maximumand minimumvalues

given at the top of the figures, and a scale provided.

3.1. Intermediate Stages of Solidification

Figure 3(a) shows that after 750sec of cooling a por-
tion of the casting next to the cooled wall has completely
solidified, and the mushyzone extends across about
two-thirds of the casting. The velocity vectors showthe

flow in the bulk melt is generally counterclockwise. Flow
through the mushyzone is mostly downwardwith some

.
upflow near the casting bottom, where a channel is

forming (indicated by the dashed lines).

Dueto different solubilities of the elements in the solid

and liquid, the formation of solid is accompaniedby an
enrichment of the interdendritic liquid with solute. The
flow through the mushyzone, as well as the bulk melt,
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redistributes this enriched liquid, as illustrate for carbon
in Fig. 3(b). Pooling of solute rich 1lquid at the casting
bottom is visible, and the solid fraction contours in Fig.
3(a) shows that this has delayed the formation of solid
in that region. Someof this enriched liquid has also been
carried upwards through the channel at the casting
bottom and into the bulk liquid. Macrosegregation of
the other elements is similar to that of carbon, with the
severity of segregation dependenton the partition coeffi-

cient of the element (e.g., most severe segregation for
sulfur, which has the smallest partltion coefficient).

Oneconsequenceof the differing extent of segregation
of the elemen,ts is the formation of small islands of mush
along the right wall as shownin Fig. 3(a). The complex
dependenceof the liquidus temperature on the liquid
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l .O x l0-2 m/s Carbon
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lrF.1r

C IC
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l lO
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l .02

0.9s

0.94

o90

(a) (b)

Fig. 3. Simulation results at 750sec (a) velocity field and solid

fraction contours and (b) nonwalized mixture con-
centration of carbon.
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composition meansthat even though a region of the melt
is highly enriched in someelements, a smailer degree of
enrichment of other elements in that region elevates the
liquidus temperature and leads to the formation of the
islands. While they are porous, the islands offer resistance

to the flow which affects the velocity field, as indicated
in Fig. 3(a) by the strong flow between the two islands

at the casting bottom. In reality, one would expect the
islands to be madeup of equiaxed crystals that would
be free to move(i.e., settle or float) in the melt, something
the present model does not account for.

Before leaving Fig. 3, it is interesting to note that the
fiow through the mushyzone is downwards(i,e., in the
direction of thermal buoyancydriven flow) even though
the enrichment of the liquid in the mushyzonewith solute

serves to decrease the density of the liquid (i,e., pg in

Table 2 Is positive for most of the elements). This is

explalned by the fact that, for the alloy under con-
sideration, carbon dominates the total buoyancy force
in the mushyzone, with the effects of thermal buoyancy
outweighing those due to solutal buoyancy.9)

3.2. Final Macrosegregation Patterns

After 2250sec, solidification of the casting is com-
pleted. The final macrosegregation patterns for nickel,
silicon, carbon and sulfur are shown in Fig. 4. Due to
the continuous drawing of solute rich liquid downward
and out of the mushyzone, the solid near the left and
top walls of the casting is solute poor, while the bottom
and right is solute rich. Segregated channels are visible,

with the compositional differences between the channels
and surrounding solid being especially large for sulfur,

which has a small partition coefficient. Overall, the
macrosegregation patterns for the elements are similar,

with the severity of segregation inversely proportional
to the partition coefficient of the element (i,e., moresevere
segregation for smaller partition coefficients).

8"I

Nickel Silicon

0,795 /C 1.341

(a) (b)

Carbon
0.694 /C 1.532

(c)

Sulfur

O.400 C IC

~;~~;,"~.~'+1=~.~~*~'*~-'~~*,~~}~*~

~~
O.90 O,94 O98

Fig. 4. Final simulated macrosegregation patterns:

1.02 l .06 110 C IC
' mlx In

(a) nickel, (b) silicon. (c) carbon, and (d) sulfur.
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Fig. 5. Global extent of macrosegregation of the elements as

a function of partition coefficient,

4.o

3.3. Scaling of Macrosegregation

To further explore the relative segregation of the

elements, Fig. 5 provides a comparison of the global

extent of macrosegregation of each of the elements. The
plotted values are of

=
f!! -lJ dV}

Sm I v 2 l/2

..
(14)

rms CimnV*asti*g

v.*=*i*~

at the end of solidification, which is a measureof the net
macrosegregation of an element throughout the casting.

The curve fit in Fig. 5shows that the severity of mac-
rosegregation is approximately linearly dependent on
the partition coefficient of the element.

In light of the results in Fig. 5, the remaining question
is whether the local element concentrations can also be
scaled with their partition coefficients. Figure 6indicates

that the absolute value of the local segregation of sulfur,

normalized by Srs*s' along the horizontal centerline of
the casting is different by up to a factor of 2from that

of manganeseandcarbon, especially along the right half

of the centerline. This is most likely due to the fact

that the partition coefficient of sulfur is very small (an

order of magnitude smaller than that for carbon and
manganese).Thediscrepancy betweenthe profiles in Fig.

6indicates that although the global extent of segregation

of an element can be scaled with its partition coefficient,

local scaling of the concentrations is not possible for

elements with widely varying partition coefficients.

4. Conclusions

A method for incorporating finite-rate solid solute

diffusion and a microscopic model of the peritectic

transformation into a macroscopic model for the so-
lidification of multicomponent steel alloys has been de-

scribed. By considering finite-rate solid microsegre-
gation, the solidus temperatures of multicomponent
austenitic steels were shownto be accurately calculated.

Comparisonof microsegregation calculations for peritec-

y
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Fig. 6. Normahzedsegregation atong the horizontal centerhne
(y=0. ro m) of the casting.

tic solidification with previous calculations andmeasure-
mentswill be reported in the near future. Arepresentative

simulation of the solidification of a ten element austenitic

steel in a rectangular cavity cooled from the side showed
the formation of macrosegregation, channel segregates,

and "islands" of mushsurrounded by the bulk melt. The
global extent of macrosegregation of an element was
found to be linearly dependenton its partition coefficient,

but local scaling of the concentrations wasnot possible

for large differences in the partition coefficients of the

elements. Macroscopic simulations of the peritectic

solidification of multicomponent steels will also be
reported in the near future. Other work planned in the

development of the model includes the incorporation
of more precise thermodynamic equilibrium calcula-

tions and comparison of model predictions with experi-

ments
.
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Nomenclature

C: concentration (wto/o)

d: meancharacteristic length of solid phase (m)

D: massdiffusivity (m2/s)

g: acceleration of gravity (m/s2)

h: enthalpy (Jlkg)

k: thermal conductivity (W/m/K)
K(2) . second-order permeability tensor (m2)

l : diffusion length scale (m)

mkj : change in j/k interfacial temperature with con-
centration (K/wto/o)

p: pressure (N/m2)

S: interfacial area concentration (ml)
S*ms: rms value of net macrosegregation
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t: time (s)

tf : Iocal solidification time (s)

T: temperature (K)
Tf : pure iron melting temperature (K)
Tp : Peritectic temperature (K)

v : velocity vector (m/s)

V: volume (m3)

Greek Symbols
oe : diffusion Fourier number

pc : solutal expansion coefficient ((wt"/o)~1)

pT: thermal expansion coefficient (K-1)
8k : volume fraction of phase k
F: phase change rate (kg/m3/s)

1c : partition coefficient (wto/o/wto/.)

A: dendrite arm spacing (m)
,4 : kinematic viscosity (kg/m/s)

p: density (kg/m3)
yk : a quantity of a phase k

Subscripts
in : initial

j: phasej
k: phase k

kj: k/j interface

f: Iiquid

mix : mixture

s: solid

~: ferrite

y: austenite

1: primary

2: secondary

Superscripts

C: carbon

m: species m
t : transpose of a tensor

- : interfacial average
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