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Abstract: A two-phase numerical model coupled with heat transfer was presented to describe the radial distribution of SiC particles 
on centrifugally-cast metal matrix composite, and a transverse static magnetic field was concurrently imposed to induce 
electromagnetic stirring of the melt as it revolved with the mold. Meanwhile, experimental observations were also carried out to 
examine the radial distribution of SiC particles in pure aluminum. The effects of the imposed magnetic field, particle size and the 
matrix metals were discussed. The computational results show that the particles tend to be congregated by the centrifugal force, and 
both increasing the imposed magnetic field and decreasing the particle size tend to result in even distribution of the particles. With 
the magnetic field varying from 0 to 1 T and the particle size from 550 to 180 μm, a uniform distribution of the particles in the 
aluminum matrix can be obtained among the computational results. The matrix metal can also influence the particle distributions due 
to the difference in physical properties of metals. Experimental observation shows similar tendency of particle distributions in 
aluminum matrix influenced by magnetic field and particle size. However, the chilling effect from the mold wall results in an outer 
particle-free zone, which is not involved in the numerical model. 
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1 Introduction 
 

Centrifugal casting technique is widely applied to 
fabricate functionally graded materials (FGMs) such as 
metal (alloy)-ceramics or metal-intermetallic composites, 
in which the distribution of fibrous, platelet or particular 
reinforcements can be controlled by the centrifugal 
force[1−3]. Numerous researches have been focused on 
the distribution of the reinforcing phase as the FGMs are 
fabricated by conventional centrifugal casting technique. 
ZHANG et al[4] prepared a hypereutectic Al-Mg2Si 
alloy with the Mg2Si particles grown from the melt by 
centrifugal casting technique, and discussed the effects 
of casting parameters on the in situ Mg2Si phase 
distribution. WANTANABE et al[5] observed the 
morphology of Al3Ti platelet phase in the 
centrifugally-cast Al-Al3Ti alloy, focusing on transitions 
in crystography and morphology of the intermetallic 
compound. 

Numerical models were presented to predict the 
distribution of ceramic particles in metal matrices of 
centrifugally cast composites. WANTANABE et al[6] 

presented a numerical model for the particle motion in a 
molten metal under centrifugal force, and the simulated 
results showed a good agreement with the experimental 
observation of the particle distributions. GAO and 
WANG[7] developed a one-dimensional solidification 
model, based on a general multiphase model with 
particle transport taken into account, and explored the 
effects of the initial particle content, particle size, 
rotational speed, cooling rate and superheat. KANG et 
al[8] numerically analyzed the solidification process in 
centrifugal casting of metal matrix composites (MMC) 
containing graphite particles. The study emphasized on 
the effect of the rotational speed of the mold on the final 
particle distribution. In the study, the time-dependent 
particle distribution was obtained by integrating the 
trajectories of all particles present instead of solving 
mass and momentum conservation equations for the 
particle phase. However, the centrifugal casting still 
remains a lack of fundamental understanding, which 
restricts the application of this attractive technology for 
manufacturing FGMs. Although these models provide 
theoretical evidences for the effects of such parameters 
as the rotating speed and particle sizes on the distribution 
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gradient of the particles, there was no consideration on 
the effects of fluid flow or convection on the particle 
distribution. 

As an innovated method, electromagnetic 
centrifugal casting that involves a static magnetic field to 
arise an electromagnetic stirring to the solidifying melts, 
has been employed to casting aluminum alloys and 
heat-resistant steels with the microstructure modified and 
mechanical properties improved[9−11]. Previous works 
carried out by ZHANG et al[12] and WANG and 
ZHANG[13] on the SiC particle reinforced pure Al and 
Al-Cu alloy matrix composite prepared by 
electromagnetic centrifugal casting method indicated that 
the applied magnetic field could drastically affect the 
distribution of the SiC particle, implying a practical 
significance of this method in controlling the gradient of 
the particles. 

However, there is less report on modeling the 
effects of the magnetic field on centrifugally cast 
composites, so that the problem still remains that the 
distribution of particles in the solidified metal matrix 
composites is influenced by both the centrifugal force 
and electromagnetic force, which especially needs to be 
understood theoretically. Herein, the distribution of SiC 
particles in centrifugally cast pure aluminum and iron 
influenced by electromagnetic stirring is numerically 
modeled and experimentally studied. 
 
2 Experimental 
 

Fig.1(a) shows schematically the apparatus for 
electromagnetic centrifugal casting, in which a dc 
magnetic field is generated between the two poles with 
the magnetic flux density adjusted by controlling the 
agitating current, and the graphite mold rotates at 1 200 
r/min. A commercially pure aluminum was melted at 800 
℃ in a resistance furnace, with a small amount of Mg 
added into the melt to improve the wettability of the 
ceramic particles in the liquid metal. SiC particles of 
10% (volume fraction) with the diameters of 180 and 550 
μm, respectively, were also added to the melt with 
mechanical stirring before the slurry was poured into the 
revolving mold. Then, the metal was frozen into the 
castings with the dimension of 100 mm (outer 
diameter)×10 mm (thickness) ×100 mm (length) 
within the magnetic field altered from 0 to 0.15 T. The 
distribution of particles on the cross section of the 
castings was quantitatively observed with respect to 
radial direction via an optical microscope. 
 
3 Mathematical model 
 

Fig.1(b) shows schematically the forces on the melt 
for electromagnetic centrifugal casting. As the mold  

 
Fig.1 Schematic diagram of apparatus (a) and force analysis (b) 
for electromagnetic centrifugal casting 
 
rotates within the magnetic field, three forces, gravity, 
centrifugal force and Lorentz force, are produced on the 
conductive melt[14]. However, there will be no Lorentz 
force on the ceramic particles, but a viscious dragging 
force due to the interaction between fluid and solid 
particles is generated on the surface of each particle to 
enhance or damp the particle movement. 

To simplify the problems, assumptions are made as 
follows: 

1) All of the parameters in azimuthal orientations 
are averaged with those in axial orientation ignored, and 
only radial distribution of the particles is considered, 
then a simplified one-dimensional mathematical model 
can be established. 

2) Solidification occurs unidirectionally from the 
outer surface towards the inner, and the liquid/solid 
interface is considered a flat that remains still in the 
rotating coordinate. 

3) The effects of gravity on solid particles and the 
variations of all physical properties of fluid, particle and 
frozen composite with temperature decreasing are 
ignored. 

4) The multi-phase flow is laminar. 
The governing equations for the problem are based 

upon one-dimensional two-phase model presented by 



ZHANG Wei-qiang, et al/Trans. Nonferrous Met. Soc. China 20(2010) 870−876 872

GAO and WANG[7] but with electromagnetic force 
considered as one of the body forces in the momentum 
equation for the melt, and an energy equation is also 
involved here to compute heat transfer in the 
melt−particle mixture and the advancement of the 
solidification front. These equations in vector forms can 
be given as follows: 

1) Continuity equations 
For the particles:  

( ) ( ) 0ppppp =⋅∇+
∂
∂ Vϕρϕρ
t

                    (1) 
 

For the frozen part:  

( ) sss Γ
t

=
∂
∂ ϕρ                                (2) 

 
For the liquid metal:  

( ) ( ) slllll Γ
t

−=⋅∇+
∂
∂ Vϕρϕρ                     (3) 

 
2) Momentum equations 
For the particles: 

( ) ( ) ++∇−=⋅∇+
∂
∂ p

cpppppppppp fVVV ϕϕϕϕ ρpρρ
t

 

( ) dplp MV +∇⋅∇ μϕ                        (4) 

For the liquid metal: 

( ) ( ) ( )+++∇−=⋅∇+
∂
∂ l

e
l

cllllllllll ffVVV ϕϕϕϕ ρpρρ
t

 

( ) dlll MV −∇⋅∇ μϕ                        (5) 
3) Energy equation: 

+++
∂
∂ ])[( s ,ssl ,llp ,pp Tccc
t ppp ϕρϕρϕρ  

=+⋅∇ ])[( ll ,llpp ,pp Tcc pp VV ϕρϕρ  
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where φp+φl+φs=1. The centrifugal force on particles (or 

liquid metal) can be written as 
r

v
f

2
)p(lp(l)

c = , where vp(l) 

indicates the tangential component of velocity of 
particles or liquid. The electromagnetic force that is only 
imposed on the melt is given as BBVf ××= )( le

l
e σ . 

Following the theory of GAO and WANG[7], the 
liquid−particle drag term, Md, in the multi-phase system 
is given as 
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For the fluid, no-slip condition is satisfied at the 
solid wall; whereas for the particles, the boundary 
condition proposed by DING and GIDASPOW[15] is 
employed, i.e., the tangential component of particle  

velocity 
r
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. On the inner free surface, 

no-shear conditions are applied[14]. 
On the solidification front, the interaction between 

the particles and the progressing interface should be 
considered. JURETZKO et al[16] proposed a critical 
velocity, at which the interface moves on solidification: 
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This critical velocity was experimentally measured 
by ASTHANA[17]. If the velocity of the interface is 
larger than the critical value, the particles encountered 
tend to be engulfed by the interface; if it is lower, the 
particles are pushed off. Eq.(8) is used in the 
computation to determine whether a particle can be fixed 
during solidification. 

Finite difference method is applied in the 
computation, and the numerical equations derived from 
Eqs.(1)−(8) are solved by programming with commercial 
software MATLAB®. Table 1 lists physical properties for 
the used parameters. The mold rotates at 1 200 r/min, 
and the pure Al and Fe are poured into the mold at, 
respectively, 700 and 1 600 ℃. The dimension of the 
castings is controlled at 100 mm in diameter and 10 mm 
in thickness. 10% (volume fraction) SiC particles are 
added into the melt and supposed to be evenly distributed 
in the melt before being poured into the mold. The 
particle size is assumed to be 550 and 180 μm, 
respectively. 
 
Table 1 Physical properties used in computation 
Parameter Value Unit Parameter Value Unit 

ρp 3 210 kg/cm3 cp, p 840 J/(kg·K)
ρl(Al) 2 390 kg/cm3 cp, l(Al) 1 079.5 J/(kg·K)
ρs(Al) 2 550 kg/cm3 cp, s(Al) 1 176.5 J/(kg·K)
ρl(Fe) 7 200 kg/cm3 cp, l(Fe) 710 J/(kg·K)
ρs(Fe) 7 820 kg/cm3 cp, s(Fe) 1 400 J/(kg·K)

kp 16 W/(m·K) dp 0.18−0.42 mm 
kl(Al) 95 W/(m·K) σe(Al) 4.027×106 Ω/m 

ks(Al) 210 W/(m·K) σe(Fe) 1.4×106 Ω/m 

kl(Fe) 20.9 W/(m·K) μl(Fe) 6.1×10−3 kg/ms

ks(Fe) 70 W/(m·K) μl(Al) 1.26×10−3 kg/ms

Tm(Al) 933.6 K ∆h(Al) 3.97×105 J/kg 

Tm(Fe) 1 873.5 K ∆h(Fe) 1.52×104 J/kg 
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4 Results 
 

Fig.2 shows the computational results for the 
particle distributions in pure aluminum matrix, showing 
the effects of magnetic field and particle size. As shown 
in Fig.2, the particles tend to congregate outside to form 
a particle-rich zone, leaving a particle-free zone formed 
on the inner part of the tubular samples. This is due to 
the fact that SiC is denser than liquid aluminum, and the 
particles tend to move outward under the centrifugal 
force, leading to a remarkable sedimentation effect. At 
the same rotational speed of the mold, particle size has a 
key effect upon the particle sedimentation and further 
distribution. Coarse particles lead to a thin 
particle-congregating zone and a thick particle-free zone. 
An application of magnetic field as high as 1 T to 
centrifugal casting results in a more uniform distribution 
of the particles. For both the fine (180 μm in diameter) 
and coarse (550 μm in diameter) particles, the volume 
fraction gradient in the radial orientation can be 
decreased as a magnetic field is applied. However, it can 
be seen that the coarse particles are less influenced by 
the identical magnetic field than the fine ones. For the 
 

 
Fig.2 Computed results of particle distribution for different 
magnetic field intensity and particle size: (a) Particle diameter, 
dp=550 μm; (b) Particle diameter, dp=180 μm 

coarse particle case, there is an approximately 25 
mm-thick particle-free zone remained, while there is 
only a 5 mm-thick zone formed for the fine particle 
cases. 

Fig.3 shows the computational result of SiC 
particles (550 μm in diameter) distributing in Fe matrix. 
As the aluminum matrix is substituted by iron whose 
density is nearly three times the density of Al, the SiC 
particles distribute in a reverse manner to the case of 
aluminum matrix. The particles tend to aggregate near 
the inner surface of the cast tubes, whereas the 
particle-free zone appears adjacent to the mold wall. 
Magnetic field applied can also lead to a more uniform 
distribution of the ceramic particles and the reduction of 
the particle-free zone. 
 

 

Fig.3 SiC particle distribution on Fe matrix with effect of 
magnetic field 

 
Therefore, the ceramic particles tend to aggregate to 

form a particle-rich zone during the centrifugal 
solidification of composite melts, and the particle-free 
zone may appear at the inner or the outer parts of the cast 
tubes, depending on the comparative densities of the 
particles and matrices. 

Fig.4 shows the experimental results for the particle 
distribution, which is quantitatively measured by the 
particle number per unit area. It is observed that there are 
two particle-free zones appearing on the samples without 
magnetic field applied, between which the particles 
aggregate to form a particle-rich layer. Obviously, when 
the magnetic flux density increases, the particle 
aggregation is reduced. However, for the particles with 
different sizes, the effects of the applied magnetic field 
on particle distributions are not identical. It is more 
difficult for the magnetic field to enhance an even 
distribution for coarser particles, whereas the finer 
particles are easy to distribute uniformly, which is caused 
by electromagnetic stirring. The inner particle-free zone 
then forms when sediment of nearly all the particles 
occurs before the liquid is frozen. For the larger particles, 
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Fig.4 Quantitative results of particle distribution in Al matrix: (a) B=0 T, dp=550 μm; (b) B=0.10 T, dp=550 μm; (c) B=0.15 T, 
dp=550 μm; (d) B=0 T, dp=180 μm; (e) B=0.10 T, dp=180 μm; (f) B=0.15 T, dp=180 μm 

 
the sedimentary speed is faster than the smaller ones, 
which leads to a thicker particle-rich zone. As the 
magnetic field is applied, electromagnetic stirring can be 
induced to the liquid metal, leading to a strong 
convection in the melt, which decreases the absolute 
rotation speed of the melt[14], and thereof the sediment 
speed of the particles. Electromagnetic stirring will 
influence both the fluid flow and the movement of 
particles, leading to a uniform distribution of particles in 
the sample as the magnetic flux density is strong enough. 
It is notable that there is an outer particle-free zone 
appearing near the mould wall, which is not found in the 
computational results. This is possibly due to the special 
boundary conditions employed for heat transfer, which is 
different from those in the actual cases. 

 
5 Discussion 
 

When the melt-ceramic particle mixture is poured 
into the rotating mold, solidification starts at the mold 
wall. The particle distribution in the composite is 
strongly related to the movement of the particles in the 
melt prior to solidification, which depends upon the 
comparative densities of the matrix and particles, the 
moving velocity of the liquid/solid interface, and the 
average sediment velocity of the particles in the unfrozen 
melt. The particle sediment partly depends upon the 
revolution speed of the mold. Supposing only the 
tangential component of fluid and particle velocity is 
considered, an equation can be used herein to describe 
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the motion of particle with the effects of densities, 
particle size and centrifugal force[12]: 

r
d

u 2

l

lp
2
p

p )(
18

ω
μ
ρρ −

=                        (9) 

where the sediment velocity of the particles is dependent 
on the particle diameter and difference between the 
centrifugal forces on the particles and liquid , which is 
determined by the densities and the rotation acceleration 
(ω2r) of liquid and particles. 

However, if the effects of the external magnetic 
field are considered, due to which an electromagnetic 
stirring on the melt occurs, leading to a decrease of the 
centrifugal forces on both the particles and the melt, and 
the relative movement of the particles and the melt may 
also result in different tangential components of the 
moving velocities. Then, the equation can be rewritten as 

)(
18 l

2
ll

2
pp

2
p

p μ
ρρ vv

r
d

u
−
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Here vp≤vl, since the tangential motion of the 
particles is induced by the dragging force of the stirred 
melt, but for the SiCp/Al system, ρp＞ρ l. This will  
somehow determine the orientation of velocity ,pu  

depending on the sign of the product 2
ll

2
pp vv ρρ − , 

which means that electromagnetic stirring can strongly 
influence the movement and the final distribution of the 
particles. The fine particles have low sediment velocity, 
which will readily bring about a low gradient of the 
particle distribution. This uniform distribution of fine 
particles can be enhanced as electromagnetic stirring 
occurs. 

At the start of the solidification, the liquid/solid 
interface near the mould wall moves rapidly induced by 
chilling to liquid Al. Fine particles allow a high moving 
velocity of the interface, and are difficult to be engulfed 
by the solidified metal under such conditions. The 
formation of the outer particle-free zone results from the 
movement of particles that are pushed off by the moving 
interface. The smaller the particles are, the easier the 
pushing-off effect occurs, and the wider the particle-free 
zone near the outer surface forms. Then, most of 
particles tend to be engulfed by the moving interface in 
the middle of the cross section due to the lowered 
velocity at which the interface progresses. Employing an 
external magnetic field will reduce the absolute rotation 
velocity of the melt since electromagnetic stirring causes 
a reverse flow with respect to the rotating mold. This will 
reduce vp, the rotation velocity of the particles and 
decrease the sediment velocity, which tends to cause a 
uniform distribution of particles. For the ferrous matrix, 
the particle density is lower than the melt, leading to the 

reverse sediment of the particles to the case for 
aluminum matrix. 

Since computational results show that the 
liquid/solid interface progresses rapidly enough to be 
higher than the interface critical velocity which is 
dependent on particle size and the physical properties of 
both the melt and particles, the push-off effect of 
interface on particles cannot occur, and only the 
engulfing effect should be considered. This consequence 
obviously fails to agree with the experimental 
observation of the outer particle-free zone possibly due 
to the great difference between the assumed and actual 
boundary conditions of heat transfer on the solid wall. 

The results of numerical simulation did not reflect 
the formation of the outer particle-free zone, which is 
mainly due to rapid solidification, but they provide 
theoretical evidences for the effects of magnetic field and 
particle size on the distribution of the particles. As a 
magnetic field is imposed on the solidification system, 
electromagnetic stirring in the melt leads to a decrease in 
the centrifugal force. Although the ceramic particles are 
insulated, and there is no electromagnetic force exerting 
on them, the sediment velocity of the particles is reduced. 
Thus, the distribution of the particles tends to be more 
uniform in a magnetic field. 
 
6 Conclusions 
 

1) The distribution of ceramic particles in 
centrifugally cast SiCp/Al and SiCp/Fe FGMs is modeled, 
where electromagnetic stirring on the melt is taken into 
account, coupled with solidification. 

2) The computational results show that the particles 
segregate with a particle-free zone formed on the 
aluminum or iron matrix composites, depending on 
particle size and the density difference between particles 
and melt. 

3) Application of a magnetic field to the centrifugal 
casting induces electromagnetic stirring on the melt, and 
enhances the uniformity of particle distribution in the 
castings. The stronger the magnetic field is, the more 
uniform the particles distribute. Fine particles are easier 
to distribute evenly with influence of a magnetic field, 
while the coarse particles can be less affected by the 
magnetic field than the fine ones. 

4) Experimental observation indicates quite similar 
SiC particle distribution on Al matrix to the 
computational results, except for the appearance of an 
outer particle-free zone, which is possibly due to 
different boundary conditions applied. 
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Nomenclature 

A0 Atom radius 
B(B) Magnetic flux density  
cp, l Specific heat of liquid 
cp, p Specific heat of particles 
cp, s Specific heat of solid 
dp Particle diameter 

l
cf  Centrifugal force on liquid element (vector) 
p

cf  Centrifugal force on particles (vector) 
l

ef  Electromagnetic force on liquid (vector) 
kl Thermal conductivity of liquid 
kp Thermal conductivity of particles 
ks Thermal conductivity of solid 
p Pressure  

Md Liquid−particle drag term 
r Radius 
r0 Outer radius 
ri Inner radius 

Rcr Critical growth rate 
t Time  
T Temperature  
Tm Melting point 
up Radial component of particle velocity 

pu  Average sediment velocity of particles 
vl Azimuthal component of liquid velocity 
vp Azimuthal component of particle velocity 
Vl Velocity vector of liquid metal 
Vp Velocity vector of particles 

ρl Density of liquid 
ρp Density of particles 
ρs Density of solid 
σe Electric conductivity of melt 
μl Dynamic viscosity of the liquid 
φl Volume fraction of liquid 
φp Volume fraction of particles 
φs Volume fraction of solid 
ω Angular velocity 
Δh Latent heat of fusion 
Δγ Surface energy difference 
Γs Solid forming rate 
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