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A one-dimensional transient heat-transfer model coupled with an equation for force balance on
particles is developed to predict the particle segregation pattern in a centrifugally cast product,
temperature distribution in the casting and the mold, and time for complete solidification. The force
balance equation contains a repulsive force term for the particles that are in the vicinity of the
solid/liquid interface. The solution of the model equations has been obtained by the pure implicit
finite volume technique with modified variable time-step approach. It is seen that for a given set of
operating conditions, the thickness of the particle-rich region in the composite decreases with an
increase in rotational speed, particle size, relative density difference between particles and melt,
initial pouring temperature, and initial mold temperature. With reduced heat-transfer coefficient at
the casting/mold interface, the solidification time increases, which, in turn, results in more intense
segregation of solid particulates. Again, with increased initial volume fraction of the solid particulates
in the melt, both the solidification time and the final thickness of the particulate-rich region increase.
It is noted that for Al-Al2O3 and Al-SiC systems, in castings produced using finer particles, lower
rotational speeds, and an enhanced heat-transfer coefficient at the casting/mold interface, the volume
fraction of particles in the outer layer of the casting remains more or less the same as in the initial
melt. However, for castings produced with coarser particles at higher rotational speeds and reduced
heat-transfer coefficients at the casting/mold interface, intense segregation is predicted even at the
outer periphery of the casting. In the case of the Al-Gr system, however, intense segregation is
predicted at the innermost layers.

I. INTRODUCTION

DURING centrifugal casting of metal matrix composites,
segregation of particles occurs due to centrifugal force,
either at the inner or the outer periphery of the casting,
depending on the relative densities of the particles and the
melt, resulting in particle-reinforced functionally gradient
composites. The extent of segregation depends on various
process parameters including cast geometry, pouring temper-
ature of the melt, solidification time, density difference
between matrix and reinforced particles, and rotational
speed.
Kang and Rohatgi[1] have described the results of a heat-

transfer analysis of centrifugal casting of metal matrix
composites by one-dimensional analysis considering the
thermophysical properties due to particles moving as a func-
tion of temperature. In their investigations, the positions of
the dispersed particles at a given instant of time are ana-
lyzed as a first step. Then, the temperature distributions in
the mold and the solidifying metal are analyzed at different
time intervals. Using these temperature distributions, time
taken for solidification of casting at different rotational
speeds, initial mold temperatures, and pouring temperatures
of molten metal are estimated. Siva Raju and Mehrotra[2]

have presented a more realistic model wherein the volume
fraction of the particles across the thickness of the cast-
ing varies with time. Their formulation is based on one-

dimensional heat-transfer analysis incorporating variations
in thermophysical properties due to particle movement in
the matrix. It also considers variations in the heat-transfer
coefficient and latent heat release. The present investigation
is an attempt to further improve that analysis. At the outset,
there are two principal differences between the present
investigation and that of Siva Raju and Mehrotra, (1) Both
Kang and Rohatgi[1] and Siva Raju and Mehrotra[2] in their
models neglected the repulsive force term in their equations
for force balance on particles. In the present investigations,
the repulsive force that a particle experiences when it
approaches a solid wall/solidification front is taken into
consideration and characterized by an appropriate expres-
sion, the details of which are given in a later section of this
article, and (2) Siva Raju and Mehrotra took into consider-
ation the variation of the volume fraction of particles with
time by ensuring the conservation of the total mass of par-
ticles at all times. In their approach, the volume of partic-
ulates in between two consecutive nodal points always
remains the same, but the length of the segment varies with
time as do the nodes as they depend on the constant volume
fraction of particulates. In the present formulation, how-
ever, the nodes remain fixed at all times and the variation
of the volume fraction of particles in any particular segment
with time is calculated by taking into account the particle
movement with time. One of the novel features of the pres-
ent investigation is the use of the finite volume technique as
the solution procedure in place of the finite difference
scheme used in the previous work.[2] The advantage of
the finite volume method over the finite difference method
is the automatic conservation of all physical quantities,
which is not ensured in the latter case.
A schematic representation of the centrifugal casting of

metal matrix composite, mathematically modeled in this
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investigation, is shown in Figure 1. This configuration is the
same as used by Kang and Rohatgi[1] and Siva Raju and
Mehrotra[2] in their model formulation. The heat is with-
drawn from the liquid region of the casting through the
solidified composite region to graphite mold and subse-
quently through steel mold to the surroundings. Heat is also
radiated away from the inner surface of the casting. As the
solidification proceeds by conduction of heat transfer
through the composite to the graphite mold, the solid-liquid
interface moves away from the graphite mold.

II. MODEL FORMULATION

A. The Model is Based on the Following Assumptions

(1) The heat flow is purely one-dimensional and perpen-
dicular to the mold wall, (2) The mold is filled with liquid

metal containing solid particulates instantaneously, and that
at the instant of mold filling, the solid particulates are
homogeneously distributed in the liquid metal matrix, (3)
The thermal properties of solid particulates and metal ma-
trix are temperature invariant, (4) As solidification pro-
ceeds, the air gap at the casting/graphite mold interface
increases because of the contraction of casting. Therefore,
the heat-transfer coefficient at the casting/graphite mold
interface decreases with solidification, (5) Natural convec-
tion and movement of particles due to buoyancy are
neglected, (6) The interface position between the solid
and liquid regions is calculated by assuming it to be planar,
(7) There is no thermal resistance between particles and
liquid metal, (8) Reinforcement particles are assumed to
be spherical in shape, (9) The motion of the particles is
stopped by the liquidus front, i.e., the particles do not move

Fig. 1—Schematic representation of the complete system of centrifugally cast metal matrix composites with particle segregation and solidification interface.
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in the mushy zone of the casting and they are not rejected
by the solidification front, (10) The large volume fraction of
solid particulates in the melt hinders particle movement. It
is assumed that the reduction in particle velocity can be
characterized by an increase of apparent viscosity of the
liquid melt. The apparent viscosity can be represented as[3]

vc ¼ v½11 2:5 Vf ðtÞ1 10:05 V2
f ðtÞ"; [1]

and (11) Segregation of particles can occur only up to
a maximum volume fraction equal to 52 pct.[4]

B. Heat Conduction Formulation

1. Governing equation
The heat-transfer processes in various regions of casting

and mold are governed by one-dimensional unsteady-state
heat conduction equation written in cylindrical coordinates.
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where i 5 lc, sc, g, and m for the liquid composite, solid
composite, graphite, and steel mold regions, respectively.

2. Thermophysical properties of composites
Thermal conductivities, densities, and specific heats of

composites in either liquid or solid regions are determined
using the rule of mixtures described as follows as a function
of volume fraction of particulate, Vf(t), at any time t.

Pc ¼ ð1# Vf ðtÞÞPm1Vf ðtÞPp [3]

where Pc refers to the property of composite under consid-
eration, and Pm and Pp are the corresponding properties of
the matrix and particulates, respectively. The volume frac-
tion Vf(t) depends on the viscosity of the alloy, the particle
size, the mold rotational speed, and the density difference
between the particle and the molten metal.

3. Initial conditions
During centrifugal casting, before pouring the molten metal

(which is at temperature Tp) into the mold, the mold is pre-
heated to a certain temperature (TM) to avoid thermal shock
to the mold. Therefore, the initial temperature distribution (at
time t 5 0) in the casting and the mold regions is taken as

Tlc ¼ Tp [4]

Tg ¼ Tm ¼ TM [5]

4. Boundary conditions
The boundary conditions in different regions of the cast-

ing and the mold are as follows.
(1) At the inner surface of the casting, i.e., at r 5 Ric

#klc
@Tlc
@r
5h2ðTci # TbÞ [6]

(2) At the outer surface of the casting, i.e., at r 5 Roc

#ksc
@Tsc
@r
5h1ðTco # TgiÞ [7]

(3) At the inner surface of the graphite mold, i.e., at r 5 Rig

#kg
@Tg

@r
5h1ðTco # TgiÞ [8]

(4) At the outer surface of the graphite mold, i.e., at r5 Rog

#kg
@Tg
@r
5h4ðTgo # TmiÞ [9]

(5) At the inner surface of the steel mold, i.e., at r 5 Rim

#km
@Tm
@r
5h4ðTgo # TmiÞ [10]

(6) At the outer surface of the steel mold, i.e., at r 5
Rom

#km
@Tm
@r
5h3ðTmo # TaÞ [11]

(7) At the solid-liquid interface, i.e., at r 5 Rs(t)

Tsc ¼ Tlc ¼ Tf [12]

(8) The energy balance at the solid-liquid interface, i.e., at
r 5 Rs(t), is obtained by equating the rate of heat re-
moved from the solid phase in the positive r direction to
the sum of rate of heat supplied to the interface from the
liquid phase in the positive r direction and rate of heat
liberated at the interface during solidification, i.e.,

#ksc
@Tsc
@r

¼ #klc
@Tlc
@r

1 rscH
@sðtÞ
@t

[13]

5. Formulation of heat-transfer coefficient
The rate of solidification of the liquid composite is sig-

nificantly dependent upon the air gap formed at the casting-
graphite mold interface due to contraction of the casting as
well as thermal expansion of the mold during solidification,
and also to some extent on the air gap at the graphite-steel
mold interface due to imperfect contact. It is assumed
that the heat-transfer coefficient between the casting and
graphite mold due to the air gap varies as[5]

h1 ¼ hi
hf
hi

" #sðtÞ
ri [14]

where hi is the initial heat-transfer coefficient, hf is the final
heat-transfer coefficient, s(t) is the solidified thickness, and
ri is the total thickness of the casting.

C. Force Balance on Particles

During vertical centrifugal casting, a particle, which is
suspended in the liquid, is subjected to a vertical accelera-
tion due to gravity g and a centrifugal acceleration g 5 v2r.
Generally, g is much greater than g. Therefore, the vertical
displacement of the particle is ignored. Thus, the different
forces on a particle are the (1) centrifugal force due to mold
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rotation, (2) viscous force due to drag effect, and (3) repul-
sive force due to movement of solid-liquid interface.
Hence, the force balance equation on the particle can be

expressed as[6]

Fv # Fv # FR ¼ Fnet [15]

where Fnet is the net force on the particle, Fv is the force
due to centrifugal acceleration, Fv is the viscous force, and
FR is the repulsive force. It is to be noted that the repulsive
force is significant only on those particles that are in the
vicinity of a solid wall or the solid-liquid interface. There-
fore, the force balance for the particles that are not under
the influence of a solid wall/interface can be written as
follows:

Fv # Fv ¼ Fnet [16]

Assuming that the fluid is under laminar flow (Re # 1), the
force balance equation for these particles becomes

4

3
pR3

pðrp # rlÞv2r # 6pvRpVr ¼ 4

3
pR3

prp
dVr

dt
[17]

which can also be written as

4

3
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[18]

Under zero acceleration, the velocity of the spherical par-
ticle according to Stoke’s law is

Vr ¼
4R2

pDrv
2r

18v
[19]

where Rp is the radius of the particle, v is the angular
velocity, r is the particle position, n is the viscosity of the
melt, and Dr 5 rp – rl, i.e., density difference between the
particle (rp) and liquid metal (rl).
The solution of Eq. [18] for a particle moving at a con-

stant velocity gives its position at any instant of time t as

rðtÞ 5 r0 exp
4v2ðrp # rlÞR2

pt

18v

" #
[20]

where r0 is the position of the particle at time t 5 0.
A schematic representation of the various forces acting

on the particle is given in Figure 2.
The relevance of repulsive force in the force balance

equation and thereby determination of the position of a par-
ticle that is under the influence of this force is discussed in
Section 1.

1. Repulsive force

a. Importance of the use of the repulsive force term
When particles approach the solidification front in the

melt, interaction takes place between them due to three
main reasons: the interfacial energy between the particle,
liquid, and solid; distortion of the temperature field because

of the different thermal properties; and distortion of the
particle concentration field due to blocking of the particles’
movement by the front. The force responsible for the push-
ing of the particles ahead of the interface is related either
to the interfacial energy (macroscopic approach) or to the
interatomic interaction (microscopic approach, i.e., result-
ing from van der Waals forces) and the primary force
preventing the particle from being pushed by the front is
the viscous drag force.[7–10] The front can push the particles
along with it until the repulsive force is overcome by the
viscous drag on the particle.[11] Several theories have been
proposed, which are based on the concept of these interfa-
cial forces derived either in terms of the interfacial energy
or van der Waals forces repelling the particle away from
the growth front and thus facilitating the entry of liquid into
the gap between the growing solid and the particle.[12,13,14]

The magnitude of these forces depends on the dimensions
of the gap between the particle and the front and hence on
the morphology of the front. When a liquid containing
dispersed particles is solidified, the solidification front can
exert a repulsive force on the particles present within its
influence zone and push them along with it. This pushing of
the particle is considered as a steady-state phenomenon in
which the particle and the solidification front move with
the same velocity and the gap width is maintained constant,
thereby increasing the particle concentration in the last
solidifying liquid. However, the concept of this particle
enrichment in the last solidifying liquid is valid only in
those cases wherein only repulsive force is predominantly
acting on particles. In the present case, on the other hand,
wherein both centrifugal and viscous forces along with the
repulsive force act on the particles that are present within
the influence zone of the solid/liquid interface, the move-
ment of particles is influenced by the net resultant of these
three forces.
In this investigation, the expression of the repulsive force

exerted by the solidification front on the particle is taken
from the mathematical model described by Sannomiya and
Matuda,[15] which describes the behavior of a fish in a water
tank where the wall exerts a repulsive force on the individ-
ual when it approaches it.

Fig. 2—Schematic diagram of various forces acting on a moving particle
in the liquid melt.
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b. Reasons in support of the use of the same
expression of the repulsive force in the case
of a particle
A fish is a living being and its movement is influenced by

several factors such as its velocity relative to the ambient
water, the extent of continuous forward swimming accord-
ing to its swimming ability, interaction among the individ-
uals, uniform the swimming speed and direction among the
school, and repulsion and attraction from the walls when
the individual approaches toward it closely. The forces that
describe all of these activities are damping force, propul-
sive force, interactive force, schooling force, and repulsive
and attractive forces from the wall.[15]

When the fish approaches the wall, it avoids a strike
against it, which is a psychological phenomenon happening
to all living beings. In the case of solidification of a liquid
containing dispersed second-phase particles, when the latter
reach the solidification front, they do not rebound (due to
the involvement of no psychological phenomenon and the
assumption that there is no rejection of particles by the
solidification front). The velocity of the particles slows in
the influence zone of the wall due to the wall effect, and
finally these particles get absorbed by the solidification
front. Because the repulsive force is independent of the tank
shape and size,[16] the parameters estimated by Sannomiya
and Matuda are used in the present investigation.

c. Expression for repulsive force
For the particles that are in the vicinity of a solid surface

or the solid-liquid interface, the expression for the repulsive
force is[15]

FR ¼ k1w
XL
l51

fwil1 [21]

fwil15
Vil

d1# dil
d1 el for Vil. 0 and dil , d1

0 otherwise

(
[22]

where kw
1 is a constant coefficient, L is the number of wall

sides, d1 is the width of the influence zone of the wall
(;10#4 m), dil is the distance from the individual i to the
wall l, and the unit vector el is normal to the wall.
For the individual i, Vil is the velocity component normal

to the wall l.
So, the particle position at any given instant of time is

given by

rðtÞ 5 r0 exp
4=3pv2ðrp # rlÞR3

pt

K1 6pnRp

" #
[23]

K 5 kw1
d1 # dil

d1

" #
[24]

d. Estimation of kw
1 by Sannomiya and Matuda

In the work of Sannomiya and Matuda, an individual fish
was assumed to be a particle. The depth of water in the tank
where the experiment was carried out was shallow. The

experiment started with releasing the fish into a specific
position of the tank and the motion of the fish was restricted
within a two-dimensional space. As a general rule, the fish
school swam along the wall. The image of the fish behavior
was recorded for ten minutes by a video tape recorder. The
image data were sampled at intervals of 0.5 seconds to
obtain the time-series data. Since only a small school was
considered, the motion of each fish was described individ-
ually by a state equation. The parameters included in the
equation are identical irrespective of the individual, under
the assumption that fish in a school are homogeneous.
When an individual approaches a wall closely, it avoids
striking against the wall. Repulsive force expresses such
a behavior. Sannomiya and Matuda estimated the value
of kw

1 by using the observation data of their water tank
experiment and by applying the least-squares algorithm.
The validity was established by testing the whiteness of
the residual of the state equation and also by comparing the
simulation result with those of the experimental ones.

D. Determination of Volume Fraction

In order to determine the volume fraction variation in the
liquid metal matrix, the casting thickness is divided into n
equal segments. Nodal points are considered as the extreme
positions of each segment. The volume fraction of partic-
ulates in a particular segment is defined as the ratio of
volume of particles to the total volume of that segment:

Vfs 5
Vs

Vs1Vl
5

1

11
rsml
rlms

[25]

where Vfs is the volume fraction of the particulates, Vs is the
volume of reinforced particles, and Vl is the volume of the
metal matrix in each segment. Since the initial volume
fraction of the particulates is known in each segment, the
volumes and masses of the solid particles and matrix melt
can be obtained using the following relationships:

Vs ¼ VfsV

Vl ¼ V # Vs

[26]

ms ¼ Vsrs

ml ¼ Vlrl
[27]

where V is total volume of each segment, ms is mass of
solid in each segment, and ml is total mass of liquid in each
segment.
For simplicity, initially, the particle positions are consid-

ered at the nodal points at time t 5 0. The particles at
different nodal points have different velocities because
the motion of each particle in the liquid melt is dependent
on its position. The total number of particulates in the cast-
ing region always remains the same. The new particle posi-
tions for time t 1 Dt are obtained by using either Eq. [20]
or [23] taking into account the appropriate conditions. The
new particles may fall either on any node or in the interior
of any volume segment. From this, the total number of
particulates in any volume segment can be determined
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and, thus, the new volume of the particulates in each seg-
ment calculated. Because the volume of each segment
remains fixed for all time, the new volume fraction of par-
ticulates per unit length is obtained for time t 1 Dt. To
calculate the particle position for the next time-step, initial
positions of the particulates are updated with the new par-
ticle positions that have already been obtained.

III. SOLUTION PROCEDURE

The model equations have been solved numerically by
using the simple implicit finite volume technique. For this,
the ‘‘r # t’’ domain is subdivided into small intervals of
constant Dr in space and variable Dt in time. The variable
time-step approach is used to solve the problem. This
approach requires that at each time level tn, the time-step
Dtn is so chosen that the interface moves exactly a distance
Dr during the time interval Dt, hence always staying on the
node. Therefore, the problem is mainly concerned with
determination of the time-step Dt 5 tn 1 1# tn such that
in the time interval from tn to tn 1 1, the interface moves
from position nDr to the next position (n 1 1) Dr.[17]

A. Advantages of FVM over FDM

The usual procedure for deriving finite-difference equa-
tions consists of approximating the derivatives in the dif-
ferential equation via a truncated Taylor series. The method
includes the assumption that the variation of the dependent
variable is somewhat like a polynomial in the independent
variable, so that the higher derivatives are unimportant.
This assumption, however, leads to an undesirable formu-
lation when exponential variations are encountered. The
Taylor-series formulation is relatively straightforward but
allows less flexibility and provides little insight into the
physical meanings of the terms.[18]

However, the basic idea of finite volume formulation
lends itself to a direct physical interpretation. Here, the
calculation domain is divided into a number of nonoverlap-
ping control volumes such that there is one control volume
surrounding each grid point. The differential equation is
integrated over each control volume. Piecewise profiles
expressing the variations of the dependent variable between
the grid points are used to evaluate the required integrals.
The result is the discretization equation containing values
of dependent variables for a group of grid points. The dis-
cretization equation obtained in this manner expresses the
conservation principle for the dependent variable for the
finite control volume, just as the differential equation
expresses it for an infinitesimal control volume. The most
attractive feature of the control-volume formulation is that
the resulting solution implies that the integral conservation
of quantities such as mass, momentum, and energy is
exactly satisfied over any group of control volumes and
also over the entire calculation domain. This characteristic
exists for any number of grid points, not just in a limiting
sense when the number of grid points becomes large.
Thus, even the coarse-grid solution exhibits exact integral
balances.[18,19]

Figure 3 shows the validation of this technique by com-
paring the numerical solutions (using both the uniform
and nonuniform grid sizes) with those of analytical ones

in determining the temperature profiles for unsteady-state
heat conduction in a slab of finite thickness, where the ini-
tial temperatures are given and surface temperatures are
fixed,[20,22] and it is noted that the numerical solution
closely matches the analytical one.
The differential equation and the boundary conditions for

both the mold and casting regions can be discretized using
the implicit method. The thickness of each mold region is
subdivided into n equal grids. The number of grids in the
solid and liquid composite regions varies with time. This
finding indicates that for the solid composite region, the
number of grids (ni) continues to increase as the solidifica-
tion proceeds, and for the liquid composite region, the
number of grids (n # ni) decreases; however, their sum
always remains the same as n.
Equation [2] is solved with boundary conditions Eqs. [6]

through [12] using the pure implicit finite volume tech-
nique. The resultant discretized equations are arranged in
a tridiagonal matrix form and the solution of these equa-
tions is obtained by using the Thomas algorithm, which
gives the temperature distribution in both casting and mold
regions for a particular time-step Dtn. The detailed descrip-
tion is presented elsewhere.[23]

B. Segregation of Particles

During centrifugal casting, segregation of particles takes
place in the liquid composite due to the movement of par-
ticles resulting from the difference in densities of the par-
ticles and the melt, and also due to centrifugal acceleration.
By solving Eqs. [26] and [27] using the appropriate equa-
tions from Eqs. [20] and [25] through Eq. [1], the thickness
of the particle-rich region is estimated for various rotational
speeds of the mold at various times. The particle movement
is neglected in the mushy zone of the casting, which is
characterized by the temperature region (Ts # T # TL)
because of the sharp increase in viscosity (vc) in this zone.

IV. RESULTS

The model equations are solved to evaluate the following
for various operating conditions: (1) particle segregation
pattern, (2) solidification time, and (3) temperature distri-
bution in the casting and the mold regions. The parameters
examined included the following: (1) rotational speed of

Fig. 3—Temperature profiles for unsteady-state heat conduction in a slab
of finite thickness.
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the mold, (2) size of the reinforcing material, (3) relative
density difference between the matrix and reinforcing
material, (4) heat-transfer coefficient at the casting/mold
interface, (5) initial pouring and mold temperatures, and
(6) initial volume fraction of particulates in the melt. Ther-
mophysical properties of the matrix metal, reinforcement
materials, graphite, and steel molds used in this simulation
are given in Table I.[24,25] Various design and operating
parameters such as geometric constants for the casting
and the mold, the heat-transfer coefficients at different
regions of the casting and the mold, and initial temperatures
of the mold and metal used in the simulation are given in
Table II.[1,26,27] The cooling conditions at the inner surface
of the casting and at the outer surface of the steel mold are
defined in terms of the heat-transfer coefficients h2 and h3,
respectively, and the heat transfer due to the air gap at
the metal-mold interface is characterized by h1. Since the
actual values of h1 are not known, computations have been
carried out for a wide range of values from 1000 to 10,000
W/m2/K. Simulation results are presented in Sections
A and B.

A. Calculation of the Particle Segregation Pattern
and Solidification Time

These results are presented in the following form: (1)
volume fraction of the particles, (2) thickness of the parti-
cle-rich region for the entire region of the casting, and (3)
total solidification time.
Figures 4 and 5 show the effect of rotational speed of the

mold on the segregation pattern of the particles, i.e., on
the thickness of the particle-rich region. Figure 4 is for the
condition where the reinforcement particles are heavier
than the liquid melt, and Figure 5 represents the case where
the matrix metal is heavier than the reinforcing particles.
Similarly, Figures 6 and 7 show the effect of particle size
on the thickness of the particle-rich region, for different
particle sizes, namely, 1, 2, 3, 5, 10, and 15 mm, for par-
ticles, respectively, heavier and lighter than the matrix
metal. Figure 8 shows the effect of relative density differ-
ence between the particles and the melt for the case where
the density of the particle is more than that of the melt. In
all these figures, the horizontal line at volume fraction
equal to 0.1 represents the initial solid volume fraction in
the melt. It is seen in Figures 4 through 8 that the thickness
of the particle-segregated region decreases with the
increase in rotational speed of the mold, particle size, and
relative density difference between the particle and melt. In
Figures 4, 6, and 8, it is also noted that for relatively lower

rotational speeds and finer particles, there is a horizontal
section with Vf 5 0.1 near the outer periphery of the cast-
ing, suggesting that the final volume fraction of the partic-
ulates in this section of the solidified composite is equal to
that of the initial volume fraction in the melt. This signifies
that the melt in contact with the mold wall solidifies so
rapidly that no particulate solid is able to migrate into or
out of this melt. Beyond this small horizontal section, the
volume fraction of solid particulates increases rapidly,
reaching the maximum in the segregation pattern. The
length of the horizontal section decreases with the increase
in the rotational speed of the mold, particle size, and rela-
tive density difference between the particle and melt. The
horizontal portion in the segregation pattern, however, is
not seen in castings produced at 5000 and 10,000 rpm
rotational speeds and with particulate solid of 10 and
15 mm. These observations are explained as follows.
Due to the chilling effect, the velocity of the solidifica-

tion front at the mold wall is greater than the particle
velocity at lower rotational speeds and for finer particles.
As a result, particles originally present in the region are
trapped and no new particles are able to reach this region
before it is solidified. Gradually, as the solidification front
moves to the interior of the casting, the time required to
solidify a volume segment having the same dimensions
increases, giving particles more time to move toward the
outer periphery of the casting, which subsequently leads to
a segregated region next to the horizontal section. As the
centrifugal force on the particles increases with increasing
rotational speed of the mold, the velocity of the particles
sooner exceeds the velocity of the solidification front, lead-
ing to a shortened horizontal section. With an increase in
particle size, both the centrifugal and viscous forces
increase, but the increase in centrifugal force is more than
that in viscous force. Hence, larger particles move more
rapidly toward the outer or inner periphery of the casting,
depending upon the relative density difference between the
particle and the liquid melt, and result in more intense
segregation. Coarser particles at larger rotational speeds
are able to penetrate into the outer surface because of their
higher velocity than the solidification front, leading to in-
tense segregation at the outer region. It is observed that the
thickness of the horizontal portion in the case of Al-Al2O3

decreases from 9.73 3 10#4 to almost 0 m when the rota-
tional speed increases from 1000 to 5000 rpm. In Figure 4,
particles get sufficient time to move to the inner surface of
the casting, which leads to a maximum segregation at the
inner periphery. The thickness of the Al2O3-rich region
varies from 2.989 3 10#3 to 1.378 3 10#3 m, while that

Table I. Thermophysical Properties of Matrix Metal, Reinforcement Particles, and Mold Materials[24,25]

Thermophysical Properties Aluminum (A356) Al2O3 SiC Graphite Carbon Steel Mold Graphite Mold

k (W m#1 K#1) 159 24 24 38 57.8 38
r (kg m#1) 2685 4000 3200 1900 7800 1900
C (J kg#1 K#1) 963 600 690 710 481 710
Ts (°C) 555 — — — — —
TL (°C) 615 — — — — —
Tf (°C) 555 — — — — —
H (K J kg#1) 389 — — — — —
n (N s m#2) 0.002 — — — — —
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of the graphite-rich region varies from 1.971 3 10#3 to
1.559 3 10#3 m as the rotational speed increases from
1000 to 10,000 rpm after complete solidification, as shown
in Figures 4 and 5.
Again, when the particle size increases from 1 to 15 mm,

the preceding thickness in the case of Al-Al2O3 decreases
from 3.126 3 10#3 to 1.446 3 10#3 m and that for Al-Gr
decreases from 2.08 3 10#3 to 1.443 3 10#3 m after com-
plete solidification, as shown in Figures 6 and 7. In the
Al-Gr system, for 1-mm particle size, the volume fraction

of the particles in the solidified composite, in the volume
segment just adjacent to the casting/mold interface, remains
the same as that of the initial volume fraction in the melt
unlike in cases of coarser particles. This is attributed to
the fact that, in the case of 1 mm particles, the velocity of
the particles in the volume segment adjacent to the
casting/mold interface is lesser than the velocity of
the solidification front and the particles get trapped within
the solidifying layer resulting in a horizontal region of
length 3.4273 3 10#6 m from the casting/mold interface.

Table II. Design and Operating Parameters Used in Simulation[1,26,27]

Outer diameter of steel mold, Dom (mm) 215.0
Outer diameter of graphite mold, Dog (mm) 150.0
Outer diameter of casting, Doc (mm) 100.0
Inner diameter of casting, Dic (mm) 80.8
Initial heat-transfer coefficient due to air gap at the metal-mold interface, h1 (W m#2 K#1) 50 to 5000
Heat-transfer coefficient at the inner surface of casting, h2 (W m#2 K#1 .4
Heat-transfer coefficient at the outer surface of Steel mold, h3 (W m#2 K#1) 8.4
Heat-transfer coefficient between the graphite-steel mold interface, h4 (W m#2 K#1 0,000
Initial pouring temperature of liquid metal, Tp (°C) 650, 730, 800
Initial mold temperature, TM (°C) 200, 250, 300
Speed of rotation, N (rpm) 1000, 5000, 10,000
Particle size, Rp (mm) 1, 2, 3, 5, 10, 15
Ratio of initial to final heat-transfer coefficient (hi /hf 0

Fig. 4—Effect of rotational speed of casting on the particle segregation
pattern after complete solidification for rp . rl.

Fig. 5—Effect of rotational speed of casting on the particle segregation
pattern after complete solidification for rp , rl.

Fig. 6—Effect of particle size on the particle segregation pattern after
complete solidification for rp . r1.

Fig. 7—Effect of particle size on the particle segregation pattern after
complete solidification for rp , rl.
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Similarly, as the particulate density decreases from 4000
kg/m3 (Al2O3) to 3200 kg/m3 (SiC), the thickness of the
particle-segregated region increases from 2.989 3 10#3 m
to 4.003 3 10#3 m, as shown in Figure 8.
Figures 9 and 10 show the effect of initial pouring and

mold temperatures, respectively, on the thickness of the
particle segregation section for three different particle sizes,
namely, 1, 2, and 3 mm. The three different values of pour-
ing temperatures considered are 650 °C, 730 °C, and 800 °C,
and those of the mold temperatures are 200 °C, 250 °C, and
300 °C. As expected, with an increase in initial pouring
temperature, the thickness of the particle-rich region
decreases for all three particle sizes. The higher initial
pouring temperature essentially means that the larger
amount of heat is to be removed from the melt before
solidification begins. Hence, the metal matrix composite
takes a longer time to solidify, and during this extra time,
the reinforcement particles are able to segregate more,
forming a denser segregation pattern. With higher initial
mold temperature, the rate of heat withdrawal from the melt
to the mold is reduced because of the reduced thermal
gradient. As a result, the solidification time is increased,
allowing extra time for solid particulates to segregate more.
The effects of the heat-transfer coefficient at the metal/

mold interface on the segregation pattern of the particles
and on the total solidification time are shown in Figures 11
and 12 and , respectively. It is seen that the thickness of the

particle-rich region increases and that the total solidification
time decreases with an increase in the heat-transfer coefficient.
This is because the rate of heat transfer is directly proportional
to the heat-transfer coefficient. The higher the heat-transfer
coefficient at this interface, the higher is the rate of heat
removal and therefore the lower is the solidification time. This
leads to a larger particle-rich region as the particles do not get
enough time for more intense segregation and therefore
remain distributed in the larger region of the composite.
Figures 13 and 14 show the effect of the initial volume

fraction of the particulates on the final distribution of the
particles in the solidified composite and on the total solidi-
fication time of the casting. It is evident that the thickness of
the particle-rich region increases with the increase in the
initial volume fraction of the particulates. The increase in
the initial volume fraction of the particles in the melt
increases its viscosity, thereby reducing the motion of the
particles, which results in a larger particle-rich region with
reduced segregation. Increased initial volume fraction of the
particulate also decreases the effective thermal diffusivity of
the composite, thus resulting in a longer solidification time.

B. Temperature Distribution in the Casting
and Mold Regions

Figures 15(a) and (b) show the transient temperature
profiles in the casting and mold regions and temperature

Fig. 8—Effect of relative density difference between the reinforcement
material and the melt on the particle segregation pattern after complete
solidification.

Fig. 9—Influence of initial pouring temperature (Tp) on the variation of
thickness of the particle-rich region of the Al-Al2O3 composite.

Fig. 10—Influence of initial mold temperature (TM) on the variation of
thickness of the particle-rich region of the Al-Al2O3 composite.

Fig. 11—Effect of heat-transfer coefficient on the particle segregation
pattern for 2-mm particle size.
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vs time curves at four locations of casting and mold
regions, respectively, which are calculated by solving the
governing differential equations with appropriate boundary
conditions along with the energy balance equation discre-
tized in the finite volume technique, the details of which are
given elsewhere.[23] In Figure 15(b), A through D represent
the locations having distances 0.00637, 0.008, 0.02247, and
0.0658 m, respectively, from the casting inner surface. It is
to be noted that locations A and B fall in the casting region,
whereas C falls in the graphite mold and D in the steel mold
region. The movement of solidification front with time in
the casting as well as mold regions can be seen from these
figures for a set of operating conditions.

V. DISCUSSION

Siva Raju and Mehrotra[2] have presented a mathematical
formulation based on one-dimensional heat-transfer analy-
sis incorporating variation in thermophysical properties due
to particle movement in the matrix. The present investiga-
tion is an attempt to further improve that analysis. Both
Kang and Rohatgi[1] and Siva Raju and Mehrotra[2] in their
models neglected the repulsive force term in their equations
for force balance on particles. In the present investigations,
the repulsive force, which a particle experiences when it
approaches a solid wall/solidification front, is taken into
consideration and characterized by an appropriate expres-
sion. Again, in the work of Siva Raju and Mehrotra, vari-
ation of the volume fraction of particles with time is

considered by ensuring conservation of the total mass of
particles at all times. In their work, the volume of partic-
ulates in between two consecutive nodal points always
remains the same. So, in that case, the length of the seg-
ment varies with time and so do the nodes because they
depend on a constant volume fraction of particulates. How-
ever, in the present formulation, the nodes are fixed for all
time and the variation of volume fraction of particles in any
particular segment with time is calculated by taking into
account the particle movement with time. It is observed that
the particle segregation depends on the rotational speed of
the mold, the size of the reinforcing material, the relative

Fig. 12—Effect of heat-transfer coefficient on solidification time for
different particle sizes.

Fig. 13—Effect of initial volume fraction of particulates on the particle
segregation pattern.

Fig. 14—Effect of initial particulate volume fraction on solidification time.

Fig. 15—(a) Variation of temperature as a function of time for both the
casting and mold regions. (b) Variation of temperature as a function of
time at four different locations of casting and mold regions.
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density difference between the matrix and the reinforce-
ment material, the initial pouring temperature of the liquid
melt, the preheating temperature of the mold, the heat-
transfer coefficient at the casting/mold interface, and the
initial volume fraction of the particulates in the melt. The
solidification time is influenced mainly by the heat-transfer
coefficient at the casting/mold interface and the initial
temperatures of the liquid melt and the mold.
A comparison of the present model with that of Kang and

Rohatgi[1] has been shown in Figure 16, keeping the oper-
ating conditions the same for both cases. It is seen that
although the segregation pattern predicted by the present
model follows the same trend as that of Kang and
Rohatgi,[1] the thickness of the particle-rich region is less
in comparison to that of the latter. We believe that our
results are more accurate since the particle segregation
patterns predicted by the present model are in close agree-
ment with the reported experimental results by Lajoye and
Suery,[21] details of which are given in Section V.
Formulation of the model is based on assumptions, sev-

eral of which are only partially valid. For instance, the
assumption that the interface between the solid and liquid
regions is planar is only approximate. Strictly speaking, the
solidification front can be planar, cellular, or dendritic,
depending upon the rate of solidification. It is very difficult
to predict either the cellular or dendritic morphology of the
solidification front; hence, the assumption of planar solid-
ification front is made.
Again, in the case of centrifugal casting, the movement

of the solidification front is very fast. So, a simpler expres-
sion for the repulsive force is used rather than the rigorous
theory developed by Sasikumar et al.[28] Figure 17 shows
a comparison between particle segregation patterns for the
cases with and without repulsive force in the force balance
equation for the Al-Al2O3 system for a particular set of
operating conditions. It is seen that the particle segregation
pattern is greater toward the outer periphery of the casting
for the case where repulsive force is not used in the force
balance equation in comparison to the case where repulsive
force is used. This is due to slow movement of the particles
in the influence zone of the solid wall when repulsive force
is used.
The assumption of negligible thermal resistance between

the particles and the melt can also be questioned. In actual
practice, there may be some solubility of solid particulates

in the liquid matrix, or some chemical reaction between the
two. In both cases, there may be a heat of reaction associ-
ated with the phenomena taking place at the surface of the
particles. This heat may appear as the heat source at the
particle/melt interface. Further, a chemical reaction at
the surface may result in the formation of a product layer,
which offers thermal resistance to the heat flow, resulting
in distortion of the temperature field around the particle. It
may also happen due to the difference in thermal conduc-
tivities of the particle and the melt.
The assumption of temperature-invariant thermal proper-

ties is only for convenience. If reliable expressions for ther-
mal properties as a function of temperature are available,
these can be easily incorporated in the model equations.
The dependence of the heat-transfer coefficient at the

casting/mold interface on the rotational speed is assumed
to be negligible. However, it has been established that for
aluminum, the heat-transfer coefficient at the metal/mold
interface increases with an increase in the rotational speed.[29]

At a higher rotational speed, liquid metal exerts a larger
pressure on the solidified layer, which, in turn, results in
a better physical contact between the solidified layer and
the mold wall, improving the heat-transfer coefficient at
this interface. So, the effective heat-transfer coefficient at
the metal/mold interface can be determined using a suitable
relation, and this relation along with Eq. [14] will give
a better estimate of variation of the effective heat-transfer
coefficient with time.
There are two seemingly contradictory assumptions that

have been made. (1) For ease of computation, it is assumed
that initially particles occupy only the nodal positions in the
computation grid, and (2) During formulation of the model,
it is assumed that solid particles are uniformly distributed
throughout the melt.
The uniformity of particulate distribution can be described

more effectively with larger nodal points. A larger number of
nodes implies a smaller grid size. However, there is a limit
beyond which the grid size cannot be lowered since it has to
be greater than the particle diameter. Figure 18 shows the
variation of the particle segregation pattern in the solidified
melt as a function of the number of grids for the Al-Al2O3

system. It is observed that clustering of the particles shifts
toward the outer surface of the casting with an increasing
number of nodes, but the segregation pattern retains more or
less a similar shape to when the number of grids is varied

Fig. 16—Comparison between the present model and the Kang and
Rohatgi[1] predicted values for the particle segregation pattern.

Fig. 17—Comparison between the particle segregation patterns for the
cases with and without repulsive forces.
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from 1000, 1200, to 1400. Therefore, in this simulation,
1400 grid points have been taken into consideration. How-
ever, with a reduced number of grids, i.e., for 10, 50, 100,
and 500 nodal points, there is a significant variation in the
segregation pattern. For 10 grid points, the volume fraction
of particles in the solidified composite is more or less equal
to that of the initial melt. This observation is attributed to the
fact that, with a highly reduced number of grids, the distance
between the particles substantially increases. As a result,
particles have to travel farther distances to enter into the
adjacent volume segment, which requires a longer time.
Here, it can be inferred that particles do not have sufficient
time to move to the adjacent volume segment to form a clus-
ter and get trapped by the solidification front.
While trying to converge the time-step in the code, several

improvements were incorporated to achieve much reduced
convergence criteria (10#8), to ensure that the numerical
technique gives a solution that is close to the exact solution.
The improvements made are as follows. (1) To calculate the
values of r, c, and k for any interface of the control volume,
the harmonic mean of the adjacent nodal point values were
taken instead of the arithmetic mean, and (2) Throughout the
code, all of the calculations were carried out with double
precision to minimize the round-off error.

The results of this investigation are not on par with those
by Kang, Rohatgi and Siva Raju, and Mehrotra when segre-
gation at the outer periphery of the casting is considered for
the cases where particle density is higher than that of the melt.
In earlier investigations carried out by Kang and Rohatgi[1]

and Siva Raju and Mehrotra,[2] it is seen that segregation is
maximum right at the outer periphery of the casting for higher
density particles. However, in the present investigation, the
volume fraction of the particulates at the outer periphery of
the casting after solidification is the same as that of the initial
volume fraction up to a certain distance before achieving the
maximum in the segregation pattern for relatively lower
rotational speeds and finer particles. This chilling effect is
also seen in the case of the Al-Gr system for a 1-mm particle.
For better validation of our model, the calculated particle

segregations are compared with the reported experimental
results by Lajoye and Suery,[21] which are shown in Figure
19. All of the parameters in these theoretical calculations
were kept the same as those of the experiments conducted
by Lajoye and Suery. In their experiments, the SiC particles
of sizes ranging from 7 to 45 mm were used as reinforcing
particles and the Al-Si alloys as the matrix material. After

solidification, the hollow cylindrical casting was taken out of
the mold, sectioned, and polished for the study of the distri-
bution of the SiC particles. It is seen that the particle segre-
gation patterns predicted by the present model are in close
agreement with the experimental ones by Lajoye and Suery.

VI. CONCLUSIONS

The main conclusions of this investigation can be sum-
marized as follows.

1. The thickness of the particle-rich region in the compos-
ite decreases with an increase in rotational speed, parti-
cle size, relative density difference between the particle
and the melt, initial pouring temperature, and initial
mold temperature.

2. With a decrease in the heat-transfer coefficient at the
casting/mold interface, the rate of heat transfer
decreases, leading to an increase in solidification time,
which, in turn, results in more intense segregation of
solid particulates.

3. With an increase in the initial volume fraction of solid
particulates, both the solidification time and the final
thickness of the particulate-rich region increase.

4. The rate of solidification is very fast at the beginning,
which is more than that of the particle velocity due to
the centrifugal force for finer particles being cast at
relatively lower rotational speeds. Due to this, the par-
ticles adjacent to the casting/mold interface do not get
a chance to move toward this interface to form a cluster.
Therefore, the volume fraction of the particulates in the
solidified composite is the same as in the initial melt,
which is indicated by the horizontal sections in the fig-
ures representing Al-Al2O3 and Al-SiC systems. Thus,
in Al-Al2O3 and Al-SiC systems, with finer particles, the
maximum clustering of particles is seen only after a cer-
tain distance from the casting/mold interface. However,
for melts with coarser particles at higher rotational
speeds, maximum segregation is seen at the outer sur-
face itself, because the particle velocity is much higher
than the velocity of the solidification front and several
particles from the adjoining regions are able to reach
there before this layer is solidified. In the case of the
Al-Gr system, however, particles move toward the inner
periphery and form maximum segregation there.

Fig. 18—Particle segregation pattern wrt the number of grids. Fig. 19—Comparison between the present model and the Lajoye and
Suery[21] values for the particle segregation pattern.
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NOMENCLATURE

C specific heat, J kg#1 K#1

h1 heat-transfer coefficient at r 5 Roc, W m#2 K#1

h2 heat-transfer coefficient at r 5 Ric, W m#2 K#1

h3 heat-transfer coefficient at r 5 Rom, W m#2 K#1

h4 heat-transfer coefficient at r 5 Rog, W m#2 K#1

H latent heat of solidification, J kg#1

He effective latent heat of solidification, J kg#1

k thermal conductivity, W m#1 K#1

N rotational speed of the mold, rpm
Re Reynolds number
Ric position of the inner surface of the casting from

center, m
Roc position of the outer surface of the casting from

center, m
Rig position of the inner surface of the graphite mold

from center, m
Rog position of the outer surface of the graphite mold

from center, m
Rim position of the inner surface of the steel mold from

center, m
Rom position of the outer surface of the steel mold from

center, m
Rs(t) position of the solid-liquid interface from center, m
Rp particle radius, m
ro position of the particle at t 5 0, m
r(t) position of the particle at time t, m
s(t) thickness of the solidified casting as a function of

time, m
T temperature, °C
Tf solidification front temperature, °C
TL liquidus temperature of the base alloy, °C
TS solidus temperature of the base alloy, °C
Tm temperature of the steel mold, °C
Tg temperature of the graphite mold, °C
Tlc temperature of the liquid region of the composite, °C
Tsc temperature of the solid region of the composite, °C
TM initial temperature of the graphite and steel mold, °C
Tp pouring temperature, °C
Ta temperature of the ambient adjacent to the steel

mold, °C
Tb temperature of the ambient adjacent to the casting

inner surface, °C
t time, s
Dt time increment, s
vr Stokes velocity of the particles, m s#1

vs volume of solid particles in each segment, m3

rp density of the particle, kg m#3

rl density of the liquid, kg m#3

a thermal diffusivity, m2 s#1

v viscosity of the base alloy, N s m–2

vc apparent viscosity, N s m#2

v angular velocity of mold, rad s#1

r particle position wrt the center, m
Vf (t) volume fraction of particles in time t

Subscripts
g graphite mold
m steel mold
ic position of the inner surface of the casting

oc position of the outer surface of the casting
ig position of the inner surface of the graphite mold
og position of the outer surface of the graphite mold
im position of the inner surface of the steel mold
om position of the outer surface of the steel mold
L liquid region of the base metal
S solid region of the base metal
lc liquid region of the composite
sc solid region of the composite
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