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Abstract. Surface modification and coating techniques adely used to improve tribological
properties of metallic materials for a wide randgemanufacturing, transportation, defense, and
consumer industries. However, in all these teamsga surface treatment is applied after the
part has been fabricated, and this adds significaatthe overall costs. An alternative, cost-
effect method has been, proposed via functionazabf aluminum matrix composites
uniformly reinforced with hard particles. A largeolume fraction of those particles can be
attained near the wear surface via centrifugalimgst The volume fraction of the heavier
borides is controlled by inertial forces upon céndyal processing the semisolid composite.

In this study, boride particles are modeled as spdleparticles subject to a drag force in a Stoke
flow in the liquid aluminum matrix. This equatiaf motion for the particles under the applied
centrifugal forces is solved numerically assumingaassian diameter size distribution with a
spatial uniform random distribution of particlestire sample. The effect of temperature on the
viscosity is also considered by solving the eneeguation. From parametric studies in the
numerical model, it is possible to better underm$tand control the experimental conditions to
obtain an appropriate functionally-graded aluminumatrix for high wear resistance
applications.
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INTRODUCTION

A Functionally Graded Material (FGM) is a classooimposite material, consisting of two or
more phases, which is fabricated with its compositand/or microstructure varying in some
spatial direction (Suresh and Mortensen 1998). Tdlisws us to control physical and/or
chemical properties. Metal matrix composite FGMatdee gradual compositional variation
from ceramic at one end to metal at the other,ihgatb unique advantages of smooth transition
in thermal stresses across the thickness and nzedrstress concentration at the interface of
dissimilar materials. There are several methodactieve the functionally graded properties.
One of them is the centrifugal method proposed uiulF(Fukui,1991) where a centrifugal force
is used for segregating the particles. This is,bpably the most economical and attractive
processing route to get a FGM. The extent of segi@ydepends on various process parameters
including cast geometry, pouring temperature ofrtfedt, solidification time, rotational speed,
and density difference between reinforcement dagiand matrix. Because of the higher density
of the reinforcement particles compared to the ide$ the molten matrix, particles move in
the radial direction.

In this work the molten matrix, with the reinforcent particles, is put into a cylindrical mold
and then exposed to a centrifugal action with @sti@l axis along the radial direction. Some
previous work was done by (Panda, Mazumdar et@Gd6Pand (Watanabe, Kawamoto et al.
2002) but they used a hollow cylinder rotating ity around the central axis. Because of this
configuration, they had to consider the effect @vgy. In this work the effect of gravity in the
movement of particles is neglected because thealradiceleration is much higher than the
gravity acceleration.

The particle size distribution plays an importasierin controlling the mechanical properties of

the sample. A mathematical model for the motiorthef particles is formulated, and the model

divided into different cases, each one correspandlindifferent assumptions up to the more

general case that relax the assumptions made .wihiselp us in noticing how each parameter

could affect the results and if a simplificationutsb be made or not. Solidification plays an

important role in the final volume fraction of palés obtained so energy equation comes into
account in the model proposed. When the Biot nunbégss than unity, the energy equation
takes a simple form because the sample can be ewdsl a Lumped Heat-Capacity System
which means that the sample is at uniform tempegads it gets cold.

The aim of this work is to get insights about hdw parameters involved in the process affect
the volume fraction distribution and hence the desg of the sample obtained. Experimental
work is carried out and this will allow us, accarglithe properties measured to the sample, to
check whether the numerical results are a goodgiiea or not.

MATHEMATICAL FORMULATION
Particles are assumed uniform distributed spatiailythe liquid aluminum matrix with a
particles normal size distribution diameter. Thmgke is rotated at a constant centrifugal speed

w. Diboride particles have a higher density thandéesity of the liquid matrix. A schematic of
the centrifugal casting sample is shown in Figure 1

2613



Figure 1: Schematic of the centrifugal casting sanip.

Considering spherical particles in an aluminum irathe equation of motion for the particles
in a rotational stoke flow is:

mp[(r'—ré'?z)e, +(r9+2r6?)ee]=—67wa[r ¢+r(6?—a)) @J 1)

Vrel

drag force

Thus, the two equations of motion for each coondisairection are given by:
myt = -6ruar +mr&’ (2)
mpr9=—671uar(9—w)—mp2r‘9 ()
Subject to the initial conditionsat t=0 r=r, ; r=0;, =0, 6=w
Dimensionless form of the equations of motion

In theradial direction:

e . A2
m ' =-6muar+mré
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m, =p,0= ,opgﬂa3 assumingaspherical partic
2
dr__bmiad g O u dr e
dt p 0 dt 2p,adt

Mot

Defining the following dimensionless parametars:-—— 1’ andy :ﬂand doing a
pa

r
o Ho

change of variables, a dimensionless equationtesrdd:

o . 2
20U (9] @
dr

dr? 2,0p/J dr

The dimensionless forms of the initial conditioms:a

ar=0 r=1:% -9 (5)
dr
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In the @-direction:

In the same way, the dimensionless of equatiom(B)e circunferencial direction is:

2 2 *
r*d_fz—gﬁljr* %—_’Ow —zdL% (6)
dr 2p, dr 4, dr dr
Re,
With the following dimensionless form of the init@onditions:

dd _ pwa®

aar=0 =0 ; —= (7)
dr
From equations (4) and (6), three dimensionlesameters are identified:
p =t (®)
Py
2
Re, = P2 9)
Ho
And the third one, for the case of temperature deeet viscosity:
. T t
U :—’u( ) :& (10)

Ho Ho

The last parameter takes account of the dependgreynperature with the viscosity.

Effect of cooling on the viscosity of the matrix

Due to the high thermal conductivity of the alumimand the small convection coefficient, a
small Biot number can be assumed and the samplebeamneated as a lumped capacitance
system. For a lumped system, the temperature cfaimple will be only function of the time and

given by:

hA
T(t)=(T —-T - t|+T 11
() (I w)exp( pD j+ Y ( )

Co

By knowing the variation of the viscosity with themperature, the viscosity as a function of
time can be calculated:

p=1(T(O) = (1) (12)

For parametric studies, the convection coefficeam be estimated from a Nusselt correlation for
a cylinder under forced convection.

ANALYTICAL AND NUMERICAL SOLUTIONS

The equations of motion for the more general case fan initial value problem that can be
solved using Runge-Kutta algorithms. If we assuimat the tangential velocity x8 of the
particles is approximated biyx cw, (ézw), the trajectories of the particles can be caledlat

analytically for the linear case (constant visgositlependent of the temperature).
Parametric studies can be carried out to understhadimportance of the dimensionless
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parameter R, and p/pp. Also, the effect of temperature in the viscosign be analyzed
numerically.

Analytical solution

Particles are assumed with a Gaussian size digtorbwith a uniform spatial distribution. For a
constant viscosity and neglecting the differenassvbend and w (that is, 8 = w) the equation
of motion (4) becomes:

2 22
dr _ 9 pdi [pwa |, (13)
dr 2p,dr My
2
Here, ?zﬂ):constanand the asterisk (*) has been dropped for convegieq is the
I
radius of the particleandr; is its radial position. The initial conditions are
at 7=0 r=1+uxrand(N,1) ;;i_r:O (14)
r r

0

Where N is the number of particles. N equationssateed, one for each particle. Since the flow
is laminar, each patrticle follows its own path liméthout colliding with other particles. So,
under these assumptions, the following second dirtEar differential equation is solved:

2 2. \?
d_r2i+g£%— _paa) ri:O (15)
dr® 2p,dr My

— —_—

b o2

The roots of the characteristic equation are:

a,= —g(1+~/1+ 4 /b)2) anda, = —2(1—~/1+ 4 /b)2)

And the general solution is:
r(r) = Aexp@r)+ A, explr 1 ) (16)

Applying theinitial conditions,at 7= 0r,;, = }Mxrand N ,1);:—r= (, the analytical
T

r0
solution is obtained:

o (1+«/1+ ac /b)z)

Finit 2\/1+ 4 Iby

exp[—g(l—\/m)rj—(l_m)

el ey o

c_2p%w
b 9 4

Where b = gﬁ and

Po

Some typical values of the parameters such astgarfsihe matrix and particles, radius of the
particles, dimension of the sample are given inl@dab
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Distance of the cylinder side (endyto the axis of rotation

19.50cm

Distance of the cylinder side (end) farther away from the axis of rotation 32.00cm
Density of the particlep (AIB2) 3.19g/cm3
Density of the liquid (Al melt) (at 660 °C) 2.4g/cm3
Rotational speed (rpm) 250 RPM
Viscosity of the liquid (at 660 °C) 1.38 (mPa-s)
Average diameter of the particles 7.5 mu
Variance 0.5 mu

Table 1. Some typical values of the parameters.
Numerical solution

For the more general case, the angular velogityf the particles could be different from the
rotational velocity w of the molten matrix. For this case, equation dftion and initial

conditions are:

dr _ 9p dri{deijzr
2T o s g | i
dr 2p,dr \dr (18)
at 7=0; r.—1+( r)><rand(N) r =0.
o dr
d’g _ _ p(dé’ paaj _2dr dg
drz = 2 dr r.dr dr’
pp ILIO , i (18)
aar=0 6=0; %:%
r

This is a system of two coupled non-linear ordindifferential equations of second order that
can be transformed to a system of four differergigiations of first order. Doing, =r and

X, =8

X =X,
X, = —bx, + X5 X,
X = X, (19)
%, = —bx, +bc-222%
Subjected to the following initial conditiorst 7= C:

x=1

=0
X, =0 (20)

2
X, = puR
Hy

With these considerations, only the equation ofiomoin the r-direction has to be solved. From
the numerical solution of the system, it can beasheelative velocity between particles and the

molten matrix is negligible aréll can be assumed equalato If the temperature effect in the
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viscosity is considered, the equation of motiondoees non linear and has to be solved
numerically. Hence, the following equations arevedl

2 2
drzl_gﬁlu*drur,owa ‘
dr 2p, dr M,
B g (21)
at 7=0 r:1+uxrand(N) ; oo
o dr
Where
p=f(T(r) = f,(7) (22)
And
h Aa’ J
T)=(T.-T,)exp — T(+T, 23
O=(1-TJexe - 22 @

RESULTS AND DISCUSSION

In order to control the final particles distributidhe angular velocity or the time that the sample
is exposed to the centrifugal effect can be tuRsgkults for different values of these parameters
will be presented and discussed here. The considample will be composed of four thousands
particles with a spatial uniform random distributadl a Gaussian size distribution.

Figure 2a shows the particles distribution after &conds for a rotational speed of

w= 250 rpm. For this case, the viscosity is assumed constaghtthe analytical solution is used

to calculate the results. It can be seen thatrtheriregion of the sample does not have particles,
which means that even the smaller particles moweel td0 centrifugal effect. To be able to
maintain certain number of particles at the ingion, the rotational speed or the time that the
sample rotates should be reduced. The average wiamkthe particles and its variance are
parameters more difficult to control, but by redwrithe diameter and increasing the variance
(poly-disperse particles) will maintain particlestiae inner region providing better mechanical
properties to the sample.

Figure 2b shows the effect of the viscosity onghgicle distribution. In this case, a fourth order
Runge-Kutta algorithm is used to integrate numdyidhe equation of motion. A third order
polynomial was curve fitted to compute the visopsi$ a function of the temperature. Since the
viscosity is increasing with time due to the cogliof the sample, particles are exposed to a
bigger viscous force. Then, particles are movingvsk and a more uniform distribution is
observed.
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Figure 2a: Particle distribution for constant viscasity
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Figure 2b: Particle distribution for variable viscosity

Figure 3 shows a comparison between the constaobsity case and the viscosity-temperature
dependent case for a particle diameter of d =7 fpnom the figure, it can be seen the strong
effect of the viscosity on the particle motion. Foe linear case, the viscosity is smaller and the
particle moves faster than for the non-linear cksem the above consideration, the effect of the
variable viscosity can not be neglected. Howeuee, ihcrease in the viscosity contributes to a
more uniform particle distribution.
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Figure 3: Comparison between the constant viscosiggnd the variable viscosity case

Figure 4 shows the effect of the diameter on théonwf the particles. As it is expected bigger
particles move faster. Just for parametric purptsgrrticles are simulated: d =20 um and d =
10 um. It can be seen that if the diameter is dotik average speed of the particles is more
than quadruple. Then, most of the bigger partieldsconcentrate on the outer region of the
sample and a decreasing particles concentration fh@ outer to the inner region of the sample
will be obtained after the centrifugal casting.

Figure 4: Effect of the size of the particles

CONCLUSIONS

An analytical and a numerical model of a centrifuggsting process for diboride particles in an
aluminum matrix is developed and studied. Partialgh a spatial uniform random distribution
and a Gaussian diameter size distribution are asgwa® initial condition of the casting process.
From parametric studies, the viscosity dependehteeademperature has a strong effect and can
not be assumed constant. The variable viscositgstdn generate a more uniform particle
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distribution as compared with the constant visgosdse. The effect of the average particle
diameter is also important. The bigger the diamefdhe particles the faster their motion. The
two important control parameters of the centrifuggdting process are the rotation speed and the
time of centrifugation. This parameter can be estid from numerical experiment to maintain
an appropriate particle concentration inside tmepde.
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APPENDIX

NOMENCLATURE

m, = mass of a particle

a = radius of a patrticle

r =radial position of a particle

r’ = dimensionless radial coordinate

r,,f, =inner and outer radius of the sample
t =time

r = dimensionless time

6 = angular velocity of the particle
w=angular velocity of the sample
p =density of the aluminum matrix

Pr =density of the particles
M = dynamic viscosity
MU, = reference dynamic viscosity
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h =heat transfer coefficient
¢, =Specific heat

T =Temperature
T, T, =initial temperature of the sample and ambient temtpee, respectively

A, 0= area and volume of a particle
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