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METAL-MATRIX COMPOSITES (MMCs)
are engineered combinations of two or more
materials in which reinforcing phases are dis-
persed in a metal or an alloy. Structurally, cast
MMCs consist of continuous or discontinuous
fibers (designated by the subscript f), whiskers
(w), or particles (p) in a metal or an alloy that
solidifies in the restricted spaces between the
reinforcing phase (or phases) to form the bulk
of the matrix. There are several cast materials,
such as aluminum-silicon alloys and cast irons,
that exhibit two-phase microstructure in which
the volume and shape of the phases are gov-
erned by phase equilibria and that have a long
history of foundry production. Modern cast
MMCs differ from these traditional materials
in that any selected volume, shape, and size of
reinforcement can be introduced into the matrix,
even beyond the permissible limits presented by
the phase diagrams.
By carefully controlling the size, shape, surface

properties, volume fraction, and distribution of
the reinforcement and by controlling the solidifi-
cation conditions, MMCs can be synthesized hav-
ing a tailored set of useful engineering properties.
For example, as shown in Table 1, combinations
of very high specific strength and specific modu-
lus, beyond those of conventional monolithic
alloys, are achievable. Table 2 summarizes the
applications of several commonly used MMCs
and the properties that make them suitable for

their applications. Microstructural design and
synthesis procedures have been developed to
achieve unique combinations of properties,
including improved elevated-temperature and
fatigue strengths, increased damping ability, tai-
lored electrical and thermal conductivities,

reduced wear rates, and targeted coefficients of
thermal expansion. These tailored properties pro-
vide opportunities for a variety of new applica-
tions for MMCs that were not possible using
conventional materials. For more information
about MMC types and their applications, see the

Table 1 Specific strength and specific modulus of some metal matrices, reinforcements,
and metal-matrix composites

Material Amount of fiber reinforcement, vol% Specific strength, N � m/kg Specific modulus, N � m/kg

Al-Li/Al2O3

0� 60 20,000 7.59 � 10
7

90� 60 4,986–6,000 4.406 � 10
7

Ti-6Al-4V/SiC
0� 35 45,337 7.77 � 10

7

90� 35 10,622 . . .
Mg/carbon (Thornel) 38 28,333 . . .
Al/carbon 30 28,163 6.53 � 10

7

6061 Al . . . 11,481 2.53 � 10
7

2014 Al . . . 17,143 2.59 � 10
7

SiC(f) 100 78,431 1.567 � 10
8

SiC(w) 100 6.67 � 10
5

2.19 to 3.29 � 10
8

Al2O3(f) 100 50,000 1.175 � 10
8

B(f) 100 1.538 � 10
5

1.62 � 10
8

C(f) 100 1.618 � 10
5

1.35 � 10
8

Be(f) 100 59,459 1.68 � 10
8

W(f) 100 14,974 1.79 � 10
7

Al/boron
0� 50 56,604 7.92 � 10

7

90� 50 5,283 5.66 � 10
7

Al/SiC
0� 50 8,803 1.092 � 10

8

90� 50 3,697 . . .

Table 2 Selected potential applications of cast metal-matrix composites

Composite Applications Special features

Aluminum/graphite Bearings Cheaper, lighter, self-lubricating, conserve Cu, Pb, Sn, Zn, etc.
Aluminum/graphite, aluminum/a-Al2O3,

aluminum/SiC-Al2O3

Automobile pistons, cylinder liners, piston rings,
connecting rods

Reduced wear, antiseizing, cold start, lighter, conserves fuel, i
mproved efficiency

Copper/graphite Sliding electrical contacts Excellent conductivity and antiseizing properties
Aluminum/SiC Turbocharger impellers High-temperature use
Aluminum/glass or carbon microballoons . . . Ultralight materials
Magnesium/carbon fiber Tubular composites for space structures Zero thermal expansion, high-temperature strength, good specific strength

and specific stiffness
Aluminum/zircon, aluminum/SiC,
aluminum/silica

Cutting tools, machine shrouds, impellers Hard, abrasion-resistant materials

Aluminum/char, aluminum/clay Low-cost, low-energy materials . . .

ASM Handbook, Volume 15: Casting  
ASM Handbook Committee, p 390-397 
DOI: 10.1361/asmhba0005227

Copyright © 2008 ASM International® 
                                All rights reserved. 
                    www.asminternational.org



article “Synthesis and Processing of Cast Metal-
Matrix Composites and Their Applications” in
this Volume.
The matrix alloy in cast MMCs solidifies in

the restricted space between the reinforcing
phase to form the bulk of the matrix. The solid-
ification microstructure of the matrix is refined
and modified due to the presence of fibers
and/or particles, providing a possible means of
controlling solute microsegregation within the
microstructure, macrosegregation of reinforce-
ments in the casting, and the grain size in the
matrix. The microstructure of the matrix sur-
rounding the reinforcements and the nature of
the interface between reinforcements and the
matrix are important contributors to the overall
MMC properties. The reactions at the solid-liq-
uid interface and the nucleation and growth of
primary and secondary phases around reinfor-
cements influence the microsegregation and
nanosegregation of reinforcements within the
matrix microstructure.

Incorporation of Reinforcements

Most ceramics are not wetted or are poorly
wetted by molten metals, so the intimate con-
tact between reinforcement and alloy can only
be promoted by artificially inducing wettability
or by using external forces to overcome the
thermodynamic surface energy barrier and vis-
cous drag effects. Mixing techniques generally
used for introducing and homogeneously dis-
persing a discontinuous phase in a melt are:

� Addition of particles to a vigorously agitated,
fully or partially molten melt (Ref 1–4)

� Injection of discontinuous phase into the
melt with an injection gun (Ref 5)

� Dispersion of pellets or briquettes into a
mildly agitated melt (Ref 6)

� Addition of powders to an ultrasonically
agitated melt

� Addition of powders to an electromagneti-
cally stirred melt

� Centrifugal dispersion of particles in a melt
� Infiltration of loose or packed beds/preforms

of reinforcements by molten alloys

Reinforcement-Metal Wettability

Wetting between molten alloys and disper-
soids is desirable from the standpoint of
ease of fabrication, dispersion of particles, and
property-performance relationships (Ref 7, 8).
Improvement in wetting between the matrix
and the reinforcing phase is also important to
minimize or eliminate porosity and to help the
reinforcement function as a nucleation catalyst
for the matrix microstructure.
The wetting properties of ceramics by liquid

metals are governed by a number of variables,
including heat of formation, stoichiometry, and
valence electron concentration. High temperature

and long contact times promote wettability due to
interfacial reactions, resulting in reduced contact
angle between the ceramic phase and the melt.
The work of adhesion between a ceramic and a
melt decreases with increasing heat of formation
of carbides. A high energy of formation for a sta-
ble carbide implies strong interatomic bonds and
correspondinglyweak interactionwithmelts. This
leads to a high interfacial energy and a small work
of immersion, resulting in poor wetting. High
valence electron concentration generally implies
lower stability of carbides and improved wettabil-
ity of ceramics by metals. Hence, optimization of
processing parameters based on thermodynamics
and kinetics can result in higher-quality MMCs.
Magnesium/graphite, aluminum/graphite, and

several other fiber-reinforced composites are
valuable structural materials because they com-
bine high specific strength and stiffness with a
near-zero coefficient of thermal expansion and
high electrical and thermal conductivities. Wet-
ting and bonding between the fiber and the
metal in these systems is induced by the deposi-
tion of a thin layer of titanium and boron or
SiO2 onto the fibers (Ref 9).

Solidification Processing of MMC

In solidification processing of composites,
liquid metal is combined with the reinforcement
phase and solidified in a mold. The solidifica-
tion processes of composite synthesis can be
divided into two main classes: stir mixing and
melt infiltration. (For more information, see
Composites, Volume 21, ASM Handbook.)

Stir Mixing. In stir mixing, the reinforcement
phase is added to the melt, and the mixture is
stirred with the help of either a mechanical stir-
rer (Ref 10) or a high-intensity ultrasonic device
(Ref 11, 12). This action disperses the reinfor-
cing phase throughout the melt. The melt-parti-
cle slurry can be cast either by conventional
foundry techniques, such as gravity, pressure
die, or centrifugal casting, or by novel techniques
such as squeeze casting (liquid forging), spray
codeposition, melt spinning, or laser-engineered
net shaping processing. Many of these casting
techniques are covered in detail in other articles
in this volume some typical squeeze casting para-
meters are shown in Table 3. Rohatgi et al. (Ref 7)
have studied the thermodynamics and kinetics of
transfer of particulate and fibrous reinforcements
into the melt and the solidification of melt into a
composite solid phase. This information has been
used to design processes that are used tomake dif-
ferent cast MMCs. Figure 1 shows typical micro-
structures of particle-dispersed composites
produced by the stir-casting method (Ref 8).
Stir mixing and casting is now used for large-

scale production of particle-reinforced MMCs
(Ref 14, 15). Various metals, such as alumi-
num, magnesium, nickel, and copper, have been
employed as the matrix, and a wide variety of
reinforcements, such as SiC, graphite, SiO2,
Al2O3, Si3N4, and ZrSiO4, have been added as
reinforcements. The study of cast composites
has added considerable understanding to the
solidification of conventional monolithic cast-
ings, especially issues related to the effects of
inclusions on the fluidity, viscosity, nucleation,
growth, particle settling, and particle pushing.

Fig. 1 Microstructures of typical cast metal-matrix composites made by stir casting. (a) A356/20wt%Al2O3. (b) A356/
15wt%SiCp

Table 3 Typical casting conditions for SiC fiber-reinforced aluminum and aluminum alloy
(Al-4.5Cu, Al-11.8Si, and Al-4.8Mg) composites

Type of

composite Metal mold temperature, K

Time between pouring and

pressurizing, s

Applied pressure

Pressure time, s Casting temperature, KMPa ksi

Plate type 573 10 49 7.1 90 1073
Tubular type 573 13 40 5.8 90 1073

Source: Ref 13
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In stir-mixed slurries of melts and reinforce-
ments, it is important to retain adequate enough
fluidity in the melts to make sound castings.
Generally, the fluidity of alloys decreases with
increasing additions of reinforcements, and this
can require changes in mold design. Reciprocal
relationships between fluidity and the apparent
viscosity of melt-particle suspensions have
been noted in aluminum-silicon alloys, iron-
carbon-sulfur alloys, and Al-4.5Cu-1.5Mg
alloy/2.5 wt% flaky mica composites. The fluid-
ity values of particle-filled composite melts are
generally adequate for making gravity-cast
composites at low volume fraction of particles,
up to approximately 30 vol%. Additions of sili-
con carbide, alumina, graphite, mica, and other
ceramic particles to aluminum alloys cause a
reduction in spiral fluidity. The spiral fluidity
of these alloys decreases linearly with increas-
ing particle surface area per unit weight. The
fluidity of composite slurries decreases with
decreases in the temperature. The fluidity of
composite melts also depends on the shape,
size, flocculation, and segregation of particles
in the melt.
Infiltration Process. In this process, liquid

metal is infiltrated through the narrow crevices
between the fibers or particulate reinforce-
ments, which are either in a packed bed or
arranged in a preform and fixed in space
(Ref 16–18). High pressure or vacuum can be
used to assist the infiltration process. As the liq-
uid metal enters between the fibers or particles
during infiltration, it cools and then solidifies,
producing a composite. In general, the infiltra-
tion technique is divided into three distinct
operations. The first step is the preform prepa-
ration, which involves assembling the rein-
forcement elements together into a porous
body. The second step is the infiltration process
during which the liquid metal permeates the
preform. The last step is the solidification of
liquid metal throughout the preform. Melt infil-
tration can be achieved with the help of mecha-
nical pressure (Ref 19, 20), inert gas pressure,
or vacuum (Ref 21, 22). The calculations of

threshold pressure needed to initiate infiltration
(Young’s equation) and the kinetics of infiltra-
tion (Darcy’s law) are in reasonable agreement
with the experiments. Table 4 lists the wetting
and threshold pressures for Al/SiC and Al/B4C
composite systems. Recently, techniques of
pressureless infiltration of ceramic preforms
have been developed (Ref 25, 26) that allow
casting of net-shaped composites.

Solidification Fundamentals

Nucleation and Growth Effects

Aluminum-silicon and aluminum-copper
alloys have been extensively used as matrix
materials in a wide variety of cast MMCs con-
taining graphite and ceramic particles, carbon
and glass microballoons, and discontinuous or
continuous ceramic fibers (Ref 27, 28). The
microstructures of these MMCs show that the
primary aluminum phase tends to nucleate in
the interstices between the ceramic phase,
unless surface modification is carried out to
promote heterogeneous nucleation on the parti-
cle or the fiber surface. The thermal conductiv-
ity and heat diffusivity of particles are generally
less than those of the melt, and during the cool-
ing process, the temperature of the particles
will be higher than that of the melt. In such
cases, it is difficult for the primary phase to
nucleate at the particle surfaces.
Thermal analysis showed that the unreinforced

alloys exhibited undercooling for primary-phase
nucleation, whereas the composites generally
did not show any significant undercooling. The
grain size of the composites is often smaller than
that of the unreinforced alloy under identical cast-
ing conditions. Solute diffusion is impeded dur-
ing growth due to the barrier effects of particles.
Therefore, the delayed growth from the melt
gives additional time for the formation of nuclei,
which can yield a refined structure. The potential
of nucleation on SiC and graphite particles in alu-
minum-silicon alloy melts can be calculated by

the chemical free energy change due to solute
segregation near the particles. This finding sug-
gests that the nucleation of primary phases on
the particles is more favorable for the hypereutec-
tic compositions than for hypoeutectic composi-
tions. This is in agreement with the presence of
primary silicon phases on the particles in hyper-
eutectic aluminum-silicon alloy melts containing
SiC or graphite particles (Fig. 2) (Ref 29) and
the absence of primary a-aluminum on particles
in hypoeutectic aluminum-silicon alloy melts.

Dendrite Formation and
Microsegregation

The primary phase morphology and the dis-
tribution of second phases depend on the rela-
tive magnitudes of dendrite arm spacing and
interfiber spacing. Figure 3(a) demonstrates
the effect of fiber and platelet-type reinforce-
ments on the solidification of aluminum-copper
alloys (Ref 30). In the fiber-reinforced region, it
can be seen that primary aluminum does not
nucleate on the surface of fibers as expected.
Primary aluminum dendrites grow outward
from the region between the fibers, depositing
the last freezing eutectic liquid on the fiber sur-
faces. A similar phenomenon occurs in SiC
platelet-reinforced aluminum-copper alloys
(Fig. 3b, c), where the Al-CuAl2 eutectic is
enriched at the SiC platelet/matrix interface,
and the primary phase nucleates away from
the platelets (Ref 31).
Microstructures in fiber-reinforced MMCs

can be modulated in a predetermined manner
by controlling interfiber spacing and cooling
rate. Figure 4 (Ref 7) demonstrates microsegre-
gation in the interfiber regions of an aluminum/
carbon fiber composite, in which the carbon
fibers were chilled outside of the mold. In this
case, very fine-sized a-phase grains were
in contact with the surfaces of graphite fibers.
If the cooling rate is sufficiently high or if fiber
volume fraction is sufficiently low, the matrix
alloy solidifies without influence from the
fibers. At sufficiently slow cooling rates, when

Table 4 Wetting characteristics and threshold infiltration pressures for aluminum/SiC and aluminum/B4C systems

Alloy

Temperature

Surface energy (g), J/m
2 � 10

�3

Al/SiC Al/B4C

Contact angle (u), degrees

Threshold infiltration pressure (Pth)

Contact angle (u), degrees

Threshold infiltration pressure (Pth)

�C �F kPa psi kPa psi

Pure aluminum 700 1290 851 106.3 917 133 120.0 800 116
800 1470 840 102.3 686.1 99.5 115.6 751.7 109
900 1650 830 101.2 620.6 90 109.4 572.4 83

Al-2Cu 700 1290 843 106.7 934.3 135.5 116.7 786.2 114
800 1470 832 103.7 758.5 110 114.3 710.3 103
900 1650 822 100.2 558.5 81 110.1 586.2 85

Al-4.5Cu 800 1470 831 103.0 717.1 104 112.9 668.9 97
Al-2Mg 700 1290 767 104.6 744.7 108 115.1 675.9 98

800 1470 757 101.2 565.4 82 98.9 241.4 35
900 1650 747 99.3 462.0 67 95.1 137.9 20

Al-4.5Mg 800 1470 652 102.1 524.0 76 92.9 68.9 10
Al-2Si 700 1290 847 105.7 882.6 128 . . . . . . . . .

800 1470 836 103.6 737.8 107 . . . . . . . . .
900 1650 826 99.1 503.3 73 . . . . . . . . .

Al-4.5Si 800 1470 831 103.2 730.0 106 . . . . . . . . .

Source: Ref 23, 24
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the secondary dendrite arm spacing in the unre-
inforced alloy is comparable to interfiber
spacing, the grain size becomes large compared
to interfiber spacing. In this case, fibers do not
enhance the nucleation of the solid phase. With
a further decrease in the cooling rates, the
extent of microsegregation is reduced, and at
sufficiently slow cooling rates, the matrix can
be rendered free of microsegregation. The
underlying mechanisms range from restricted

diffusion in the solid state to dendrite coales-
cence during solidification (Ref 32–35).

Distribution of Reinforcements

The spatial arrangement of the discontinuous
ceramic phase in the cast structure principally
determines the properties of the cast composite.
The distribution of phases depends on:

� Quality of the melt-particle slurry prior
to casting

� Cooling rate
� Viscosity of the solidifying melt
� Shape, size, and volume fraction of particles
� Specific gravities of particles and the melt
� Thermal properties of particles and the

matrix alloy
� Chemistry and morphology of crystallizing

phases and their interactions with particles
� Nucleation of primary phases on

reinforcements
� Entrapment or pushing of particles by solidi-

fying interfaces
� Flocculation of particles and the presence of

any external forces during solidification

Figure 5 shows typical microstructures of
particle-dispersed composites where the parti-
cles are segregated in the last freezing interden-
dritic regions as a result of pushing by the
primary solid. The segregation of particles into
the interdendritic regions causes severe agglo-
meration and interparticle contact, impairing
the mechanical properties. Segregation is more
severe at smaller particle sizes and at larger
dendrite arm spacing (Ref 23).
Research on particle pushing by solidifying

interfaces in cast MMCs has been focused on
modeling the effects of thermal properties
(Ref 24), solute diffusion (Ref 13), gravity,
and microgravity (Ref 36). Other areas of focus
have included the effects of convection
(Ref 37), external fields such as centrifugal
force, morphology of the solidification front
(Ref 38), and surface energies (Ref 39, 40)
(Table 5). Kim and Rohatgi (Ref 41) have pro-
posed models on particle pushing, taking into
account the effect of interface shape, which is
initially planar, and the presence of solute.
The shape of the interface becomes curved after
the interaction. The critical interface velocity in
a pure melt, above which the particles are
engulfed by the moving interfaces, is given by
the following equation (Ref 13):

Vc ¼ �sa0
18m

kR1 þ 1

R1

� �
(Eq 1)

where Ds is the surface energy difference, a0 is
the atomic diameter, m is the viscosity, k is the
curvature of the interface, and R1 is the particle
diameter. During the rejection of particles by
growing crystals and pushing of reinforcements
ahead of the advancing interface, a viscous
force is generated that prevents the pushing of
the particle. Therefore, it is the balance of these
counteracting forces that determines the rejec-
tion or engulfment of the particle. The shape
of the solidification front and the magnitude of
these forces are affected by several parameters,
such as relative density difference, particle size,
relative difference in thermal conductivity and
heat diffusivity between the particle and the
matrix melt, and alloy composition. Figure 6
shows the variation in critical velocity for
engulfment as a function of particle size,

Fig. 2 Optical micrographs showing nucleation of silicon phase (a) on graphite particle and (b) on nickel-coated
graphite particles in hypereutectic aluminum-silicon alloys

Fig. 3 (a) Transverse section of an SCS-2SiC fiber in an Al-4.5%Cu matrix. (b) and (c) Solidification microstructure of
discontinuously reinforced SiC-Al alloy composites showing the influence of the spacing between SiC

platelets on microsegregation pattern in aluminum-copper alloys
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suggesting that smaller particles will require
higher velocities for engulfment.
The interaction between particles and the

solidification fronts was observed to lead fre-
quently to segregation of particles in the last
freezing interdendritic regions. This happens
when the velocity of solidification fronts is
lower than the critical interface velocity, an
event that depends on various factors, including
particle size and its density, melt viscosity, and
the shape of the interface and its velocity.
An interface velocity greater than the critical
interface velocity leads to the engulfment of
particles by the interfaces, resulting in a uniform
particle distribution due to the presence of
the particles within the matrix, an outcome that
is likely to greatly enhance the matrix mechan-
ical properties. The critical interface velocities
have been experimentally measured in Al-Si/
SiC composites; however, it has not been possi-
ble to engulf the majority of the reinforcement
particles within the dendrites in most conven-
tional casting processes used today (2008).

Modeling of Particle-Pushing
Phenomenon

Particle/solidification front interactions in
metal-ceramic systems have been modeled using
computational methods. The studies showed a
distinct difference between the results obtained
from a full dynamic analysis and those from pre-
vious steady-state analyses (Ref 42–45), particu-
larly when premelting effects were included in
the calculations. A significant finding was that
when premelting effects are included in the
study, the particle pushing/engulfment transition
could be determined directly from the dynamics
of the problem (Ref 46). The premelted film
induced changes in the curvature of the solidifica-
tion front underneath the particle (i.e., becomes
more concave), which promoted engulfment of
the particles. Garvin and Udaykumar (Ref 47,
48) computationally examined the drag force act-
ing on the particle as it is approached by the front

and quantified its dependence on the thermal con-
ductivities of the particle and the melt.
More recently, Garvin et al. (Ref 49, 50)

developed a multiscale method in which they
coupled the dynamics of heat and fluid trans-
port at the microscale (i.e., particle scale) with
the nanoscale intermolecular interactions acting
across the thin melt gap, without imposing any
assumptions on the geometry of the front/parti-
cle or on the force laws. The solution requires
solving a lubrication equation (with disjoining
pressure effects for the intermolecular forces
included as a body force) for the melt layer
and Navier-Stokes equations for the overall par-
ticle-front system. The results from these stud-
ies allow the critical velocity for particle
engulfment to be obtained from the coupled
dynamics. The sensitive interaction between
the particle and the melt front leads to the deter-
mination of the critical velocity for pushing/
engulfment in particle-front interactions.

Dendrite and Particle Interaction

In the work of Yang et al. (Ref 51–53), inter-
actions of fronts in undercooled pure melts and
directionally solidified (constitutionally super-
cooled) alloy melts have been studied. These
results indicate that the dynamics of particle-
front systems in such morphologically unstable
situations may be very different from those in
the often-studied stable planar solidification
front cases. The thermal conductivity ratio of
the particle to the melt (kp/kl) seems to play
an opposite role in the case of an undercooled
melt (pure material) versus a directionally soli-
dified pure material (Ref 53). It appears that in
dendritic systems with kp/kl < 1, particles are
likely to be engulfed or become trapped in
the interdendritic spaces as opposed to
being pushed ahead of the front. As a dendrite
approaches a particle in an undercooled pure
melt, it becomes more convex as kp/kl increases.
In the directional solidification case of a pure
material, the solidification front becomes less
convex as kp/kl increases.

Nanoparticles and Solidification
Front Interactions

Solidifying interfaces interacting with nano-
particles will likely require a different numerical
approach than the ones used for microparticles.
The lubrication approach to finding the drag on
the particle may not be valid for the case of a
nanoparticle. In order for the lubrication theory
to hold, the ratio of the gap thickness to the par-
ticle radius must be small (d/Rp � 0.1). In addi-
tion, the curvature of the nanoparticle will have
a first-order effect on the solidification-front
morphology. At high curvatures, the Gibbs-
Thomson condition will become very important
and tends to flatten the solidifying interface.
This will aid in the engulfment of particles.

Fig. 4 Solidifying microstructure of thermally managed Al-9%Cu alloy composite (a) with external cooling of
graphite rod extending out of the melt and (b) without external cooling of the graphite rod

Fig. 5 Microstructures of composites showing pushing
of ceramic particulates in the last freezing

region liquid. (a) 7074 Al-20vol%Al2O3 particle matrix.
(b) A356 alloy-based composite with Al2O3 (c) A356
alloy-based composite with ZrO2. Source: Ref 60
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In addition, small particles are more easily
pushed; hence, the solidification rates needed
to engulf small particles could be quite high
(Fig. 6). Brownian motion may also play a role
in how a nanoparticle behaves as it interacts
with the solidification front. Traditional contin-
uum mechanics approaches may not be applica-
ble for modeling nanoparticles interacting with
solidification fronts, due to the small length
and time scales. However, molecular dynamics
approaches can be applied to such systems. Fur-
thermore, while molecular dynamic calcula-
tions can reveal the physics at the nanoscale, a
multiscale approach will be necessary to predict
the particle distributions at the scales of practi-
cal interest, that is, at the macroscale.

Nanocomposites

A variety of metal-matrix nanocomposites
(MMNCs) are being developed, with properties
that far exceed the limits for metals or compo-
sites that contain microscale reinforcements.
For example, carbon nanotubes have been shown
to exhibit ultrahigh strength and modulus. When
included in a matrix, they could impart signifi-
cant property improvements to the resulting
nanocomposite (Ref 54). Solidification pro-
cesses have been applied for synthesizing nano-
composites (Ref 55). These processes can be
divided into three categories: rapid solidifica-
tion, stir mixing followed by solidification, and
infiltration of melt into a preform of reinforce-
ment followed by solidification. Rapid solidifica-
tion, such as melt spinning, or spray atomization
can lead to nanosized grains as well as amor-
phous metals, from which nanosized reinforce-
ments can be precipitated in the amorphous
matrix during heating to form nanocomposites
(Ref 56, 57). The stir-mixing methods that have
been applied to synthesize MMNCs include use
of a high-temperature impeller to stir the melt-
reinforcement slurry and use of ultrasonic

mixing, where an ultrasonic horn is used to create
cavitation in the melt that disperses the particu-
late reinforcements. Figure 7 shows a micro-
structure exhibited by a cast nanocomposite
synthesized at the University of Wisconsin—
Milwaukee (Ref 58, 59). This MMNC was made
using a unique method combining the use of stir
mixing and ultrasonic mixing, with a wetting
agent added to the molten alloy to incorporate
nanoparticles in a metallic matrix. This process
resulted in the incorporation of nanoparticles
within microscale grains of aluminum and
formed a bimodal microstructure. Infiltration
methods that have been used to cast MMNCs
include use of ultrahigh-pressure and pressure-
less infiltration techniques. In the case of
MMNCs, incorporation of as little as 1 vol% of
nanosized ceramic particles has led to a much
greater increase in the strength and wear resis-
tance of aluminum- andmagnesium-matrix com-
posites than was achieved at much higher
loading levels of microsized particles. Such
improvements have great implications for the
automotive, aerospace, and, in particular,
defense industries due to the significant weight
savings and exceptional properties that can be
achieved.

Conclusions

� Considerable progress has been made in the
field of cast MMCs since cast aluminum-
graphite particle composites were first synthe-
sized in 1965. Stir mixing and casting as well
as pressure infiltration have emerged as the
two major processes to make composites.

� Presence of reinforcements in the melt influ-
ences solidification of castings in several
ways, including the changes in the patterns
of microsegregation that can reduce the heat
treatment time required for castings. The
knowledge base in the solidification of
MMCs has enhanced the understanding of
solidification of monolithic castings.

Table 5 Selected theoretical models of particle pushing

Study Reported parameters and outcomes

Uhlmann et al. Repulsive (surface energy) and attractive (viscous drag) forces are introduced; front shape assumed a priori
Bolling and Cisse More rigorous determination of front shape than Uhlmann et al.; surface roughness considered; introduced gravity and curvature-dependent attractive (drag) force;

some ill-defined length scales; obscure nature of rejection force
Hoekstra and Miller Pushing by ice front modeled; rejection force is due to temperature-dependent transition layer on size; temperature gradient is included
Chernov et al. Disjoining pressure as repulsive force and fluid drag as attractive force; shape-preserving paraboloidal growth front; considers smooth particles and thermal conductivities

of particle and melt; neglects kinetic undercooling; solute screening is considered separately
Stefanescu et al. Repulsive surface energy and attractive fluid drag; successive approximation-type approach to incorporate thermal conductivities of particle and melt, buoyancy, and

volume fraction; a later refinement addresses growth of perturbations on front. Good agreement with some experimental observations
Neumann et al. Thermodynamic model of pushing; postulates an equation-of-state to determine surface energies. Eminently useful for low-energy (e.g., organic) systems
Gilpin Disjoining pressure as the repulsive interaction and drag as attractive force; temperature gradient effects included
Catalina and
Stefanescu

Proposed a dynamic model of pushing. The model considers acceleration of an initially stationary particle by the front to a steady state at which a thin film is retained.
The critical velocity is the limiting velocity at steady state.

Sasikumar et al. Approach is similar to Chernov et al. but a more rigorous numerical solution of the problem; thermal conductivities of particle and melt are considered; front shape under
both steady and nonsteady conditions is determined; assumes repulsive van der Waals and attractive fluid drag forces

Kaptay Determines conditions for force and spontaneous engulfment by accounting for the interfacial force. Neglects gravity, buoyancy, lift forces, and interfacial energy
gradients. Derives an equation for the forces between two solids separated by a thin liquid film

Kim and Rohatgi Steady-state model of interaction between a spherical particle and a curved interface. Considers thermal conductivity difference between particle and liquid, and the
temperature gradient. Also incorporates solute effects in deducing the engulfment velocity

Rempel and Worster Considers a power law dependence between film thickness and undercooling based on intermolecular interactions. Predicts the interface shape and critical velocity
Hadji Analyzes the interface instability of a planar front confronted by a particle during unidirectional solidification of dilute suspensions. Defines a segregation coefficient that

is modified by particles due to solute and thermal shielding

Fig. 6 Variation of the critical interface velocity with
particle size

Fig. 7 Transmission electron micrograph of A206/2vol
%Al2O3 (47 nm) nanocomposite produced by

the authors at the University of Wisconsin—Milwaukee
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� MMCs have unique properties, including high
specific strength, high specific modulus, wear
resistance, low coefficient of thermal expan-
sion, and high specific conductivity, which
make them very attractive for automotive,
electronic packaging, and space applications.

� Several MMC components are currently
being used as automotive components, such
as brake rotors, pistons, cylinder liners, drive
shafts, and engine pulleys. They are also
used in aerospace applications such as space
shuttle orbiter struts, antenna wave-guide
mast, microwave thermal packaging, power
semiconductor base, ventral fins, eurocoptor
blade sleeves, fuel access doors, and fan exit
guide vanes.

� Emerging castMMCswith considerable poten-
tial include aluminum-graphite, aluminum-fly
ash, aluminum-silicon carbide-graphite, lead-
free copper-graphite, and open-cell and syntac-
tic composite foams.

� There are several research challenges in the
field of cast MMCs, including development
of special matrices and reinforcements,
decreasing the cost and facilitating machin-
ing of composites, and generating hand-
book-grade data for design. Several
fundamental issues include nucleation and
growth amid reinforcements and interactions
between solidifying interfaces. Micro- and
nanosized reinforcements need further inves-
tigation to achieve the desired distribution of
reinforcements in cast composites.

� In the future, the technology of castingMMCs
can enable foundries to produce higher-per-
formance castings and other advancedmateri-
als, including functionally gradient materials,
nanocomposites, smart composites, biomedi-
cal implants, superconducting composites,
and porous and cellular solids.

� There are exciting opportunities for produc-
ing exceptionally strong, wear-resistant cast
MMNCs with acceptable ductility by solidi-
fication processing. However, low-cost bulk
processing methods must be developed to
synthesize these materials with little to no
voids or defects and with improved ductility.
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