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A 3-5 vol.% TiC particulate Al-Si-Cu composite was prepared by diluting Al/20 vol.% TiC composite in an
Al-7Si-4Cu alloy matrix. TiC particle distribution consists of isolated and clustered particles which are both
located at the primary-a grain boundaries and at the areas of the last solidified liquid. Particle pushing by
the solidification front is responsible for the final particle location. The solidified microstructure consists of
primary and intermetallic phases formed by a sequence of possible eutectic reactions. No evidence of TiC
particle degradation was observed.
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1. Introduction

During the last four decades, Particulate Reinforced Alumi-
num Matrix Composites (PRAMCs) have gained great research
attention as attractive materials for potential industrial applica-
tions. This interest stems from property improvements, regard-
ing strength and stiffness, density, high temperature properties,
abrasion, and wear resistance, and damping capacities (Ref 1).

Quite a few different manufacturing and processing routes
have been explored and proposed, based either on solid or
liquid matrix state. The stir casting process is one of the most
important ones, mainly due to cost and ease-to-handle consid-
erations. An extensive research effort has been conducted, to
investigate and understand the various phenomena governing
the particle-matrix interactions during and after the solidifica-
tion process. A thorough, in-depth review for these phenomena
can be found in the study of Rohatgi et al. (Ref 2). It is
considered necessary, however, to address the main aspects
concerning the final microstructure of a stir-cast metal matrix
composite (Ref 1-6).

Two fundamental phenomena are responsible for the particle
distribution and the final microstructure, and, consequently, the
composite properties and performance. These are: the particle-
liquid metal interactions and the particle-solidification front
interactions.

Regarding the particle-molten metal interactions, the particle-
melt compatibility influences the initial particle distribution
within the liquid melt. The particle-melt compatibility is
assessed by means of wettability, i.e., the tendency of the liquid

melt to spread over the surface of a ceramic substrate forming a
low (<90�) contact angle during the well-known sessile drop
experiment (Ref 3, 5, 6). The involved surfaces may be
poisoned by oxide phases or absorbed gases. Especially in the
case of Al alloys and TiC, the presence of oxides and/or
absorbed gases can significantly change their wetting charac-
teristics and their absence can make the wetting of TiC by Al
very spontaneous (Ref 7, 8).

Regarding the particle-solidification front interactions, these
influence the final particle distribution and location. The
particles can be pushed by the solidification front, engulfed by
the solidification front or act as solid phase nucleation sites.
Many theories have been developed concerning the solidifying
front-reinforcing particles interactions, which are based on
thermodynamic and kinetic considerations. Zubko et al. (Ref 9)
proposed the thermal conductivity criterion, according to which,
engulfment will occur when the thermal conductivity of the
liquid is higher than that of the reinforcing particles. This theory
was refined by Surrapa and Rohatgi (Ref 10). An analytical
model for the interaction between an insoluble particle and
an advancing solid/liquid interface has been presented by
Shangguan et al. (Ref 11) where they addressed the concept of
the critical velocity of the interface, Vcr, below which the
particle will be pushed and above which the particle will be
engulfed. They also showed the dependence of Vcr on surface
energy changes and particle size. The role of particle size have
been extensively addressed in the research effort of Maity et al.
(Ref 12) while dealing with transient liquid phase diffusion
bonding of an extruded Al6061-SiC composite material.

Many other models have been based on the idea of
solidification front critical velocity (Ref 13-18) and Stefanescu
and Dhindaw (Ref 19) summarized the parameters affecting the
critical velocity for the different cases of solidification condi-
tions (unidirectional-multidirectional) and the different mor-
phologies of the solidification front (planar, cellular, dendritic).

Although a variety of Al-alloys have been investigated as
potential matrix systems (Al, Al-Si, Al-Mg, Al-Mg-Si, Al-Cu,
etc.), the research studies have mainly concentrated on SiC and
Al2O3 particulate reinforcements (Ref 1-6). However, several
experimental efforts have focused on the utilization of TiC
particles as potential reinforcements of Al alloys. Characteristic

A.E. Karantzalis, A. Lekatou, E. Georgatis, V. Poulas, and
H. Mavros, Department of Materials Science and Engineering,
University of Ioannina, 45110 Ioannina, Hellas, Greece. Contact
e-mail: karantzalis@hotmail.com.

JMEPEG (2010) 19:585–590 �ASM International
DOI: 10.1007/s11665-009-9505-8 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 19(4) June 2010—585



examples which can be considered include the study of
Contreras et al. (Ref 20) and Albiter et al. (Ref 21) who
produced Al-Mg/TiC and Al-2024/TiC composites, respec-
tively, by melting infiltration techniques, the study of Selcuk
and Kennedy (Ref 22) who prepared an Al/TiC master
composite of high TiC content (over 50 vol.%) by reaction
synthesis of elemental powders, the studies of Shyu and Ho
(Ref 23), Premkumar and Chu (Ref 24), Kharti and Koczak
(Ref 25), and Sahoo and Koczak (Ref 26) who produced
Al/TiC composites through the reaction of carbonaceous gas
with Ti dissolved in an Al melt, and the study of Karantzalis
et al. (Ref 8) who produced Al/TiC composites by a stir casting
process.

TiC particles were chosen as the reinforcing phase because
of their properties and metallic character (Ref 27, 28)
considered as important factors for sufficient wetting when in
contact with aluminum melts without the necessity of interfa-
cial chemical reactivity. Such behavior can lead to great affinity
for molten aluminum, reduced tendency for particle agglom-
eration, good particle distribution in the melt, and development
of strong interfaces, free of reaction products.

In this study, the selection of the matrix material was based
on its potential applications and solidification features. During
the last decades, cast aluminum alloys have extensively been
used by the automotive industry for the production of engine
components as potential replacements of cast iron (Ref 29).
Among these, alloys of the Al-Si-Cu system, such as A319 and
319, have thoroughly been investigated due to their potential
use in the automotive (transport) industry (Ref 30). Among the
most common applications, are components, such as cylinder
blocks, cylinder heads, pistons, and valve lifters.

It is on this basis, where the scope of this study stands viz, to
investigate the potential of produce aluminum matrix compos-
ites by the facilitation of halide salts, as well as the
solidification behavior of a novel matrix-particulate combina-
tion. This combination consists of an Al-Si-Cu alloy as the
matrix material, and TiC particulates as the reinforcing phase.

2. Experimental Procedure

The examined composites were prepared by diluting a
quantity of a master composite material in the main matrix
alloy. The main matrix alloy was cast Al-7 wt.% Si-4 wt.% Cu,
with Fe and Mn being the main impurities (less than 0.8 wt.%,
respectively, for each element). The master composite was
Al-20 vol.% TiC prepared by a flux-assisted stir casting
process. The preparation method involved the addition of the
appropriate mixture of KBF4 and K3AlF6 fluxes along with TiC
powders (�325 mesh) on the surface of Al melt. The halides
salts react with Al and form a layer of slag that dissolves the
oxide film from the melt surface. Subsequently, TiC particles
and Al melt express their net wetting characteristics allowing
the spontaneous insertion of the reinforcement within the
molten metal. Yet, the exact details and the scientific back-
ground of the technique are a matter of a future publication.
The amount of the master composite added was such that to
produce a final 3-5 vol.% TiC composite material. The matrix
material was heated up to 800 �C in a resistance furnace. The
master composite was then added and allowed for few minutes
(no more than 5 min) to dissolve and release the TiC particles.
The melt was then gently and softly stirred, to ensure restriction

of particle settling due to sedimentation. Finally, the slurry was
poured into steel cylindrical molds. Specimens where cut,
mounted, and prepared for inspection.

Standard metallographic procedures were applied (grinding
by 80, 200, 500, 800, and 1000 SiC grit papers followed by
polishing by 6-, 3-, and 1-lm diamond suspensions). Metal-
lographic inspection was conducted through the use of a
LEICA 4000 optical microscope. Particle content measure-
ments were conducted with the aid of the �Image J� image
analysis software. The technique is based on the calculation of
the different area portions of the involved phases, which are
colored differently, through the use of the appropriate optical
microscope images. XRD analysis was carried out using the
Bruker D8 advance x-ray diffractometer with a Cu-Ka lamp.
SEM inspection was carried out using the JEOL 5600 system
equipped with an Oxford Instruments EDS analysis system.
The EBSD-SEM image was recorded with the forescatter
(FSD) detector system of the EBSD detector (Nordlys II, HKL
Ltd.) into a Zeiss Supra35VP FE-SEM.

3. Results and Discussion

3.1 Particle Distribution

Figure 1 presents an optical micrograph of the composite
microstructure at relatively low magnifications. Based on
similar micrographs, the TiC volume fraction was calculated
by image analysis and found to be within the range of
3-5 vol.%. The microstructure consists of primary-a grains,
TiC particles, and several other phases that will be presented in
the following sections. The TiC particles appear to have a
relatively uniform distribution of both isolated and clustered
particles. The vast majority of the TiC particles, in either form,
are located at the areas of the last solidified liquid (i.e., the
primary a-grain boundaries). The TiC particles did not act as
nucleation sites for primary-a grain. The average size of the
primary-a grains is close to 100 lm.

Figure 2(a-c) illustrates the microstructure of the alloy under
SEM examination. The matrix-ceramic interface does not show

Fig. 1 Optical micrograph presenting the composite microstructure
at a higher magnification. The TiC particles are located at the grain
boundaries (i.e., the areas of the lastly solidified liquid). Various dif-
ferent phase constituents are also observed (see Fig. 4, 5)
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(at least for this depth of examination) any evidence of particle-
degradation reaction to form phases, such as Al3Ti or Al4C3.

As aforementioned in the introduction section, the key
phenomena responsible for the final particle distribution are the

melt-particle interactions and the solidifying front-particle
interactions.

3.1.1 Melt-Particle Interactions. The uniform dispersion
of the ceramic particles in the molten matrix is a crucial factor for
the resulting microstructure and is directly linked with the
wetting characteristics of the involved phases. Good wetting is
primarily responsible for the introduction of the ceramic phase
into the molten alloy. TiC is a compound of strong metallic
nature owing to the presence of Ti. Such a metallic character is
reported to improve the wetting behavior of TiC when in contact
with metallic melts (Ref 27, 28). The Al-TiC wetting behavior is
somehow more complicated. In general, the system is charac-
terized by good wettability, low contact angles, and good
interfacial bonding (Ref 31). However, such behavior is
achieved only when the surface oxide layer covering the Al
melt is removed or dissociated. This removal or dissociation
occurs only at high temperatures (>900 �C) (Ref 31). At such
high temperatures, the system becomes intensively reactive;
the dissociation of TiC and the formation of Al4C3 and/or
Al3Ti compounds take place at or close to the interfacial area
(Ref 27, 32). In general, such reactivity improves wettability
(Ref 27, 28); however, the formation of new phases can alter
dramatically the nature and the response of the reinforcement-
matrix interface. Such formation has not been observed in this
study. This is probably attributed to the short processing time.

The use of fluxes in the production of the master composite
ensures minimization of the oxide phases (Ref 7, 8) and
consequent improvement of the wetting behavior. This bene-
ficial action is attributed to the ability of the formed slag to
dissolve the oxide phases present on the surface of the melt.
Such a good wetting may lead to a good particle distribution
within the molten alloy. The clusters observed could be either
inherited by the precursor master composite or be a result of
the solidifying front-particle interactions, as discussed in
section 3.1.2.

During conventional manufacturing of cast metal matrix
composites, extensive mechanical stirring is used to provide the
necessary shear forces for both reinforcing phase insertion and
precursor material clusters dissociation. In this study, such a
mechanical stirring was not adopted because the main target of
the effort was to evaluate the ability of the salts to introduce the
ceramic phase within the melt in the absence of any other
supportive mechanism.

3.1.2 Solidifying Front-Particle Interactions. Besides
facing the melt during solidification, the TiC particles are also
facing the solidifying front. This interaction also plays a crucial
role in particle distribution and final microstructure.

Figure 1 shows a preferential location of TiC particles at the
primary a-grain boundaries associated with eutectic and
intermetallic phases. (The nature of the phases is discussed in
section 3.2.) Therefore, it is postulated that the first phase to
solidify is primary-a. The primary-a grains push the TiC
particles to the end to solidify liquid areas. In this case, the
so-called thermal conductivity model, proposed by Zubko et al.
(Ref 9) and refined by Surappa and Rohatgi (Ref 10), appears
sufficiently applicable. During cooling, the thermal conductiv-
ity difference between TiC [20.5 W/m K (Ref 33)] and Al melt
[90 W/m K at 660 �C (Ref 34)] causes the liquid at the particle
periphery to be at higher temperature than the rest of the melt.
Hence, the solid phase prefers to start its nucleation away from
the particle surface, at particle-free melt areas. Consequently,
the TiC particles are blocked within the last solidified liquid,
where eutectic and other intermetallic phases are present. This

Fig. 2 The composite microstructure on SEM examination. (a) and
(b) SEI image. (c) EBSD image. No signs of TiC-matrix interactions
are discerned
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TiC particle rejection at the grain boundaries can also be a
reason for cluster formation.

3.2 Microstructural Constituents

Figure 3 presents the XRD spectrum of the as-cast com-
posite. a-Al, Si, TiC, and CuAl2 are the dominant phases. Other
intermetallic phases have been reported for similar types of
alloys, such as Al5FeSi, Al15Mn3Si2, etc. (Ref 35). The
identification of them by XRD is difficult due to extensive
overlapping with the main peaks.

Figure 4(a) shows an optical micrograph of the alloy
microstructure. At least three different intermetallic phases
have been identified mainly through their morphological
features and EDX analysis. Figure 4(b) is an SEM micrograph
of the alloy at back scattered mode, where the different phase
constituents are clearly discerned. EDX analysis revealed the
presence of: Si, TiC, CuAl2, Al5FeSi, and another complex
intermetallic compound similar to Al5FeSi but with Mn and
Cu present; this compound has the approximate stoichiometry
of Al5FeSiMn0.2Cu0.2. Si is in the form of acicular or
elongated platelets mainly located at the grain boundaries of
primary Al. The CuAl2 phase is in the form of blocky particles
also located at the grain boundaries. The Al5FeSi has a needle-
like structure, whereas the complex intermetallic Al5Fe-
SiMn0.2Cu0.2 is in the form of the so-called Chinese script.
The solidification procedure of an Al-Si hypoeutectic alloy,
such as the one used in the present effort, should essentially
involve two main stages of solid phase/microconstituent
formation: a pre-eutectic stage of primary a-Al grain formation
and a eutectic stage of Al-Si eutectic constituent formation.
However, the alloying addition significantly alters the solid-
ification behavior of the alloy, making the sequence of phase
formation more complicated.

Figure 5 shows that the presence of intermetallic phases is
associated with the presence of TiC. In particular, Fig. 5(a)
shows that TiC particles are located at the periphery of
CuAl2, Al5FeSi, and Si particles. Figure 5(b) reveals strong
segregation of TiC particles around Si and Al5Fe-
SiMn0.2Cu0.2. Figure 5(c) shows that TiC particles are located
at the CuAl2 and Al5FeSiMn0.2Cu0.2 boundaries. Moreover,
Fig. 5 shows that the growth of the intermetallic phases is
also interrelated to the presence of Si at the primary a-grain
boundaries. In particular, this is illustrated for CuAl2-Si in
Fig. 5(a), for Al5FeSiMn0.2Cu0.2-Si and CuAl2-Si in Fig. 5(b),
and for Al5FeSiMn0.2Cu0.2-Si, Al5FeSi-Si, and CuAl2-Si in
Fig. 5(c). The formation of intermetallic particles next to the
Si particles may be ascribed to the sequence of solidification
reactions in the Al-Si-Cu system proposed by Backerund
et al. (Ref 35):

L! Alð Þ þ Al15Mn3Si2 þ Al5FeSið Þ at 590 �C ðEq 1Þ

L! Alð Þ þ Siþ Al5FeSi at 575 �C ðEq 2Þ

L! Alð Þ þ Al2Cuþ Siþ Al5FeSi at 525 �C ðEq 3Þ

L! Alð Þ þ Al2Cuþ Siþ Al5Mg8Cu2Si6 at 507 �C

ðEq 4Þ

The brackets of Al5FeSi in Eq 1 mean that its formation at
590 �C was not fully clarified. The last intermetallic was not
observed in the present work owing possibly to the small

amounts of Mg. Similar observations on the formation of Si and
CuAl2 have been made by Samuel et al. (Ref 36), although
somewhat different temperatures of formation, as well as
intermetallic phases are claimed.

Fig. 3 XRD spectrum of the examined composite

Fig. 4 (a) Optical micrograph showing the different phases present
in the solidified composite. a-Al, Si, b-Al5FeSi, Al5FeSiMn0.2Cu0.2,
CuAl2, and TiC are observed. (b) SEM back-scattered image show-
ing the different formed phases
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Samuel et al. (Ref 36) did not observe the presence of
Al5FeSi alone but only with the dissolution of other alloying
elements in its structure. Mulazimoglu et al. (Ref 37) generally

agreed with the observations of Backerund et al. (Ref 35). None
of these studies has mentioned the formation of the complex
Al5FeSiMn0.2Cu0.2 intermetallic. Its position in the solidifica-
tion sequence is difficult to be explained, thus needing further
experimentation.

The interrelation of the various phases with the TiC
particles could be indicative of their role as potential sites for
heterogeneous nucleation of various intermetallic phases. This
hypothesis is further supported by the presence of TiC
particles at the last to solidify areas, where they have been
pushed by the solidification front, as aforementioned in
section 3.1.2. Furthermore, the presence of eutectic micro-
constituents in contact with TiC particles enhances the above
speculation by suggesting that they have acted as eutectic
reaction substrates/catalysts.

In conclusion, the thermal conductivity differences along
with the effect of particle size on the solidification front critical
velocity satisfyingly explain the TiC particle being pushed to
the grain boundaries. On the other hand, the extensive presence
of TiC at these lastly solidified liquid areas along with eutectic
phases, support a role of heterogeneous nucleation inducer.

This solidification approach does not exclude the occurrence
of more complicated eutectic reactions and sequences, and
therefore further investigations are required.

4. Conclusions

• An Al-20 vol.% TiC master composite was diluted in a
matrix of Al-7Si-4Cu resulting in the production of a
3-5 vol.% TiC composite material.

• The good wetting characteristics between TiC particles
and the matrix, as those ensured by the use of halide salts
during the manufacturing stage, are responsible for the
successful particle insertion.

• The preferential placement of TiC particles at the grain
boundaries of the primary a-phase, which present equi-
axed morphology, is attributed to particle pushing phe-
nomena by the solidification front. The differences in
thermal conductivities and the solidification front critical
velocity concept, explain this behavior.

• Various primary and intermetallic phases were developed
during solidification. The majority of them are located at
the areas of the last solidifying liquid. A possible progress
of phase formation is based on sequential eutectic reac-
tions according to which, a-Al, Si, Al5FeSi, Al5Fe-
SiMn0.2Cu0.2, and CuAl2 are formed.

• The TiC particles have acted as heterogeneous nucleation
sites mostly for intermetallic phases.

• TiC has not shown any sign of reaction degradation.
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TiC-Si, Al5FeSiMn0.2Cu0.2-Si, Al5FeSi-Si, CuAl2-Si
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