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ABSTRACT

|

Composite materials with their well-known advantages  have ‘found
widespread usage in various engineering applicatibns. The metal matrix
composites are, perhaps, the most important class among composites for
automobile and aerospace applications because of their excellent mechanical
and lubricating properties especially at high temperatures. During centrifugal
casting of Aluminum melts containing suspended ceramic particles, segregation
of the particles occurs either to the outer or to the inner periphery of the casting
depending on their relative density compared to that of the melt. An one
dimensional heat transfer model coupled with equatibns for force balance on
particles is developed to predict the temperature distribution in the casting and
mold regions, soliidiﬂcation time of the casting and particle distribution in the
casting region. The model takes into consideration propagation of solid-liquid
interface and movement of particles due to centrifugal acceleration which takes
place either in opposite or in the same direction as the solidification front
depending on the relative density difference between particles and melt. The
solution of the model equations has been obtained by pure ‘implicit'finite
difference technique with modified variable time step (MVTS) approach.

The effects of various parameters like particle size, mold rotational speed,
relative density difference between melt and particle, etc. on segregation of
particles and solidification time have been studied. It is noted that for a given set
of operating conditions, the thickness of the particle rich region decreases with
the increase in rotational speed of the mold, particie size, relative density
difference between the particle' and melt, and the melt superheat. When the
interfacial heat transfer coefficient at the metal-mold interface is considered, the
solidification time increases with decrease in heat transfer coefficient.
Consequently, the thickness of the particle rich region decreases and hence,

more intense particle segregation obtained in metal matrix.
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CHAPTER 1
INTRODUCTION

- Composite materials have many advantages over conventional materials
because of théir superior performance in terms of their strength, stiffness, and
other mechanical properties. The ceramic-matrix - composites (CMCs), fiber
reinforced polymers (FRPs), metal-matrix composites (MMCs), etc. are
composites to name a few. Among these, the field of MMCs is developing at a
rapid pace. Several groups of inVestigators all over the world, are engaged in
research on various aspects of the MMCs with an overall objective of improving

their performance [1].

Dﬁring Centrifugal Casting processing of metal matrix composites
segregation of particles occurs due to centrifugal force, either to the outer or to
- the inner part of the casting, depending on the relative density of the particles
and the matrix. Various processing parameters, such as pouring temperature,
solidification time, pouring pattern and thermal properties of the particles and .
matrik, will significantly influence the spatial arrangement of dispersed particles
and the solidification microstructure which involved during the centrifugal casting

of the composite.

To determine the solidification time and temperature distribution of the

MMCs in centrifugal casting is difficult because ceramic particles move at a very

high velocity. Hence for a realistic observation, the mathematicél modeling

concept comes into picture. The mathematical model which is formulated in this

practice is essentially based on the heat transfer, particle segregation and

solidification consideration. One of the important features of the present model is

a more realistic representation of the variation of volume fraction of the particles

across the thickness of the casting with time. Mathematical equétions have been

“solved with the help of simple implicit finite difference techniques and using

modified variable time steps.



CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION TO MMCs

Metal matrix composites (MMCs) are a class of advanced engineering
materials in which a strong ceramic reinforcement is incorporated into a metal
matrix to tailor its physical, mechanical and tribological propertieé for specific
applications according to the design requirements. This creates new possibilities’
and chal,lenge.s for the analyst and the designer, and makes accurate analysis, a
neceAssity‘for sensitive applications. Because of these properties MMCs Ahave
played more important role in the areés of aerospace, automobile and other
simiI‘ar industries. The MMCs possess high temperature hardness, higher
strength, higher elastic modulus and low sensitivity.to temperature changes or
thermal shock. The only drawback of the MMCs is that they possess less ductility
than the matrix materials, which is overshadowed by the above-mentioned

advantages [2,3].

The functional gradient composite (FGC) is a new type of composite, that
has become attractive because of its multi-functional properties, including the
reinforced ceramic particle properties, matrix metal properties, and their
combined properties [4]. The FGCs are designed to have heat-resistant ceramics
on their high temperature side and tough metal in their low temperature side, with
a gradual compositional change. The main advantage of the FGC are the gradual
change of properties such as coefficient of thermal conductivity and electrical
conductivity, thermal stress etc. resulting from the gradient distribution of its
structure and reinforced phases, which can avoid the destruction caused by the
properties mismatch at high temperature.



2.2 METHODS OF PRODUCING MMCs

Ceramic reinforced MMCs can be prepared using several techniques.
These are usually powder metallurgy and casting techniques such as squeeze
casting, pressure infiltration, stirring casting, compo casting or rheocasting,
centrifugal casting, etc. Powder metallurgy method is the major route of solid-
state processing through which MMCs are produced. However, solid-state
processing techniques: require more time, costly equipments, and often these are
cumbersome [5]. Compared to solid state methods, liquid-state processing (like

casting techniques) characterize excellent advantages such as

. Lower production cost,

. Time consumed is less,

.  - Simple in operation,

. Secondary processes are minimized and,
e Intricate shapes can be produced.

Due 'to these advantages, liquid state processing techniqueé are
becoming more popular. During liquid state processing of MMCs, it is necessary
~ from the production and performance point of view, that there should be a perfect
mixing of particles in the matrix melts. The mixing of ceramic reinforcing particles
in the metal matrix depends on the method of producing MMCs as well as-
process variables involved. The main factors, which have ‘a bearing on mixing

behaviour, are:

. Physico-chemistry of wetting,

. Temperature and duration of preheat treatment of pér’ticles,
. Temperature of the matrix and holding time,

. Interface stability,

o Rate of addition of particles,



. Size of particles and,
o Percentage of particles etc.

During liquid-state processing rejection of ceramic particles by the meit is
a common problem. This is because most of the liquid metals do not wet ceramic
particles. This problem, however, can be overcome by employing techniques,

which improve wetability. These include:

. Addition of alloying elements,

e  Coating of reinforcing ceramic particles,
o Pre-héating of ceramic particles and,

. Stirring,

The fabrication of the FGCs has been accomplished via powder
metallurgy techniques and deposition processes such as plasma spraying,
physical vapour deposition (PVD), chemical- vapour deposition (CVD), electro
forming, and self-propagating high-temperature synthesis (SHS) [5].
Compositional gradient is achieved by varying the chemistry of the powders and
reactive gases with time in PM, PVD and CVD processes, réspectively. But these
processes are hard to be épplied in practical use due to complex techniques and
high cost. This has lead to the development of an alternative technique.
Centrifugal casting of MMCs is such an alternative technique to produce gradient
composites very easily by controlling various process parameters according to

the requirements.
2.3 CENTRIFUGAL CASTING OF MMCs

Centrifugal casting involves pouring a liquid metal into a rapidly rotating
mould, which may be mounted either vertically or horizontally, and continuing the
rotation until solidification is complete. The main adva'ntages of this technique are
good mould filling combined with good micro structural control, which usually give
excellent mechanical properties. During centrifugal casting of MMCs segregation



of particles occurs due to centrifugal forces, either to the inner or to .the outer part
of the casting, depending on the relative densities of the particles and the melt,
which results in particle reinforced FGCs [6-8]. The extent of segregation
'depends on various process parameters, such as pouring temperature,

solidification time, thermo-physical properties of particles etc.

2.4 EARLIER WORKS ON THE CASTING OF THE,MMCS/FGM

|
i

JW. Gao et.al [5] have carried out numerical investigation of the solidification
process during centrifugal casting of functionally graded materials (FGMs). They
have developed a predictive model based on the multi phase modeling
- framework for FGM solidification by centringaI casting. Using pure liquid water
‘as the matrix and glass beads as the particle phase, uni-difectional solidification,
experiments were performedin a rectangular test cell to validate the multi phase

model-

The model was used to investigate the solidification process in centrifugal
casting of Al / SiC, FGMs in cylindrical mold. Three factors were identified to be
. respon3|ble for creation of the particle concentration gradlent the geometrical
nature of the part|cle ﬂow in cylindrical mold,. the angular velocity and the
solidification rate which captures the desired gradlent- |t is the lnterruptuon of
particle migration by the solidification front that creates gradlents in the particle

concentration.

_Qingmin Liu ét,al[g] have given a theoretical analysis to obtain gradient
 distribution of particles in centrifugal field by which the particle distribution:
gradient in the composite can be predicted. Particle movement in fhe liquid is
described and gradient distribution of the particles in the composite is calculated
ina centrifugal field during solidification.



Particle distribution in the composite produced by centrifugal casting are

calculated under the conditions of
1
187n* %

> ; where d = diameter of the particle,. = viscosity of the
Apa’rp,

d>

melt, w =angular velocity, r = radial coordinate, p, =density of the liquid metal,
pp = density of the particle and Ap=p, - p, .

The solidification rate R and angular velocity w are assumed to be
constant, and there is no interaction between particles and liquid metal. The

particle volume fraction Xs in composite zone is derived as

X,=X L‘(H%Je‘/““!‘; where X, =particle volume fraction in melt added

in mold, V; = radial velocity, __

In which t = (rm — r) / R and the distribution in melt is X, = X|e™“*". The
.gradient of the particle distribution in the cdmposite by centrifugal casting is
calculated as o

G =X, x(2+rx)e™=™"
d_zAﬁ
187%

G increases with increase of radius r for Ap>0 and decreases with

Where x = Aw¥R and A = rm = internal radius of the mold;

increase of radius r for Ap <0. The factors which affect the gradient of particles

distribution also include in solidification rate R, angular velocity « particle

diameter d, density difference Ap', and viscosity of melt .

C.G.Kang et.al[10] have reported one dimensional heat tranéfer analysis during
centrifugal casting of Aluminium alloy and copper based metal matrix composites
containing AI203, SiCp and graphite particles. In this model the particle
segregation is calculated by varying the volume fraction during centrifugal
casting. The numerical modeling of particle segregation during centrifugal casting
of liquid metal containing 4suspended particle has been proposed. The volume

fraction of graphite at the inner periphery, of the cylinder and near the graphite



free region is a strong function of mold rotational time. A maximum of 52 vol
percent graphite could be concentrated at the inner periphery at a soiidification
time of 38 sec“onds. The temperature of the liquid region at the inner periphery of
the composite cylinder depends on thé speed of rotation, variation of

reinforcement and base alloy.

2.5 MATHEMATICAL MODELING

A schematic representation of the model of centrifugal casting of a MMC is
shown in Fig. 2.1. The heat is withdrawn from the liquid region of the casting,
which is at temperature of T, through the so_lidiﬁed_ composite region at
temperature Tsc,f to graphite mold at temperature T, and subsequently through
steel mold at temperature Tp, to the surroundings. Heat is also radiated away
from the inner surface of the casting. The dispersed particles in the liquid are at
temperature T, 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.

2.5.1 MODEL FORMULATION

. The. principal model equations are heat transfer equations for various
' regions comprising the process, and a force balance equation for the particulates
to quantify the segregation of particles in the liquid region of the casting.

The hwodel is based-on the following éssumptions:
1. The heatv flow is purely one dimensional and perpendicular to the mold wall.
2. The mould is filled with liquid metal instaritaneously. |
3. Thermal properties of solid and lfquid matrix melt are constant.

4. Heat transfer coefficient between casting and graphite mold decreases as the



solidification proceeds due to increase in air gap because of contraction of

casting.
5. Natural convection and movement of particles due to buoyancy is neglected.

6. The interface position between solid and liquid regions is calculated by

assuming it to be planar.

7. There is no thermal resistance between particles and liquid metal.

8. Particles are assumed to be spherical in shape.

2.5.1.1 HEAT CONDUCTION FORMULATION
The heat transfer processes in liquid melt, solidified casting region,
graphite and steel mold regions are governed by one dimensional, unsteady

state heat conduction equation written in cylindrical coqrdinates,

' 2
LI, 5§+l% (2.1)
ot or- r or
Where
a, _ K | : (2.2)
»,C,

and i = lc sc, g, m for the liquid composite, solid composite, graphite and for

steel mold regions, respectively.

The ai ‘and 0sc are estimated by determining the volume fractions of the
solid particulates in the liquid and solid composite regions, which vary with time
due to movement of particles owing to thé density difference between the liquid
metal rhatrix and solid pérticulates. The thermal conductivity, density and specific
heat of composite in either the liqUid or solid regions are determined by the rule
of mixtures described as follows as a function of volume fraction of particl'es Ve (t)
with various times *, o o

Kse = (1 = VK(1)) ks + Vi(t)kp (2.3)



Kie = (1 = V() ki + Vi{t)ko ., (2.4)

Psc = (1 = V(1)) ps + Vi{t)pp (2.5)
P = (1 =Vi(t) pi+ Vilt) pp @8

o = (1= Vi) Co + VA, (2.7)
Cic = (1 = V{1))Ci + VH(t)Cp | (2.8)

_ Where, the volume fraction V{t) depends on the viscosity of the alloy,
particle size, mold rotational speed and the density difference between the
particle and the molten metal. |

~ The rate of solidification of the liquid composite is significantly dependent
upon air gap formed at the casting-graphite mold interface due to the contraction
of the casting as well as thermal expansion of the mold during solidification, and
also to some extent the air gap at graphite mold-steel mold in-terface due to
imperfect contact. It is assumed that the heat transfer coefficient between casting

and graphite mold due to air gap varies as [11],
s(t)

h A\ | :
hy=h| = | ' (2.9)

Where, h; is initial heat transfer coefficient, hs is final heat transfer

coefficient, s(t) is solidified thickness and r; is total thickness of the casting.

Initial condition:
| During centrifugal castlng before pouring the molten metal (which is at
temperature Tp) into the mold, the mold is preheated to a certain temperature(Twu)
to avoid the thermal damage to the mold. Therefore the initial temperature
distribution (at time ¢ = 0) in the casting and mold regions is considered as:
Tie = Tp (2.10)
Tg = Tm = Ty ENVET)



As soon as the liquid metal comes in contact with the mold wall, the

temperature of the metal-mold interface increases suddenly. The initial interface

temperature can be approximated by considering

the

energy

conservation within the very thin layer of the metal and the mold in an adiabatic

system [12]. The detailed description is presented in Appendix A.

Boundary conditions:
The boundary conditions in different regions of the casting and the mold

are as follows :

1.

At the inner surface of the casting, i.e., atr =R

o7,

b Sk ~ (T, -T,)

Ic

At the outer surface of the casting, i.e., at r = Ry

orT,
k= =h(T, - T,)

At the inner surface of the graphite mold, i.e., atr = Ry

.~k i]'w‘g_:h;(]:a _Tgi)

g

At the outer surface of the graphite mold, i.e., atr = Ryg

k2 =h (1, -,

4

At the inner surface of the steel mold, i.e., atr = Rim

or,

k= (1, - T,,)

m

At the outer surface of the steel mold, i.e., atr = Rom

b, Do (1, -T,)
or

m no

At solid-liquid interface, i.e., atr = Rs(¢)
Tsc = Tlc = Tf

10

(2.12)

(2.13)

(2.14)

2:18)

(2.16)

(2.17)

(2.18)



8. The energy balance at solid-liquid interface, i.e., at r = Rs(t) is obtained by
equating the rate of heat removed 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.,

Moo o g ey, g0 (2.19)

—k -
¢ or c ar Pse EY

'2.5.1.2 PROBLEM FORMULATION IN TERMS OF
DIMENSIONLESS VARIABLES

Since the problem does not permit an exact analytical solution, numerical
“solution techniques have been adopted, as these can provide results of assured
accuracy. To facilitate solutions via a finite difference technique, it appears
advéntageous to work in a domain of unchanging size in which the grid can be
fixed once and for all. This requires that the moving boundary be immobilized by
the transformation of variables [10,13,14]. This also serves to introduce
dimensioniess variables. For this a new coordinate system with origin at the outer
surface of the casting is defined which is schematically shown in Fig. 2.2. The
thickness of the solidified front at a given time is represented by s(f). The
problem then is to find the time taken for the solid liquid interface to move from
r=0tor =r. |

The new space coordinates in solid and liquid regions are defined as

r R _—r -
£ = (0<r <s(t) (2.20)

IEOED

_r-s(t) R, -r-s(f)
st r—s()

(s)<r <r) (2.21)

sothat 0 =<1 and 0 =n =1 in the each region respectively for all the time. The

following relations respectively for the solid and liquid regions facilitate the

11



transformation of the goverhing equations,

o e o_0 fawo 292
o s(t) OF o o s() di o0&
9 -1 0 0_0 (-n dsit) 0 : | (2.23)

o r-s)on A o r—s@ di on

The additional terms in the transformation of terms in Egs. (2.22) and
(2.23), respectively, have an interesting physical interpretation. They represent
convection associated with the immobilization of a moving boundary. An
observer positioned on an immobilized moving boundary sees mass moving

toward (or away) from him, and this mass is responsible for convection[15}.

The transformation of governing equation (2.1) for solid region and the
boundary conditions to the solid region, Egs. (2.13) and (2.18), are written as

follows, respectively,

2 .
a]:'c — a:c a T.sc + é: dS(t)_ asc 1 aTsc (224)
or . s*() 8ET | s@t) dt R, —&s(r) s(r) | 08
N
at =0 =—=2=h\l,. -7, 2.25
5 S(t) agz ](oc tg) ( )
at  &=1 Te=Tec=Ts (2.26)

Similarly for the liquid region O0s=n=< 1 the Eq. (2.1) and the boundary conditions
represented by Egs. (2.18) and (2.12) are transformed, respectively, as

T, ! ds(1) ), 01}, o, 07,
_ _ _ e (2.27
o (r- s(z))[(1 ) a (R, -s@)-n(r - s(t)):l on i (r -s) on? (e.21)

at N=0 Tic=Te=Ts (2.28)
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=1 ke e _p (- Tp) o (2.29)
r,—s(t) on '

The energy balance equation (2.19) at the solid-liquid interface can be rewritten

as

os() _ k. [ 18T, k, 1 aT, (2.30)
s(t) 65k, r,—s@t) on | .

o Hp, k.

The effective latent heat involved in solidification is also reduced because the
ceramic particles contained in the compaosite melt are not involved in solidification

process. The effective latent heat (He) is given by,

Ho=H (1 =Vs(t)) | - (2.31)

Since there is no phase transformation in the two mold regions, Eq. (2.1) without
' transformation is used to calculate the graphite and steel mold temperatures.

2.5.1.3 FORCE BALANCE ON PARTICLES

o Under a constant acceleration, when the fluid is under laminar flow, that is,
- the Reynolds number R, < 1, the velocity of the spherical particle is deduced

from Stokes law to be,

4R Apw’r
18v

14

r

(2.32)

Where R, is radius of the particle, w is angular velocity, r is particle positibn, A
viscosity of the melt and Ap = p,— p; density difference between the particle (Pp)
and liquid metal (o). The Reynolds number is given by,
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prrZRp
v

(2.33)

e

During vertical centrifugal casting, a particle which is suspended in the liquid is
subjected to a vertical acceleration due to gravity g and to a centrifugal
acceleration y = w?r. Generally y is much greater than g which allows the vertical
displacement of the particle to be ignored. Therefore the different forces on the
particle are (i) centrifugal force due to the rotation, (ii) viscous force due to drag
effect, and (iii) repulsive force due to movement of solid-liquid interface, which-is

shown in Fig. 2.3

The force balance equation on ‘the particle due to centrifugal, viscous, and

repulsive forces can be expressed as[16]

Fo—Fy—Fr = Fret (2.34)
where Fpe is net force on the particle, F, is force due to centrifugal acceleration,
F. is viscous force, and Fg is repulsive force. Since the repulsive force is
significant only on those particles, which are in the vicinity of the solid-liquid
interface, for the sake of simplicity from the calculation point of view, this term is

neglected. The Eq. (2.34) can be rewritten as

4 dr 4 d*r
’3—7TR13,(,OP - p,})zr - 67Z'URP -d—t = '57[R3,Dp W (235)

Solution of Eq. (2.35) for a particle, moving at a constant velocity, which gives its

position of the particle at any instant of time t as

40 (IDP _pl)RPt:| (236)

18v

r(1) =1, (1) exp{

Where r(t) is position of the particle at time t=0

Equations (2.32) and (2.36) are valid only when an isolated particle of radius,

I 2 2
v~ 3 :
R <R =|—-v—m0 2.37
poop (4Apa)2rp,j ’ 3 )
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is under movement in the liquid [17]. 'But' several phenomena have to be
~ considered when a liquid containing suspended particles is solidified in a mold

rotating at high velocity.

) The interaction between the moving particles and the solidification front.
. The variation of viscosity of the liquid due to movement of particles.
. The interaction between the particles in the liquid.

In this regard, following assumptions are made

1. The motion of the particles is stopped by the liquidus front, i.e. the particles
do not move m the mushy zone of the casting and they are.not rejected by the

solidification front.

2. Equations (2.32) and (2.36) are valid only for the motion of an isolated particle
in a liquid. But for large volume fractions, interaction between particles occurs
thus reducing their velocity. It is assumed that the reduction in velocity can be
characterized by an increase of apparent viscosity of the liquid. The apparent

viscosity can be represented as [18]
v, =vll +2.57,(0)+10.0577(1)]  (2.38)

3. Furthermore it is assumed that segregation of particles can only occur up to a

“maximum volume fraction taken equal to 52%.

~ 2.5.1.4 DETERMINATION OF VOLUME FRACTION

In order to determine the volume fraction variation in liquid metal. matrix,

. the casting thickness is divided into n equal segments. Nodal points are

considered at the extreme positions of each segment. The volume fraction of
particulates in each segment is defined as the ratio of volume of particles to the

total volume of the each segment and is given as

LA L_ (2.39)
S Vs _*_]'/, 1+ psml -
plms

where Vs is the volume of reinforced pérticles, and V; is the volume of the metal
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matrix in each segment. Since the initial volume fraction of particles is known in
each segment, the volumes and.masses of the solid particles and matrix melt
can be obtained using the following relationships,
Vs=VsV, Vi=V-V (2.40)
ms=Vsps, m=Vp (2.41)
Where V is total volume of each segment, ms is mass of solid in each

segment, and my is total mass of liquid in each segment.

For simplicity, the particle positions are considered at the nodal points.
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 volume
of particulates in between two consecutive nodal points always remains the
same. The new particle positions can be obtained by Eq. (2.36). From the new
particle positions, total volume of each segment of unit length can be obtained.
The new volume fraction of particles in each segment at time, t + At is obtained

as foliows:

V
. V .(t+ A = — £ , 2.42
R = =T W )| (2:42)

v

(t+ At)s— 2t + ) (249)

>p, V (t+Af)=—
pp pl f( ) ﬂ_lr.z

i+l
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CHAPTER 3

FORMULATION OF PROBLEM

During the centrifugal casting of particle reinforced MMCs, it is very
difficult to determine the temberature distribution and solidiﬁcationfime by
experimental techniques, as the mold rotates at a very high speed 'du'ring
solidification. Because of this, accurate date on solidification time 'and
temperature distribution in the case of centrifugal’casting of MMCs are not
available. Therefore it is necessary to estimate the solidification time and the
influence of other parameters on the solidification time in the case of cenfrifu_gal
casting of rﬁetal matrix composite through in‘directvmeans. Analytical -method
involving heat and mass transfer anelysis can be useful under such condition but

this also becomes a complex problem.

Mathematical modeling of the casting process based on heat and>mass
transfer analysis can be a useful alternate methodology. Numerical solution of
model equations using “Finite Difference Technique” has been attempted in the
present study. The heat transfer coefficient between the cast-mold interface,
mold speed, thermo-physical prb_perties of particle, and initial temperatures of the
melt and the mold are considered as basic parameters which have affect on

solidification time and segregation of the particles in the MMCs.

Unlike the previous work of Kang and Rohatgi[10] in which the variation bf
the volume fraction is considered as a function of particle movihg distance, the
heat transfer coefficient between the metal-mold interface is assumed as
constant, and the chahge in latent heat content due to presence of particles
during solidification is neglected, in the present formulation the variations in the
heat transfer coefficient and latent heat content are considered with appropriate
relations. Also the variation of the volume fraction of the particles with time. is
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considered by ensuring the total mass of the particles in the casting is conserved

for all the time.

The final attempt has been made to find out the effect of the various
parameters like rotational speed, particle size, relative density differenée, initial
pouring temperature, heat transfer co-efficient etc. on the:

(i) Thickness of the particle rich region,
(i)  Solidification Time and |

(i) Temperature distribution within the casting as well as in the mold region.
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CHAPTER 4
PROCEDURE FOR SOLVING MODEL EQUATIONS

The model equations have been solved numerically by using simple
implicit finite difference technique. For this the "r~t" domain is subdivided into

small intervals of constant Ar in space and variable At in time as shown in Fig.
4.1. The variable time step approach is used to solve the problem. This approach
requires that at each time level t, the time step Afy, is so chosen that the interface
moves exactly a distance Ar during the time interval At, hence always stays on
the node. Therefore, the problem is mainly concerned with the determination of

the time step At = f,+1 —t, such that in the time interval from ¢, to t,+s the interface

moves from the position nAr to the next position (n + 1) Ar.

4.1 FINITE DIFFERENCE APPROXIMATION

The .differential equation and the boundary conditions for both the mold
region and casting region can be discretized by using implicit method with the
central difference scheme [19]. The thickness of each mold region is subdivided
into n equal grids, but for casting region the total casting thickness is subdivided
into n equal grrids. The number of grids in the solid and liquid composite regions
vary with time. It means that for the solid composite region the number of grids
(m) goes on increasing as the solidification proceeds, and for the liquid composite
region the number of grids (n -n;) decreases, but their sum always remains same
as n

Equations (2.1), (2.24), and (2.27) are solved with boundary conditions
Egs. (2.14) through (2.17), (2.25), (2.26), and (2.29) using implicit finite difference
scheme. The resultant discretized equations are arranged in tridiagnol matrix
form and the solution df these equations can be obtained by using Thomas
Algorithm (TDMA) which will give temperature distribution in both casting and
mol'd' regions for a particular time step Af,. The detailed description is presented
. in Appendix B.
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4.2 DETERMINATION OF TIME STEPS

During the. solidification the interface moves from the posiﬁon nAr to the
position (n + 1) Ar Within a time interval of Af; = ti1 - t; (Shown in Fig. 4.2). |
Using modified variable 'ti_rhe step (MVTS) method, the actual value of Af is

obtained by iteration as follows [20],

1. An initial guess value for the time step At; chosen as At; = At; @
2. Using At @, first estimate for the nodal temperatures is obtained by solving
the finite difference equations for the mold-and casting regions.

3. First estlmate for the time step At; Vis obtained by using estimates
e Pz

4. Using At ™ repeat the steps (2) and (3) to obtain At @
5. lteration is carried out until the difference between the two consecutive time

- steps satisfies a specified convergence criterion.

6. To obtain At.s assume At“” = A, and repeat the steps from (2)to (5 )

i+l

7. Repeat steps from (2) to (6) till the solid-liquid interface reaches the inner

surface of the casting.

4.3 SEGREGATION OF PARTICLES

During centrifugal casting, segregation of particies takes place in the liquid.
" composite due to the movement of particles resulting frorh difference in densities
- of the particles and the melt, and also due to centrifugal acceleration. By solving
. the Egs. (2.42) éhd (2.43) 'through Eqg. (2.36) and Eq. (2.38), the thickness of the
p_article rich regicn can be 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: charactenzed by the temperature region (7s < T < T.), because

" in this zone the vrscosuty, Ve, Sharply increases.
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CHAPTER 5

RESULTS AND DISCUSSION

The model equations are solved to evaluate (i) thickness of the particle
rich region, (ii) solidification time, and (iii) temperature distribution within the
casting as well as in the mold regions, for various operating conditions. The
variables examined are (i) rotational speed of the mold, (ii) heat transfer
coefficient between cast-mold interface, (iii) initial temperatures of liquid metal
and mold, and (iv) thermo physical properties of particles. Thermo physical
properties of matrix metal, reinforcement particles, and graphite and steel molds
used in the simulation are given in Table 4.1 [21,22]. Various design and
operating parameters, like 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 simulation are tabulated in
Table 4.2 [10,22]. The cooling conditions at the inner surface of the casting and
at the outer surface of the steel mold are defined in terms of heat transfer
coefficients hy, hs respectively and the heat transfer due to the air gap at the
metal-mold interface is characterized by the heat transfer coefficient hy. Since the
actual values of hy are not known, computations have been carried for a wide
range of values of this coefficient 1000 to 5000 Wm?K'. The results of simulation

are presented in the following sections:
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Table 5.1: Thermo physical properties of matrix metal, reinforcement

particles, and mold materials.

Themophysical Aluminium | Al,O3 | SiC | Graphite | Carbon Steel | Graphite
properties (A356) Mold Mold
KWwm'K™") 159 24 |24 |38 57.8 38
o(kgm™) 2685 4000 | 3200 | 1900 7800 1900
C(Jkg K™ 963 600 [690 |710 481 710
Ts(°C) 555 - - - - -

T.(°C) 615 - - - - -

T{"C) 555 - - - ; -
H(Kikg") | 389 . - . -
To(Nsm?) 0.002 - ; : 5 :
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Table 5.2: Design & operating parameters used in simulation

Outer dia of steel mold, Dom (mm) 215.0
Outer dia of graphite mold, Dog (mm) 150.0
Outer dia of casting, Dyc (mm) 100.0
Inner dia of casting, Dic (mm) 80.8
Heat transfer coefficient between the mold-metal

interface, hy (Wm? K7 1000 to 5000
Heat transfer coefficient at the inner surface of o
casting, h, (W m2K") 8.4
Heat transfer coefficient at the

outer surface of steel mold, hs (W m2 K) 8.4
Heat transfer coefficient between

the graphite-steel mold interface, hy4 ( Wm K) 10000
Initial pouring temperature of liquid metal, 7, (°C) 730
Initial mold temperature, Ty (°C) : 250
Speed of rotation, N (rom) 1000
Particle size, R, (u,m) 2

Initial heat transfer coefficient due to
air-gap at the metal-mold interface, hi (W m? K) 1000

Ratio of initial to final heat transfer coefficient, :— 10
s




5.1 PARTICLE SEGREGATION CALCULATIONS

For various sets of operating conditions, the thickness of particle rich
region has been calculated. Typical results of these calculations are presented in
the form of (i) volume fraction and (ii) thickness of particle rich region for the
entire region of the casting in Figs. (5.1) through (6.6). The.main parameters,
which influence the displacement velocity of the particles, are centrifugal
acceleration, size of the particle, and relative density difference between the

particle and the melt.

5.1.1 EFFECT OF ROTATIONAL SPEED OF CASTING

Figure. 5.1 shows the effect of speed of rotation of casting on the
. thickness of particle rich region, for three different values of rotational speeds,
namely 1000, 1250, and 1500 rpm. Figure. 5.1(a) is for the case where the
reinforcement particles are heavier than the matrix melt, while the Fig. 5.1(b)
represents the case when the matrix melt is heavier than the’ reinforcement
particles. From this figure, it is evident that with the increase in speed of rotation,
the thickness of the particle rich region decreases. This is due to the fact that as
the speed of rotation increases the centrifugal acceleration increases which
. causes increasé in centrifugal force on the particles. Depending upon the relative
_density difference between the particles and the matrix melt, and whether it is
positive or negative, the particulates move with greater velocity towards the outer
or inner p_erip'hery of the casting. The thickness of the A/,O; rich region varies
from 0.008 to 0.0053 m, while that of the graphite-rich region thickness varies
from 0.0086 to 0.007 m as the speed of rotation increases from 1000 to 1500

| rpm, after 10 seconds from the start of solidification, as shown in Fig. 5.1.

5.1.2 EFFECT OF PARTICLE SIZE

| Figure. 5.2 shows the effect of particle size Ry on the thickneésof the
particle rich region, for three different values of R,, namely 1, 2, and 3 ym. From
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this figure, it is evident that the thickness of the particle rich region decreases
with increase in particle size leading to more intense segregation in both cases,

i.e. (i) when p, > p,;, and (ii) when p, < p,. While in the former case particles are

segregated towards the outer periphery, in the latter case the segregation is

towards the inner periphery.

During the particle motion in the liquid melt, the ICentrifugal and the viscous
force on the particle will act opposite to each other. With 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 rapid.iy
towards the outer or inner periphery of the casting depending upon the relative
density difference between the particles and the liquid melt. The thickness of the
particle rich region for A/ — Al,O3 and A/ — Gr composites varies from 0.0095 to
0.0053 m, and from 0.0096 to 0.007 m respectively, as the particle size increases '

from 1 to 3 um after 10 seconds of solidification time, as is shown in Fig. 5.2

5.1.3 EFFECT OF RELATIVE DENSITY DIFFERENCE
BETWEEN PARTICLE AND MELT

Figure. 5.3 shows the effect of relati'vé densify difference between
partiéles and melt, (op — o1 ), on the thickness of the pahicle rich region. The
thickhess of the particle rich region for SiC particles is more than that for the
Al,0; particles. With increase in felative density. difference between particles and
liquid metal matrix, the net centrifugal force on the particle increases which in
turn, results in moving the particle to a farther distance. This leads to more
intense particle segregation towards the outer periphery of the casting for the
case pp, > pi. As the particulate density increases from 3200 to 4000 kg m'é', the
thickness of the particle rich region decreases from 0.0088 to 0.0068 m after a
period of 10 seconds from the start of solidification as is shown in Fig. 5.3. The
speed of rotation in this simulation has been maintained at 1250 rpm.
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5.1.4 EFFECT OF INITIAL POURING TEMPERATURE

Figure. 5.4 shows the effect of initial pouring temperature of the metal on
the particle segregation, for three different values of T, , namely 650, 730 and
800 °C for three pahicle sizes, namely 1_, 2, and 3 ym. The heat transfer
coefficient h; in this simulation is taken to be as 5000 W m™? K. From the Fig. 5.4
it is evident that, with the increase in initial pouring temperature (T,), the
thickness of the particle rich region decreases, or in other words, the thickness of
the particle free region increases for all three particle sizes considered. Higher
initial pouring‘temperature essentially means that more heat is to be removed
from the MMC melt before the solidification begins. Hence, it takes long time for
the MMC melt to solidify. During this extra time period, the reinforcement

particles are able to segregate more.

5.1.5 EFFECT OF INITIAL MOLD TEMPERATURE

Figure. 5.5 shows the effect of initial mold temperature (Tu) on the
thickness of the parﬁcle free region for three different values of Ty namely 200,
250, and 300°C for three particle sizes, vnz 1,2, and 3 ym.

For this simulation also the heat transfer coefficient between the metal-
mold interface is taken to be 5000 W m ™K. It is observed that, with the increase
in initial mold temperature, the thickness of the particle free region increases as
in the previous case. In this case -also with increase in mold temperature,
solidification time increases because of the reduced heat transfer between the
melt and the meld owing to the reduced thermal gradient between two. This
again leads to more intense segregation. From the comparison of Figs. 5.4'and
5.5 it is evident that the effect of initial mold temperature on intensity of
segregation is much more as compared to the effect of initial pouring

temperature.
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5.1.6 EFFECT OF HEAT TRANSFER COEFFICIENT AT
THE MOLD-METAL INTERFACE

Figure 5.6 shows the effect of the heat transfer coefficient between the
mold-metal interface (hy) on the thickness of the particle rich region. From the
figure it is evident that the heat transfer coefficient is a key parameter for particle
segregation. It is known that the rate of heat transfer is directly proportionai to the
heat transfer coefficient between the metal-mold interface. With reduction in heat
transfer coefficient, the heat removal rate décreases. Hence, the total heat
required for solidification of composite'casting' increases, resulting in more
segregation of the particles. Accordingly a reduction in the thickness of the

particle rich region is observed in Fig. 5.6

5.1.7 EFFECT OF SOLIDIFICATION TIME

Figures. 5.7 and 5.8 show the variation of volume fraction of particulates
as a function of time for three different particle sizes, namely, |, 2, and 3 ym. The
heat transfer coefficient between the metal-mold interface in these two
simulations are taken to be 2000 and 5000 W m™2K™" respectively. From these
figures it is evident that, with the increase in solidification time, more time is
allowed for the particles to move in the liquid melt. Thus results in more intense
‘segregation of particulates. It is also observed that with increase in particle size
or decrease in heat transfer coefficient, there is a reductioni in the thickness of
particulate rich region as discussed earlier (Figs. 5.2 and 5.6). From Figs. 5.7
and 5.8, it is observed that the heat transfer coefficient at the metal-mold
interface, hy, is one of the important, parameters along with the particle size,
which control the intensity of segregation. With increase in hs, the heat removal
rate increases. Hence, the total time required for solidification decreases,
resulting in lesser éegregation of the particles. The final thickness of the particle
region for Al-Al,O; varies from 0.007 to 0.002 m and 0.0078 to 0.0022 m for the
values of heat transfer coefficient 2000 and 5000 Wm'zK ' respectively, as the
particle size increases from 1 to 3 ym. By increasing particle size from 1 to 3 ym

almost all the particles are segregated towards the outer periphery of the casting.
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5.1.8 EFFECT OF PARTICULATE VOLUME FRACTION

Figure 5.9 shows the effect of initial volume fraction of the particulates on
the final distribution of the volume fraction of particulates and also on the
thickness of the particulate rich region of the casting. From the figure it is evident
that with increasfng initial volume fraction of solid particulates, the final thickness
of the particulate rich region increases. With increasing initial volume fraetion of
particulates viscosity of the liquid composite increases, there by reduces the -
motion of the particles. This results in more particle rich region.

5.2 SOLIDIFICATION TIME CALCULATION

For various sets of operating conditions, the times required for complete
solidification ot the cast.ing have been calculated. Typical results of these
calculations are presented in the form of (i) solidified thickness of the shell, and
(ii) total selidiﬁcation time, in figs. 5.10 through (5.14). The main parameters,
which have effect on solidification rate, are the pouring temperature, the mold

temperature, and the heat transfer coefficient at the metal-mold interface.

5.2.1 EFFECT OF INITIAL POURING TEMPERATURE

Figure 5.10 shows the development of the solid shell thickness as a
function of solidification time for three different initial pouring temperatures,
namely, 650, 730, and 800 °C. The time for complete solidification of the casting
| ie’the time' when the shell thickness becomes 0.01 m (the casting thickness). It is
i _evrdent that the time for complete solidification increases with increase of initial
| pourrng temperature of the molten metal. This i is due to fact that wrth increase in
To total heat content mcreases and more time is requrred to withdraw this
excess heat Fugure 5.11 shows the variation of total solidification time as a
"functron of |n|tral pourlng temperature for Al;O3 particles of three different sizes,
: vrz 1, 2 and 3 pm It is seen that total solidification time substantially increases
with lnoreasmg part|cle size. From the earlier discussion on effect of particle size
on partiCIe segregation (Fig. 5.2) it is evident that more intense segregation takes
- place with increasing particle size. Since Al,O3 particles are heat resistant
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materials, with the increase in volume fraction near the outer periphery of the
casting the thermal diffusivity substantially decreases in that region. This results
in decrease in rate of heat withdrawal necessitating longer duration for

solidification of the casting.

5.2.2 EFFECT OF INITIAL MOLD TEMPERATURE

. Figure 512 is a plot of solidified shell thickness as a function of
solidification time for four different initial mold temperatures, namely, 200, 250,
300, and 350 °C. From this ﬂguré it is evident that the time required for complete
solidification of the casting increases with increase in initial moid temperature. As
'the initial mold temperature increases, the temperature gradient between the
composite and the mold decreases which in turn reduces the heat transferArate.
This results in longer time for complete solidification of the casfing. From F_ig.
5.13 it is further observed that the total solidification time increases with the

increase in particle size as in the case of Fig. 5.11.

5.2.3 EFFECT OF HEAT TRANSFER COEFFICIENT AT
- THE MOLD-METAL INTERFACE

Figure 5.14 shows the effect of heat transfer coefficientl at the metal-mold
interface (hy) on solidification rate. In this figure the variation of the solidified shell
thickhess as a function of solidification time is plotted for three different values of
hy namely, 1000, 2000, and 5000 W m? K. It may be noted that h, itseif
changes with time according to the Eq. (2.9). It is observed that, as the value of
hi decreases the interface offers more resistance to heat transfer from casting
side to the mold. This leads to requirement of more i’time_ for cemp'lete
solidification, as shown in Fig. 5.14. |

As the solidification proceeds the thickness of the air-gap formed between
the metal-mold interface goes on increasing due to contraction of the casting and
~also due to thermal expansion of the mold. THis'results in reduction in heat
transfer coefficient between the metal-mold interface with time. Thus the rate of
solidification decreases as the solidification front progresses from outer to the
inner periphery of the casting, which is evident from Figs. 5.10, 5.12 and 5.14.

29



5.2.4 EFFECT OF PARTICULATE VOLUME FRACTION

. Figure. 5.15 shows the variation of total solidification time as a function of
the volume fraction of reinforcement particulates. As the initial volume fraction of
pariiculatesvincreases the effective thermal diffusivity of composite reduces. This

results in longer time duration for complete solidification of the casting.

5.3 TEMPERATURE PROFILES IN THE CASTING AND MOLD
" REGIONS |

The temperature profiles in the casting as well as mold regions have been
calculated soI\}ing the energy balance equations along with the appropriate
‘boundary conditions gi'ven in Appendix B. Figure 5.16 is a plot of temperature
profiles at the outer and inner surfaces of the graphite mold region at rotational
speed of 1000 rpm for three different values of hj, namely 1000, 2000, and 5000
W m2K. Higher interfacial heat transfer coefficient results in higher temperature
both at the inner as well as outer surfaces of the graphite mold. This is because
the higher heat transfer coefficient signifieé better thermal contact between the
casting and mold. From the figure it is evident that with the decrease in hy there
“is local codling effect at the inner surface of the mold. Figure 5.17 shows the
variation of temperature at the outer surface of the casting for different values of
7h1 It is seen that with decreasmg hy, there is a local heatmg effect at the outer
surface of the casting. It is further noted that with decreasing hy the local heating

begins at the early stages of the solidification.

Due to the reduction in heat transfer coefficient between the metal-mold
inte’rface with time, the raté of heat transfer from the casting to the mold goes on
decreasmg Since the interface is unable to discharge the amount of heat
‘supplied to it from the liquid region of the casting through the solidified shell,
there is a local ‘heating effect on the castmg side near the outer periphery.
"Slml!arly the rate at which the heat is been supplied from the metal-mold

interface to the mold is less than the rate at which the heat is withdrawn from the
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mold wall to the ambient. This causes local cooling at the inner periphery of the

mold, as shown in Figs. 5.16 and 5.17.

54 DISCUSSION

The salient feature of the present formulation is a more realistic
representation of the variation of the volume fraction of the particles due to
particle movement in the liquid composite region. Unlike the previous. work. of
Kang and Rohatgi[10] in which the variation of the volume fraction.is considered
as a function of moving distance only and the effect of presence of particle on the
latent heat of solidification is neglected, the variation of volume fraction in the
present formulation is estimated ensuring that the total mass of particles in the
casting is conserved at all times and the latent heat of composite melt is modified
depending upon the volume fraction of the liquid metal matrix in the melt.

The earlier works of J.W. Gao and C.Y. Wang[5] and Kang and Rohatgi[10]
showed the effect of various parameters on the particle segregation, solidification
time and temperature profiles in the casting and mold region. The present model
is not-only matches with theirs results but may also predict more efficiently and
can be compared. |

1) Effect-of rotational speed :- They have given that with the increase in
rotational speed, the particle rich region decreases. This model also
indicates the same result as can be seen in fig 5.1(a) and 5.1 (b).

2) Effect of particle size :- JW. Gao and C.Y. Wang[5] predicted that the
larger particle size settle faster than the smaller particle. For Iafger
particle, larger is the particle free region and for smaller particle, smaller is
the particle free region. Our result also predicts that the thickness of the
particle rich region decreases with increase in particle size as shown in
fig 5.2.

3) Effect of relative density difference :- Kang and Rohatgi[10] shows that
higher the density difference between the base alloy and reinforcement,

the mere is the particle segregation. The preseht model shows that with
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increase in density difference, particle segregation at the outer periphery -
 ofthe casting wiI'I. increase as can seen be from fig 5.3.

4) Effect of Initial Mold Temperature :- Kang and Rohatgi[10] have
reported that the solidification time increases with the increase in initial
mold temperature. Our model also predicts the similar result as shown in
fig 5.12 and also indicate that with increase in initial mold temperature, the
thickness of the particle free region will increase as can be inferred from
fig5.5 |

~ 5) Effect of Heat transfer coefficient :- JW. Gao and C.Y. Wang[5] have
found that a lower cooling rate will allow the particles to settle and hence
form a longer particle free region. Our model also arrives at same
conclusion [fig 5.6] Kang and Rohangi [10] had reported that the higher
the value of hy, the lower the temperature distribution between the
graphite mold and the casting region. Our result also indicates same
trends as can be seen in fig 5.17.

6) Effect of Particle volume fraction :- JW. Goa and C.Y. Wang [5] had
repated that the thickness of the particle free zone decreases with
increasing initial particle volume fraction. The present model gives that
‘with increasing initial volume fraction of solid particulates, the final

“thickness of the particulate region increases, as shown in fig 5.9.

The force balance on the particles and energy balance equations are
" nonlinear and mutually coupled. Solution of such partial differential equations in
their original form is often difficult because of the associated problem of
convergence and also the boundary is moving with time. It is a advantage to
- work in .th'e_domain of unchanging size in which the grid is fixed once and for all.

One way to get around this problem is to transform the governing differential
'~equ}ation$ and the associated bodndary conditions into their equivalent
" dimensionless forms. In the dimensionless form the system of equations
~becomes scale free.

32



Formulation of the model is based on assumptions, some of which may
only be partially valid. For instance, the assumption of interface between the solid
and liquid region to be planar is an approximation. Strictly speaking the
solidification front can be planar, cellular or dendrite depending upon the rate of
solidification. It is very difficult to predict the either cellular or dendrite morphology
of the solidification front, hence the assumption of planar solidification front is
made.

The assumption of negligible thermal resistance between the particles and
melt can also be questioned. In actuél 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 reaction associ.ated with the phenomena
taking place at the surface of the particle. This heat may appear as a heat soufce
at the particle melt interface. Further, a chemical reaction at the surface may
result in formation of a product layer which offers thermal résistance to the heat
flow, resulting in distortion of the temperature field around the particle. This may,
in any case, happen also due to the different thermal conductivities of the particle

and meit.

The assumption of temperature invariant thermal properties is just for
convenience. If the reliable expressions for thermal properties as function of
temperature are available, these can be ecasily incorporated in the model

equations.
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CHAPTER 6
CONCLUSIONS

A mathematical model based on particle segregation, heat transfer and
solidification considerations have been formulated to simulate thé centrifugal .
casting process of Aluminum matrix composites. Model equations include energy
balance for various zones and force balance on particles to find the pafticle,
position and volume fraction. To make the model more general and also to work
in a domain of unchanging size in which the grid can be fixed once and.for all,
the heat transfer equations and boundary conditions for the casting region are
written in terms of dimensionless variables. Variation of the particle; volume
fraction in the casting region is considered by assuming that the total volume of
particulates in each segment reméins the same at ali times, but the total volume
of each segment itself changes with time and the total mass of particles in the

casting is conserved at all times.

'For the solution of the model equations an implicit finite difference scheme
is employed, in which for the first order diffusive terms: central difference scheme
is adopted. The resulting equations are arranged in a tridiagonal matrix form and
are solved by using Thomas Algorithm [20]. In order to find the solidification time
for each segment, an iterative procedure, called modified variable time step
(MVTS)[21] approach has been used. The modei equation has been solved in
one dimension in ragial coordinate system and for unit length ?of the cylinder.

Based on simulation results, following conclusions are drawn:

1. For a given set of operating conditions, the thickness of the particle rich
region decreases with the increase of (i) speed of rotation of the mold, (ii)
particle size, and (iii) relative density difference between the particle and

melt.

2. When an interfacial heat transfer coefficient at the metal-mold interface is

considered, both the solidification time as well as the thickness of the
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particle rich region decreases with the decrease in heat transfer

coefficient.

3. A higher superheat of melt requires more time to for the metal to solidify,

which results in reduction of the thickness of the particle rich region.

4. The initial temperature of the mold (preheating temperature) has a
significant influence on the solidification time depending upon the relative

value of the interfacial heat transfer coefficient.

5. For a given set of operating parameters, the solidification time increases
with the increase in particle size. This is due to lowering of the thermal
diffusivity .of the composite due to increase in the volume fraction of the

insulating reinforcement particles.

6. As the heat transfer coefficient at the graphite mold-casting interface
decreases, there is a local heating effect in the outer region of the casting

and a local cooling effect at the inner surface of the graphite mold.

This proposed mode! predicts véry well the effect of various paraméters
on the particle segregation, solidification time of the mold and temperature
profiles in the casting and mold regions. This model can also be used for
regulating the different parameters which can effect on the centrifugal casting of
metal matrix composites with the help of this model one can obtain the desired
mechanical and tribological properties by varying the speed of rotation, particle
size, ‘relative density difference, initial pouring temperature, initial mold
temperaturé heat transfer coefficient etc. The model developed in this study may
also be used as a tool to develop prototype for the desired properties of cast

under certain casting conditions.
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6.1 SCOPE FOR FUTURE WORK

Any model developed is based on the certain assumption. These may

vary and if certain other variables incorporated then probiem becomes more |

realistic. The future work may incorporate:

(1)

Interaction of particles with the solidification front i.e. particle pushing and

particle clustering be incorporated into the model.

Consideration of two dimensional heat flow.

The fact that mold is filled slowly should also be considered.
Consider the thermal resistance between particles and liquid metal.

The variation of viscosity may be considered because there is interaction

of particles.
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Fig (2.1) Schematic representation of the complete system of centrifugally cast
MMC's with particle segregation and solidification interface.
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APPENDIX A

INITIAL TEMPERATURE DISTRIBUTION

In order to find the metal-mold interface temperature at time t=0, the mold is
assumed to be at a temperature Ty and the initial metal temperature is assumed
to be the temperature of the rﬁetal as it enters the moid cavity. To find a
reasonable approximation to the initial interface temperature, consider an
adiabatic system shown in Fig. A-1.

/\;\ Bk =

&QC /

A.1 Control volume considered when calculating the initial temperature of metal-

mold interface

The thermal energy initially contained ih this system is 21 Roc0r (pgCqTm +
picCrTp). The system is allowed to come to equilibrium adiabatically. The:
adiabatic assumption is reasonable because as 6 — 0 whatever happens to the
system, it is assumed to happen instantly. Also, by definition of this condition, no
heat flux has yet been established, hehce no heat is transferred to or from the
system. Depending upon the relative values of pg, pic, Cg, Cr, Tm, Tp, and the heat
of fusion of the metal (H), there are three possible final states of the éystem.
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Case | None of the metal solidifies.

Equating the thermal energy in the system initially to that in the system at

equilibrium yields
277 Rocar (nggTM + p/cC/ch) = 27T Rocar (ngg + plcCIc)-r[ (A 1)

where T; is the initial metal-mold interface temperature. On rearranging the terms

the interface temperature can be written as

ngchM +plcclch | (A 2)

T,
chg +p.Ch

Casell: Al of the metal solidifies.
The thermal energy released when metal solidifies is

o Rud (0 | a3
Conservation of energy yields |

21 RoOr (pgCqTm + PicCicTp) + 2T Rocdr (picH) = 21 RocOr (pgCq + PicCic) T

(A.4)
On rearranging terms, T, can be written as
T! ngchM+plcCIch+pIcH (AS)
pgcg + plcclc
Caselll:  The metal partially solidifies.

If the liquidus and solidus lines of a binary system are approximated by
straight lines the fraction of the liquid solidified as a function of temperature can
be expressed as
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(A.6)

where T, and Ty are the liquidus and solidification front temperatures,
respectively. Equating thermal energy in the system initially to that in the system

at equilibrium yields

Z”Roc&[(pgchM + plcclch)+ pch%—T 2 R &(P + p.!cclc 1
, - T,
(A.7)
On rearranging terms, 7, can be written as
pgcg +plcC T + ;ka"]{{ .
T, = . (A.8)
Pt
pgcg +pIcCIc + TL I_Tf

it is neceséary to assume the final state of the metal (liquid, mushy, or solid) in

order to determine the initial interface temperature. After estimating 7, using the

appropriate equation according to the assumed condition, its value is checked to

ensure that the calculated 7, falls within the temperature range initially assumed.
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- APPENDIX B

FINITE DIFFERENCE APPROXIMATION

The differential equations and the boundary conditions for the both mold
and the casting regions can be discretized by using implicit method with the
central difference scheme. To approximate the differential equations in finite
difference form, a network of mesh size Ar is constructed over a region which is
shown in fig. B.1

o 0 1 2 i-1 i i+l " n-l 0 n+l

B.1 Nomenclature for finite difference representation for hollow cylinder

The thickness of each mold region subdivided into n equal grids but for casting
region the total casting thickness is subdivided into » equal grids. The number of
grids in the solid and the liquid composite regions vary with time. That means for

the solid composite region the number of grids (»,) goes on increasing as the

solidification proceeds and for the liquid composite region the number of grids

(n—n,) decreases, but their sum always remains the same as »
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Steel Mold Region:

Equation (2.1) for the steel mold region is discretized as

TP"'] _ TP TP+1 _ 2TP+1 + TP+1 1 TP+1 _ TP+1
m; n; — am my_y my My : iy my_) (81)
At (ar,) R, +iAr,  2Ar,
where
R —R -
Ar,, == (B.2)
n
equation (B.1) is rearranged in the following form
-r,|1- 0.5 ‘Tn‘::‘ +(l+2rm)Tnf:”—rm 1+ 0.5 Tnf:! :Tn‘: (B.3)
LY ' —im 4
where
! .
r, = Zull | | (B.4)
i (Arf") '

At the outer surface of the steel mold the boundary condition Eq. (2.17) is

discretized as

P+l _ P+ . '
—k M M _ g (TP B.5
-t 2Dl‘ 3( m, a) ( )

m

The temperature term corresponding to the fictitious node n+1 can be eliminated
by combining Eq. (B.3) at node n and Eq. (B.5). This results in the equation
corresponding to the outer surface of the steel mold, i.e., at the node n, in the

following form:

-2rmT,f,:l'+ 1+2r, +Kr, 1+—Ri5— TP =K |1+ 0.5 T,+T) (B.6)
: 4 LN
Arm m
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where

(B.7)
Similarly for the inner surface of the steel mold the boundary condition Eq. (2.16)
is discretized as

TP+1 P+l

m

By eliminating temperature term corresponding to the fictitious node —1 through
Eq. (B.3) at node 0 and the boundary condition Eq. (B.8), the equation at the

inner surface of the steel mold is obtained as

~K,r,|1-- 0.5 T)" +|1+2r, + K1, 1- 0.5 ot =-2r T =T,
—iL'-Fi ) _iﬂ.+i '
m Arm
(B.9)
where
K, =1 ~ (B.10)
2 k.
Graphite Mold Region :
Equation (2.1) for the graphic mold region can be discretized as
T;:ﬂ B TSI: = T;:l B ZTE}:H + T;:xl + 1 T;::ll B Tg}:] (81 1)
At . (ar ) R, +iAr, 24&r, |
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where

Ar =& (B.12)

0.5 , . 0.5 .
A T (1420, )17 -1, L4 7 = 17 (B.13)
—£ +1 ' £ +i
Ar, Ar,
where
At
ro= (B.14)
Ar, ¥
At the outer surface of the graphic moid the boundafy condition Eq. (2.15) is
discretized as '
TP+ _ P .
- kg gmi?’Ar &n-1 - h4 (TgP;-f-l o~ T"I;H ) (B 1 5)

8
The temperature term corresponding to the fictitious node n+1 is eliminated using

Eq. (B.13) at the node n and the boundary condition Eq. (B.15). The resuilting
equation relates to the temperature at the outer surface of the graphic mold as

. 0.5 ||rpe 05 | p
=2, T+ 1427, + K, | 14 R T"-Kyr, 1+ R =1,
—Z 4 —£ i
. Arg Al‘g
(B.16)

60



where
K, = 2h,Ar,
k

g

(B.17)

Similarly the boundary condition Eq. (2.14) at the inner surface of the graphite

mold can be discretized as

P+l TP+I

~k, : 2Ar = =hl(];1c:+l_Tg}:ﬂ) ' : (B.18)

g

The temperature corresponding to the fictitious node —1 can be eliminated by
combining Eq. (B.13) at the node 0 and the corresponding boundary condition
given by Eqg. (B.18). The resulting equation that incorporates the inner surface of
the graphite mold is

- i
—K;rg -0 T+ 1427, +K,r | 1- RO'S it —2r, 70 =T,
LY —E 4
g [ Arg .
(B.19)
where
2h A,
K, = (B.20)

Solid Composite Region :

Equation (2.24) for the solid composite region can be discretized as

5¢; s¢ s¢p-1 s¢; +1 s¢p+1 sep-1
= -
5 GOY ey s 248
(B.21)

T =Th  a M TP 2T +THY {i (:As(t) a,., }T"*‘ —T
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where

Ag;% | (B.22)

H

Equation (B.21) is rearranged as

= —rsc,(l—O.SA' P4 +(1+2r )TP+1 _rsci(1+0'5A. P+11 =T, (823)

sci-1 sci J” s¢; SCy ¢

where

_ % | »- (B.24)

SOV

g iBg)s0as) 1 (B.25)
a At R, .
3¢y —~ =1

A&s(r)

At the outer surface of the casting the boundary condition Eq. (2.25) is

discretized as

TP+1 _ P+

sc, *sg 5614 =h TP+1_ P+l . 826
() 2A¢ ) o

Eliminating the temperature term corresponding to the fictitious node —1 by

combining Eq. (B.23) at node 0 and the boundary condition given Eqg. (B.26)
results in equation which incorporates the outer surface of the casting :

Ko, (105472 + [+ 2r, +k5rscl (o542 —or, 127 =127 (B27)

where

_2hs(t)AE
A

SC;

K (B.28)

62



Liquid Composite Region :

Equation (2.27) for liquid composite region is discretized as

P+ P+l

80 e o
1 ) \ ~ i T4} i-11
( - ’Aﬂl At (Roc — S(t))—IAn(r, - S(t))} 2A77

T;:-H _ T;: ~ l
At o —s(t)

. TP+1 — 2TP+1 + TP+1
+ Czlc; Iy I Iej (829)

G-sOF @y

An= | (B.30)

n-n;

Equation (B.29) can be rearranged as

—r,c,;(l—O.SB' 2 (U 2n O - (1405BT )2 = 77 (B.31)
where |
a, . At
= ; B.32
" sy 532
5 _ (A=idn)Anlr, —s@) As@r) _ 1 ~ (B.33)

% At R -s@) .
Anlr, -s(1))

At the inner surface of the casting the boundary condition Eq. (2.29) is

discretized as

P+l P+l
- k —

lei Ie le,_ P+l
: - —=h\l." -T, B.34
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" The temperature term corresponding to the fictitious node n+1 is eliminated by
combining Eq. (B.31) at node n and the boundary condition Eq. (B.34), resulting
in the equation incorporatirig the inner surface of the casting as |

2 T2+ (1421, + Ky A+ 0SB = Kor, (14058 ), +T7  (B.35)

where

KG': 2}’2‘577(":‘ ~S(t)) : | - (8.36)

Ic;

At Solid-Liquid Interface :

'Equations (2.26) and (2.28), representing the condition of continuity of

temperature at the interface, are written as

Lo =T =T, (B.37)
Equation (2.30) representing the energy balance at the solid-liqUid_ interface is

discretized as

ks(_, ];5+1 _];fﬂ kc TP+f _ T:+l

0 ni LS - 1"1 IC";'H I"l psc 4, M . (8.38)
Y n-st) Ag A

Equation (B.38) is rearranged in the form

- P HAS() |

A - s,.,.k e — 1 pra (B.39)
- sen, 1 T, I ZIS'CNI_:l _ klcn, 1 Z;Cnm B Tf ‘
| s(1) AS : kscn, % = s(t) An i

Equations (B.6), (B.3), (B.9), (B.16), (B.13), (B.19), (B.27), (B.23), (B.37), (B.31)
end (B.35) are arranged in the tridiagohal matrix form and the solution of these
equations is obtained by using the Thomas Algorithm (TDMA). This results in
temperature distribution in both the casting and the mold regions for a particular
time step Az, . | .
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