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Abstract

Stir casting is an economical method to produce aluminum matrix composites. In the
present work, composites of aluminum alloy AA6061 reinforced with various amounts (0, 5,
10 and 15 wt.%) of TiC particles were prepared by stir casting technique. X-ray diffraction
patterns of the prepared composites clearly revealed the incorporation of TiC particles with-
out the presence of any other compounds. The microstructures of the composites were studied
using optical and scanning electron microscopy. It was observed that the TiC particles dis-
tributed all over the composite and properly bonded to the matrix alloy. Local clusters of
TiC particles were also seen in a few places. The result shows that the reinforcement of TiC
particles enhances the microhardness, ultimate tensile strength and wear resistance of the com-
posite. The details of fracture morphology, worn surface, and wear debris are also presented

in this paper.
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1. Introduction

The concept of reinforcing aluminum alloys with
ceramic particles gave birth to a new class of material
known as aluminum matrix composites (AMCs) a few
decades ago. AMCs grabbed the attention of aircraft,
automotive and other industries owing to their supe-
rior properties such as high specific strength, high elas-
tic modulus, excellent friction and wear resistance, low
thermal expansion coefficients, etc. [1-3]. AMCs are
favored over conventional aluminum alloys in many
applications due to its enhanced performance. Silicon
carbide (SiC) and alumina (Al,O3) are extensively
used as particulate reinforcements to prepare AMCs
over three decades since the advent of AMCs. The
development of various production methods made it
possible to incorporate several potential ceramic par-
ticles such as fly ash [4], SiOy [5], TiO2 [6], AIN [7],
SigNy [8], TiC [9], B4C [10], TiB2 [11] and ZrBs [12]
to prepare AMCs.

Development and optimization of production meth-

ods will improve the properties of AMCs and fulfill the
requirement of various industries. Therefore, the pro-
duction of AMCs with proper distribution and bond-
ing of ceramic particles has been a challenge. AMCs
are presently prepared using several methods which
can be categorized into two major divisions. They are
solid state processing and liquid state processing. The
latter is preferred due to its simplicity, lower cost, near
net shape and suitability for mass production [13].
Stir casting is the widely adopted liquid state pro-
cessing method to produce AMCs [14]. The matrix
material is melted in a furnace in the presence of the
inert gas to avoid the formation of oxides and is stirred
to form a vortex. The ceramic particles are fed at a
predetermined rate to the periphery of the vortex. The
stirring is continued till all the particles are properly
mixed. The composite melt is then poured into a mold.
The solidified composite can be further subjected to
heat treatment or other secondary processes for prop-
erty enhancement. The limitations of stir casting are
poor distribution, lack of wettability, porosity, inter-
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Table 1. The chemical composition of AA6061-T6 alloy

Element Mg Si Fe Mn Cu

Cr Zn Ni Ti Aluminum

(wt.%) 0.95 0.54 0.22 0.13 0.17

0.09 0.08 0.02 0.01 Balance

facial reactions and moderate volume fraction [15].
Proper selection of process parameters can help to
produce sound AMCs [16]. The critical parameters of
this process are the temperature of the melt, stirring
speed, stirring time, particle feed rate and tempera-
ture of the mold.

TiC is used as reinforcement to prepare AMCs
because of its improved hardness, high elastic mod-
ulus, low density, good wettability with molten alu-
minum and low chemical reactivity [17]. The produc-
tion and characterization of aluminum alloy reinforced
with TiC particles using various methods were re-
ported in the literature [18-28]. Birol [18] prepared
Al/TiC AMC by the in situ reaction of K3TiFg and
particulate graphite to molten aluminum and exam-
ined the effect of reaction temperature on the forma-
tion of TiC particles. Sharma [19] produced Al/TiC
AMC by the in situ reaction of KsTiFg salt and
particulate graphite with molten aluminum and con-
cluded that TiC is an effective grain refiner. Ji et al.
[20] investigated the creep behavior of AA2618/TiC
AMC prepared by the in situ reaction of Ti and C
powders with molten aluminum and reported that
TiC particles significantly improved the creep resis-
tance of aluminum alloy AA2618. Liang et al. [21]
synthesized AA2024/TiC AMC by the in situ reac-
tion of titanium and graphite powders with molten
aluminum and estimated the effect of TiC particles
on microstructure and tensile strength of the AMC.
Jerome et al. [22] developed Al/TiC AMC by salt
route and observed that TiC particles provided an
improved wear resistance at a higher temperature.
Kaftelen et al. [23] used fluxes such as KAIF, and
K3AlFg to prepare AA2024/TiC AMC by stir casting
and compared the properties with a similar compos-
ite synthesized by powder metallurgy route. Shu et
al. [24] fabricated high volume fraction Al/TiC AMC
by combustion synthesis and hot press consolidation
and analyzed the effect of TiC particles on the abra-
sive resistance of the AMC. Liu et al. [25] applied
ultrasonic vibration to disperse the clusters present
in the Al/TiC AMC synthesized by in situ method.
Thangarasu et al. [26] studied the feasibility to fabri-
cate AA1050/TiC AMC using friction stir processing.
Liu et al. [27] introduced quick preheating of reaction
powders and high-intensity ultrasonic vibration to the
aluminum melt to produce Al/TiC AMC by casting
and observed an enhanced distribution of TiC par-
ticles in the aluminum matrix. Gopalakrishnan and
Murugan [28] evaluated the sliding wear behavior of

AA6061/TiC AMC prepared by modified stir casting
method.

In this paper, an attempt is made to fabricate a
composite of aluminum alloy, AA6061, reinforced with
TiC particles by stir casting, and the results obtained
from the studies on the effect of TiC content on the
microstructure and other properties of AMC are pre-
sented.

2. Experimental procedure

AA6061 rods were placed in a graphite crucible and
heated using an electrical furnace with a suitable coat-
ing inside the crucible to avoid contamination. The
chemical composition of the AA6061 aluminum alloy
is presented in Table 1. The casting facility used to
fabricate AA6061/TiC AMCs is shown in Fig. 2. The
temperature of the furnace was maintained at 750°C.
The mechanical stirrer was dipped into the aluminum
melt after all the rods were melted completely in the
presence of inert environment. Then the stirrer was ro-
tated at a constant speed of 300 rpm to form a vortex.
Measured quantity of TiC particles at room tempera-
ture was gradually fed to the vortex at a feed rate of
approximately 15 gmin~'. Stirring of the melt and
feeding of TiC particles were continued intermittently
for 30 min. The composite melt was then poured into
a die preheated to 300°C. Castings were taken with
various amounts of (0, 5, 10 and 15 wt.%) TiC parti-
cles. The SEM micrographs of the TiC particles given
in Fig. 1 exhibit the irregular shape with an average
size close to 2 pm.

Specimens were prepared from the castings, and
they were polished using standard metallographic
technique and etched with Keller’s reagent. The
etched specimens were observed using an optical mi-
croscope and a scanning electron microscope (SEM).
X-ray diffraction patterns (XRD) were recorded using
Panalytical X-ray diffractometer. The microhardness
was measured using a microhardness tester at 5 N load
applied for 15s. The tensile specimens were prepared
as per ASTM E8M standard having a gauge length,
width and thickness of 40, 7 and 6 mm, respectively.
The ultimate tensile strength (UTS) was estimated
using a computerized universal testing machine. The
fracture surfaces of the failed tensile specimens were
also observed using SEM.

The sliding wear behavior of AA6061/TiC AMCs
was measured using a pin-on-disc wear apparatus
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Fig. 2. Stir casting facility.

(DUCOM TR20-LE) at the room temperature ac-
cording to ASTM G99-04 standard. Specimens of
size 6mm x 6 mm x 60 mm were prepared from the
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Fig. 3. XRD patterns of AA6061/TiC stir cast composites.

castings. The wear test was conducted at a normal
force of 25 N, sliding velocity and distance of 1ms—!
and 2500 m, respectively. The polished surface of the
pin was slid on a hardened chromium steel disc. A
computer-aided data acquisition system was used to
monitor the loss of height. The volumetric loss was
computed by multiplying the cross-sectional area of
the test pin with its loss of height. The wear rate
was obtained by dividing volumetric loss to sliding dis-
tance. The worn surfaces of the test specimens were
observed using SEM. The wear debris which was scat-
tered on the face of the counterface was carefully col-
lected and characterized using SEM.

3. Results and discussion

3.1. X-ray diffraction analysis of
AA6061/TiC AMCs

Aluminum alloy AA6061 reinforced with TiC par-
ticulate composites was successfully produced by stir
casting method. The XRD patterns of the prepared
AA6061/TiC AMCs are presented in Fig. 3. The
diffraction peaks of TiC particles are visible, and the
intensity of the TiC peaks increases as TiC content
is increased. The XRD patterns confirm the reinforce-
ment of TiC particles in the aluminum alloy and a
slight shift of aluminum peaks due to the reinforce-
ment of TiC particles is observed in the composites.
It is also evident from the XRD pattern that no other
elements except Al and TiC are present. This indi-
cates that TiC particles preserve their integrity dur-
ing the casting process, and did not react with molten
aluminum to produce any other compounds such as
Al3Ti or Al3Cy, and TiC particles behave thermody-
namically stable at the selected casting parameters.
Stir casting is prone to the reaction between the rein-
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forcement and the molten matrix. Lee et al. [29] ex-
clusively reported the possible reaction products from
Al/TiC AMCs by liquid metallurgy route and con-
cluded that the reaction products tend to accumu-
late on the particle-matrix interface, and deteriorate
the mechanical and tribological properties. The peaks
observed in XRD test could reveal the availability of
unwanted compounds in the AMC. A clean interface
between aluminum alloy and TiC particles observed
in this test proves that there is no other compound
present in this composite. Lower casting temperature
can be attributed to one of the reasons for this struc-
ture.

3.2. Microstructure of AA6061/TiC AMCs

The optical and SEM micrographs of as-cast
AAG6061 are shown in Fig. 4. It depicts the formation
of a typical dendritic structure of aluminum, which
results from the high rate of cooling during the solidi-
fication of the casting. The dendritic structure exhibits
elongated primary a-Al dendritic arms having a high
aspect ratio. The secondary precipitation phase MgsSi
is observed along the dendritic boundaries due to the
high solubility limits of the alloying elements such as
Mg and Si.

TiC particles are known for its grain refining ac-
tion [28] and grain refinement during solidification.
The complete disappearance of dendritic structure in
the matrix and the refined dendritic structure into
a grainy structure are observed in the SEM micro-
graphs of the fabricated AA6061/TiC AMCs as shown
in Fig. 5. The factors such as the better distribution
of TiC particles and increase in a number of grain nu-
cleation sites during solidification could be the cause
of this grain refinement. The more the content of
TiC particles the more will be the resistance to grain
growth and a number of nucleation sites. As a result,
the formation of finer grains takes place due to en-
hanced grain refinement.

The distribution of reinforcement particles in the
matrix material takes place in three stages as far as
stir casting is concerned: (a) distribution of particles in
the melt as a result of mixing, (b) distribution of par-
ticles in the melt before pouring or solidification and
(c) redistribution of particles as a result of solidifica-
tion [14]. It is evident from Fig. 5 that TiC particles
are distributed throughout the aluminum matrix and
the distribution is fairly homogeneous in many places.
Closely located TiC particle clusters are also seen in
some places. The mechanical stirring action drives the
particles to be dispersed effectively in the melt. Sus-
pension of TiC particles in the melt throughout the
stirring period before pouring is needed to achieve
proper distribution. It is reported that if the density
variation between the matrix and ceramic particle is
more than 2 g cm ™3, the sinking rate of particles size is

Fig. 4. Optical (a), (b) and SEM (c) micrographs of cast
matrix alloy AA6061.

less than 10~ cm min~! [30]. The average size of TiC
particles in the present work is about 2 um. The den-
sity variation between the aluminum matrix and TiC
particles is nearly 2 gcm™3. Therefore, the particles
can suspend in the melt for a longer time. The wetting
action between TiC particles and the aluminum melt
will offer resistance to the free movement of TiC parti-
cle within the melt. The incorporation of TiC particles
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Fig. 5. SEM micrographs of AA6061/TiC stir cast composites at lower magnification.

into the aluminum melt increases the viscosity of the
melt and leads to retard the free movement of TiC
particle within the melt. The more the content of TiC
particle, the more will be the viscosity and resistance
to the movement of particles.

The solidification pattern plays a major role in the
redistribution of particles after pouring. During solid-
ification, several factors such as convection current,
movement of the solidification front against particles
and buoyant motion of particles influence the distri-

bution of particles in AMCs [31]. If the solidification
front pushes the particles, the distribution will be in-
tergranular. Otherwise, the intragranular distribution
will occur if the solidification front engulfs the parti-
cles. Intragranular distribution of ceramic particles is
preferable compared to intergranular distribution to
attain higher mechanical and tribological properties.
Figures 5a and 5c show the location of most of the TiC
particles in intergranular regions when the content of
TiC is up to 10 wt.%. Intragranular distribution of
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Fig. 6. SEM micrographs of AA6061/15 wt.% TiC stir cast
composite at higher magnification.

TiC particles is observed at 15 wt.%.

Some investigators [17, 32, 33] observed reaction
products at the interface. The SEM micrograph of
AA6061/15 wt.% TiC AMC at higher magnification
given in Fig. 6 shows a clear interface existing between
the aluminum matrix and TiC particle without the
presence of any reaction products. The formation of
any undesirable compounds due to the interfacial re-
action was not observed in the tested composite. This
proves that the process parameters are selected appro-
priately. TiC particles are thermodynamically stable
under the experimental conditions since it did not de-
compose during casting. Further, it is evident from
Fig. 6 that there are no pores or voids around the TiC
particles, and they are properly bonded to the matrix
alloy.

3.3. Mechanical properties of AA6061/TiC
AMCs

The effect of TiC particles on the mechanical prop-
erties of AA6061/TiC AMC for different weight per-
centages is shown in Fig. 7. AA6061/15 wt.% TiC
AMC exhibits 134.4 % higher microhardness and
70.5% higher UTS compared to the unreinforced
AA6061 alloy. This is because of the dissimilar thermal
expansion coefficient of AA6061 and TiC particles.
Strain fields are created around TiC particles during
solidification of the composite. The strain fields pile up
dislocations and the propagation of cracks during ten-
sile loading encounter resistance due to the interaction
between dislocations and TiC particles. The detach-
ment of TiC particles is delayed due to the presence
of a clear interface and proper bonding. The dispersion
of TiC particles all over the aluminum matrix provides
Orowan strengthening [34]. Therefore, microhardness
and UTS are improved. A number of strain fields are
proportional to the weight percentage of TiC particles.
Hence, more strain fields are created as the weight
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Fig. 7. Effect of TiC content on: microhardness (a), UTS
(b) and elongation of AA6061/TiC stir cast composites

(©).

percentage of TiC particles is increased. The elonga-
tion of the AMCs decreases as shown in Fig. 7¢c when
the weight percentage of TiC particles is increased.
Similar results were reported by Shu et al. [24]. The
grain refinement and reduction of ductile matrix con-
tent, when the weight percentage of TiC particles is
increased, reduce the ductility of the AMCs.

The fracture morphology of the tensile test spec-
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Fig. 8. Fracture morphology of AA6061/TiC stir cast composites containing TiC: 0 wt.% (a), 0 wt.% (b), 5 wt.% (c),
10wt.% (d), 15 wt.% (e), and 15 wt.% (f).

imens of AA6061/TiC AMCs is presented in Fig. 8.
Figures 8a and 8b show the homogeneously dis-
tributed large size voids which indicate a ductile frac-
ture. Figures 8c—e show smaller size voids compared
to that of the matrix alloy which indicates macro-
scopically brittle fracture and microscopically duc-
tile fracture. The reinforcement of TiC particles to
the matrix alloy refined the grain size and reduced

the ductility which resulted in smaller voids. The
magnified fracture morphology of AA6061/15 wt.%
TiC AMC given in Fig. 8f shows that TiC parti-
cles remain intact in several places which gives ev-
idence for the existence of good bonding between
the aluminum matrix and the reinforced TiC parti-
cles.
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Fig. 9. Effect of TiC content on the wear rate of
AA6061/TiC stir cast composites.

3.4. Sliding wear behavior of AA6061/TiC
AMCs

The effect of weight percentage of TiC particles on
the wear rate of AA6061/TiC AMCs is depicted in

Fig. 9. It is evident from Fig. 9 that the TiC particles
reduce the wear rate considerably. AA6061/15 wt.%
TiC AMC exhibits 30.5 % lower wear rate compared
to unreinforced AA6061. This is attributed to the high
strength and hardness of composites with TiC. The
relationship between material hardness and material
removal during sliding is described as [35]:

Volume loss =
Wear coefficient x Applied load x Sliding distance
Hardness of material ’

(1)

Equation (1) shows that the higher the hardness of
the material, the lower will be the wear rate. The en-
hanced hardness of the composite offers resistance to
the cutting action of the counter surface during slid-
ing. A good interfacial bonding between the TiC par-
ticles and the aluminum matrix retards the removal of
particles during sliding. When the weight percentage
of TiC particles increases, the contribution of above
factors further increases. As a result, the wear rate is
further reduced.

Fig. 10. Worn surface of AA6061/TiC stir cast composites containing TiC: 0 wt.% (a), 5 wt.% (b), 10 wt.% (c), and
15 wt.% (d).
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Fig. 11. Wear debris of AA6061/TiC stir cast composites containing TiC: 0 wt.% (a), 5 wt.% (b), 10 wt.% (c), and 15 wt.%

The effect of weight percentage of TiC particles on
the morphology of the worn surface of AA6061/TiC
AMCs is shown in Fig. 10. The worn surface of the ma-
trix alloy in Fig. 10a shows a large number of parallel
grooves. But the grooves are blended at the edges due
to piled up plasticized matrix. The frictional heat due
to sliding between matrix alloy and counter surface
causes plastic deformation. The wear mode is observed
to be adhesive. The worn surfaces of AA6061/TiC
AMGCs (Figs. 10b—d) show distinct parallel grooves
which bear evidence to abrasive wear mode. The edges
of the grooves are sharper due to the ploughing action
of the counter surface. Loose wear debris is also seen
on the worn surface. As the weight percentage of TiC
particles increases, the number and size of pits on the
worn surface decreases.

The effect of weight percentage of TiC particles on
the morphology of wear debris of AA6061/TiC AMCs
is shown in Fig. 11. It reveals that the increase in
weight percentage of TiC particle results in finer wear
debris. The wear debris of the matrix alloy in Fig. 11a
exhibits large thin plate-like morphology, which is due
to adhesive wear between matrix and counter sur-
face. Local welding or adhesion takes place between

the plasticized asperities of matrix and counter sur-
face. As sliding continues, the local adhesion spreads
and it is removed in the form of thin plates. When
TiC particles are added to the matrix alloy, the lo-
cal adhesion is prevented and the wear mode shifts
from adhesive to abrasive. During the initial stages
of sliding of AA6061/5 wt.% TiC AMC, some of TiC
particles are removed due to cutting action of counter
surface. When the matrix surrounding the TiC parti-
cle is removed, TiC particle is eventually pulled out.
These TiC particles are trapped between the specimen
and the counter surface, converting two-body abrasion
into three-body abrasion. Rolling is promoted to over
sliding which reduces the wear rate. The three-body
abrasion generates finer wear debris. Figures 11c and
11d show that the weight percentage of TiC increases
the milling action. As a result, it increases the forms
of finer spherical debris.

4. Conclusions

In the present work, AA6061/TiC AMCs were suc-
cessfully fabricated using stir casting. The effect of
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TiC content on microstructure, mechanical properties,
and wear rate was analyzed, and the results are sum-
marized as follows:

— The XRD pattern of the composite showed the
peaks of TiC particles clearly without the presence of
any other peaks. The thermodynamic stability of TiC
for the selected casting parameters was also confirmed
from the XRD pattern.

— The distribution of TiC in the aluminum matrix
was fairly homogeneous. Some clusters of TiC parti-
cle were seen. The distribution of TiC particles was
intragranular at 15 wt.% while the distribution was
intergranular at 5 and 10 wt.%.

— TiC particles refined the grains of matrix alloy
and improved the bonding of the matrix. A clear in-
terface between the TiC particle and the aluminum
matrix was obtained without the presence of reaction
products, pores, and voids.

— TiC particles enhanced the microhardness and
UTS of the composite but reduced the ductility of
the composite. AA6061/15 wt.% TiC AMC exhibited
134.4 % higher microhardness and 70.5 % higher UTS
compared to unreinforced AA6061 alloy, whereas the
increase in TiC content shifted the fracture mode from
ductile to brittle.

— TiC particles enhanced the wear resistance of the
composite but reduced the ductility of the composite.
AA6061/15 wt.% TiC AMC exhibited 30.5 % lower
wear rate when compared with unreinforced AA6061
alloy.

— The increase in TiC content shifted the wear
mode from adhesive to abrasive. The size of wear de-
bris became finer when the content of TiC particles
was increased due to three-body abrasion.
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