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Microstructure and mechanical properties characterization of AA6061/TiC
aluminum matrix composites synthesized by
in situ reaction of silicon carbide and potassium fluotitanate
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Abstract: Aluminum alloys AA6061 reinforced with various amounts (0, 2.5% and 5%, mass fraction) of TiC particles were
synthesized by the in situ reaction of inorganic salt K,TiFg and ceramic particle SiC with molten aluminum. The casting was carried
out at an elevated temperature and held for a longer duration to decompose SiC to release carbon atoms. X-ray diffraction patterns of
the prepared AMCs clearly revealed the formation of TiC particles without the occurrence of any other intermetallic compounds. The
microstructure of the prepared AA6061/TiC AMCs was studied using field emission scanning electron microscope (FESEM) and
electron backscatter diffraction (EBSD). The in situ formed TiC particles were characterized with homogeneous distribution, clear
interface, good bonding and various shapes such as cubic, spherical and hexagonal. EBSD maps showed the grain refinement action
of TiC particles on the produced composites. The formation of TiC particles boosted the microhardness and ultimate tensile strength
(UTS) of the AMCs.
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1 Introduction

Aluminium metal matrix composites (AMCs) were
developed out of the continuous requirement for lighter
weight and higher performance components in
aerospace, aircraft and industries.
Conventional aluminum alloys are gradually substituted
by AMCs in various applications because of superior
properties such as high wear resistance, low thermal
expansion and high specific strength [1—4]. The cheap
and easily available ceramic particles are SiC and Al,O3
which have been broadly used as reinforcements over a
long period since the advent of AMCs. The progression
of production techniques made it possible to prepare
AMC:s reinforced with several kinds of potential ceramic
particles such as SiO, [5], TiO, [6], AIN [7], TiN [8],
Si3N4 [9], TiC [10], B4C [11], TiB, [12] and ZrB, [13].

AMC:s are presently manufactured using a variety of

automotive

established methods as well as specific patented methods.
Powder metallurgy [14], mechanical alloying [15], stir
casting [16], squeeze casting [17], compo casting [18]
and spray deposition [19] are the conventional methods
used to prepare AMCs. The mechanical behavior of the
AMCs predominantly depends on production method
used. The major factors which influence the mechanical
behavior of AMCs are nature of distribution of ceramic
particles in the aluminum matrix and the interfacial
bonding [20]. All production methods are grouped into
two categories which are known as solid state processing
and liquid state processing. Each production method has
its own constraints to prepare AMCs with certain
combinations of matrix alloy and ceramic particles only.
Consequently, lots of research emphases are being paid
to develop the production methods to prepare AMCs.
Although solid state processing provides desirable
mechanical properties, the investment cost is high and
unsuitable for mass production [21,22]. Liquid state

Corresponding author: J. DAVID RAJA SELVAM; E-mail: jdavidselvam@gmail.com

DOI: 10.1016/S1003-6326(16)64255-3



1792 K. JESHURUN LIJAY, et al/Trans. Nonferrous Met. Soc. China 26(2016) 17911800

processing is preferred to producing AMCs because of its
simplicity, facile adaptability and applicability to mass
production [23]. Two routes are employed to produce
AMCs through liquid state processing either by
introducing ceramic particles externally to the aluminum
melt or generating ceramic particles within the melt
itself. External particle incorporation is called as ex situ
fabrication and the internal particle generation is known
as in situ fabrication. The challenges in ex situ
fabrication are poor wettability between the molten
aluminum and the ceramic particle, setting of ceramic
particles at the bottom of the casting, formation of
particle clusters, undesirable interfacial reactions and
decomposition of ceramic particles [24,25]. In situ
fabrication involves exothermal reactions between
elements or between elements and compounds with
molten aluminum to generate ceramic particles. In situ
method exhibits several advantages over ex situ methods
such as fine particle size, clean interface, good
wettability between the reinforcement particles with the
aluminum matrix and homogeneous distribution.
Therefore, in situ method drew the attention of
researchers in the past decade [26—28].

Some studies on aluminum alloy reinforced with in
situ formed TiC particles were reported in the
literatures [29—39]. TONG [29] developed Al/TiC AMCs
by the in situ reaction between titanium and graphite
powders at 1623 K and studied the microstructure.
KERTI [30] produced Al/TiC AMCs by the in situ
reaction between Al+Ti master alloy and elemental
carbon at 1473 K. TYAGI [31] fabricated AI/TiC AMCs
by the in situ reaction between titanium and silicon
carbide powders at 1473 K and evaluated the tribological
behavior. SHEIBANI and NAJAFABADI [32] assessed
the possibility to produce Al/TiC AMCs by the in situ
reaction between titanium dioxide and graphite powders
at 1073 K. BIROL [33] estimated the effect of reaction
temperature on the formation of Al/TiC AMCs by the in
situ reaction between inorganic salt K,TiFs and graphite
powders. JI et al [34] investigated the creep behaviour of
AA2618/TiC AMCs prepared by the in situ reaction
between titanium and graphite powders at 1123 K.
BAURI [35] investigated the effect of casting
temperature and the ratio between titanium and carbon
on microstructure of Al/TiC AMCs formed by the in situ
reaction between titanium and graphite powder. LIANG
et al [36] synthezised Al—4.5Cu/TiC by the in situ
reaction between titanium and graphite powders at
1273 K and examined the microstructure. YIGEZU
et al [37] reported the abrasive sliding wear behavior of
Al-12%Si1/TiC AMCs produced by the in situ reaction
between titanium powder and activated charcoal at
1473 K. CHO et al [38] suggested that the addition of
CuO reduces the reaction temperature required to form

TiC particles by the in situ reaction between titanium and
graphite powders. BASKARAN et al [39] analyzed the
dry sliding wear behavior of AA7075/TiC AMCs
developed by the in situ reaction between inorganic salt
K,TiFs and graphite powders at 1173 K.

In this work, an attempt is made to fabricate
aluminum alloy AA6061 reinforced with TiC particles by
the in situ reaction of inorganic salt K,TiFs and ceramic
powder SiC at elevated temperature with molten
aluminum and study the effect of in situ formed TiC
particles on microstructure and mechanical properties.

2 Experimental

AA6061 rods were kept inside a coated graphite
crucible and were heated in an electrical furnace. The
chemical composition of AA6061 aluminum alloy used
in this study is given in Table 1. The inner wall of the
crucible applied a coating to avoid contamination. The
measured quantities of inorganic salt potassium
fluotitanate (K,TiF¢) and preheated ceramic powder SiC
as presented in Table 2 were incorporated into the molten
aluminum to form TiC particulates. The temperature of
the molten aluminum was maintained at 1473 K. The
melt was stirred intermittently for 60 min. The furnace
provided an argon rich environment to prevent oxide
formation at elevated casting temperature. The composite
melt was transferred into a preheated die following the
removal of slag. Castings were made with various
amounts of TiC particles (0, 2.5% and 5%).

Table 1 Chemical composition of AA6061 aluminum alloy
(mass fraction, %)

Mg Si Fe Mn Cu Cr Zn Ni Ti Al
095 0.54 022 0.13 0.17 0.09 0.08 0.02 0.01 Bal.

Table 2 Calculated masses of chemicals

w(TiC)/% m(K,TiFg)/g m(SiC)/g
0 0 0
2.5 35 6
5 70 12

Specimens of required size were machined from the
castings to carry out microstructure and mechanical
characterization. Those polished
according to standard metallographic technique and
etched with Keller’s reagent. The etched specimens were
observed using scanning electron microscope (SEM),
field emission scanning electron microscope (FESEM)
and electron backscatter diffraction (EBSD). The
metallographically polished samples were electro
polished in a mixture of perchloric acid and methanol for
EBSD studies. EBSD was carried out in an FEI Quanta

specimens  were
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FEG SEM equipped with TSL-OIM software. Selected
specimens were observed using transmission electron
microscope (TEM). X-ray diffraction patterns (XRD)
were recorded using Panalytical X-ray diffractometer.
The microhardness was measured using a microhardness
tester at 500 g load applied for 15 s. The tensile
specimens were prepared as per ASTM E8M-04
standard having a gauge length of 40 mm, a gauge width
of 7 mm and a thickness of 6 mm. Six such tensile
specimens (two at top, two at middle and two at bottom)
were prepared from each casting. The ultimate tensile
strength (UTS) was estimated using a computerized
universal testing machine. The fracture surfaces of the
failed tensile specimens were observed using SEM.

3 Results and discussion

3.1 X-ray diffraction analysis of AA6061/TiC AMCs

Aluminum alloy AA6061 reinforced with TiC
particulate AMCs was successfully synthesized by the in
situ reaction of inorganic K,TiFs and ceramic powder
SiC to molten aluminum. The XRD patterns of the cast
composites are presented in Fig. 1. The diffraction peaks
of TiC particles are obviously visible and the intensities
of the peaks increase as TiC content is increased. The in
situ reactions as furnished in the subsequent equations
result in the formation of TiC particles. It is also noticed
in Fig. 1 that the peaks of aluminum in the AMCs are
marginally shifted to higher 20 compared to that of
aluminum matrix owing to the formation of TiC
particulate phase in the aluminum matrix.

3K, TiFe+13A1—>3AL Ti+4AIF;+6KF (1)
SiC+Al—>ALCs+Si )
3ALTi+AlLCs—>3TiC+13Al 3)

The sequence of TiC formation can be summarized
as follows. A detailed thermodynamic of in situ TiC
formation is available elsewhere [26].

. o — Al
+— TiC
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Fig. 1 XRD patterns of AA6061/TiC in situ composites

1) K,TiFs and SiC respectively release Ti and C
atoms in the melt. SiC is highly active at the elevated
casting temperature and begins to decompose. The
released Si helps to improve the castability of the
aluminum composite. 2) Ti and C atoms combine with
the molten aluminum and create intermetallic
compounds namely Al;Ti and Al,C; respectively which
act as source for Ti and B atoms. 3) Carbon atoms move
towards Al;Ti particles due to their high affinity towards
Ti. 4) Reaction occurs between Ti and C atoms in a gap
from Al;Ti surface to form TiC. 5) Due to smaller size,
carbon atoms start diffusing through TiC particles.
6) Dissolution of Al;Ti particles due to natural cracking
and disintegration of Al;Ti particles which direct to
increased rate of TiC formation. 7) Formation of TiC
particles after complete reaction.

It is apparent from Fig. 1 that there is no trace of
AlTi or Al4C; which confirms that the reaction is
complete. Adequate holding time and appropriate mole
ratio of inorganic salt and ceramic powder are required
for complete reaction [26]. Though the furnace
temperature was set to 1200 °C, the local melt
temperature increased above 1250 °C because of the
exothermic nature of the in situ reaction. SiC was added
slightly in excess of the theoretical mole ratio to avoid
the existence Al;Ti phase. Lack of carbon atoms will
make reaction (3) incomplete, leaving brittle Al;Ti in the
AMC. Absence of Al;Ti peaks in Fig. 1 further indicates
that the in situ formed TiC particles are
thermodynamically stable and in equilibrium with
molten aluminum. The in situ formed TiC particles do
not decompose to produce any other compounds. The
interface between the aluminum matrix and TiC particles
tends to be free when no other compounds are present.

3.2 Microstructure of AA6061/TiC AMCs

The scanning electron micrographs of the prepared
AA6061/TiC AMCs having various contents of TiC
particles are shown in Fig. 2. Figure 2(a) depicts the
micrograph of as-cast aluminum alloy AA6061. The
microstructure consists of typical dendritic structure
induced by solidification. Dendritic structure is formed
due to faster cooling of the molten aluminum known as
super cooling. The dendritic structure demonstrates
elongated primary a(Al) dendritic arms which were
estimated to have a higher aspect ratio. The average
spacing between dendritic arms is computed to be
20-30 um. The intermetallic phase Mg,Si is observed
around dendrites in Fig. 2. The formation can be
explained using the binary phase equilibrium diagram of
Al-Mg,Si system shown in Fig. 3. The magnesium and
silicon in this aluminum alloy combine to form Mg,Si.
The amount of Mg,Si was calculated using the chemical
composition provided in Table 1 and was estimated to be
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Fig. 3 Binary phase equilibrium diagram of AI-Mg,Si system

1.49%. The Mg,Si percentage of the AA6061 used in
this work is marked as a vertical line in Fig. 3. The
amount of Mg,Si is higher than the solubility limit which
solidifies through two-phase region. Hence, Mg,Si phase
is formed.

14 16 18 20

8 10 12
Energy/keV
Fig. 2 SEM images of AA6061/TiC in situ composites at lower magnification containing TiC: (a) 0; (b, ¢) 2.5%; (d, e) 5%; (f) EDAX

Figure 2(b) reveals the microstructure of
AA6061/2.5% TiC AMCs. The dendritic structure is not
present which confirms the formation of grainy structure.
The composites were observed using EBSD to expose
the grainy structure. The EBSD maps of AA6061/TiC
AMCs having various contents of TiC particles are
depicted in Figs. 4(a)—(c). The effect of TiC content on
the average grain size of AA6061/TiC AMCs is furnished
in Fig. 4(d). The EBSD maps exhibit a clear grainy
structure in the composite (Figs. 4(b) and (c)). The
EBSD maps confirm that the in situ formed TiC particles
act as effective grain refiner and refine the grains of cast
aluminum matrix [40]. The grain size reduces with an
increase in TiC content (Fig. 4(d)). The in situ formed
TiC particles completely change the dendritic structure
of as-cast AA6061. The grain refinement can be ascribed
to the following two factors. The presence of distributed
TiC particles in the molten aluminum offers resistance to
the growing a(Al) grains during the solidification
process. TiC particles act as grain nucleation sites on



K. JESHURUN LIJAY, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1791-1800

Grain size/um

1795

h

25
W(TiC)/%

Fig. 4 EBSD (IPF + grain boundary) maps of AA6061/TiC in situ composites containing TiC: (a) 0; (b) 2.5%; (c) 5%; (d) Effect of

TiC content on grain size of composites

which the aluminum grains proceed to solidify. The
constitutional under cooling in front of the TiC particles
leads them to act as grain nucleation sites. The overall
microstructure consists of islands of a(Al) grains
enclosed by hard TiC particle regions. The number TiC
particles increases as the content of TiC in the composite
is increased. This provides more grain nucleation sites
which produce more resistance to the growth of a(Al)
grains in the melt. As a result, the grain size decreases as
the content of TiC is increased.

Figures 2(b)—(e) reveal that most of the in situ
formed TiC particles are situated in intergranular regions.
Fewer particles are observed inside grain boundaries.
The micrographs are analyzed using image processing
software and 75% of particles are located near
intergranular regions. The nature of distribution of
second phase particles in the molten aluminum is
controlled by multiple factors including convection
current in the melt, movement of the solidification front

against the particles and buoyant motion of particles [41].

The velocity of the solidification front finally determines

the particle distribution to be either intra or inter granular.
Particles are either pushed or engulfed by the
solidification front depending upon its velocity. If the
velocity exceeds a critical value, the particles are
surrounded by solidification front, leading to intra
granular distribution and vice versa. The particle size and
the temperature gradient influence the value of critical
velocity. The intergranular distribution of TiC particles
shows that the fine TiC particles are pushed by the
solidification front.

The familiar casting defects such as porosity,
shrinkages or slag inclusion are absent in the
micrographs in Fig. 3, which demonstrates the quality of
castings. Although the TiC particles are situated in
intergranular regions, the overall distribution is
considered to be homogenous. Particle free regions are
scarce in the micrographs. A homogenous distribution of
second phase particles in the aluminum matrix provides
superior mechanical properties. The distribution of TiC
particles is a function of the solidification process. The
difference in density between the TiC particle and the
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aluminum matrix plays critical part during solidification.
Depending upon the magnitude of the density gradient,
the ceramic particle will start to either sink or float. The
suspension of ceramic particles in the aluminum melt for
a longer duration is desirable to achieve homogenous
distribution. The in situ method produces ceramic
particles of very fine size. The average size of in situ
formed TiC particle is measured to be less than 3 pm.
The fine size is a result of high nucleation rate of in situ
particles. HASHIM et al [42] reported that particles of
size less than 10 um will suspend in the aluminum melt
for a long time and are least influenced by gravity. The
fine size particles remain in suspension for a longer
duration in the aluminum melt without settling at the
bottom of the crucible. The sinking rate is insignificant.
As TiC particles are formed by the in situ reaction, the
molten aluminum spreads on the surface of the TiC
particle in order to wet it. This wetting action retards the
free movement of TiC particle within the melt. Thus, a
homogeneous distribution is achieved. The EDAX
analysis of AA6061/5%TiC AMC is given in Fig. 3
which identifies that the particles formed are TiC
particles.

Figure 5 displays the micrographs of AA6061/TiC
AMCs at higher magnification. The shape of the in situ
formed TiC particles is manifested in Figs. 5(a) and (b).
TiC particles exhibit various shapes like hexagonal,
cubic and spherical. Some investigators noticed the
shape of TiC particles to be hexagonal [36] while others
reported spherical and cubic structure [33,34,38,39]. The
shape of the in situ formed particles is affected by the
growth kinetics prevailing within the melt. The
crystalline shape is determined by the relative growth
rate on the different planes. The presence of impurities in
the aluminum melt induces high density of planar defects
within the TiC grains. Those planar defects significantly
influence the structure of TiC and promote the formation
of TiC hexagonal platelet [43]. There are no blocky or
needle shaped particles seen in Fig. 5. This substantiates
the absence of Al;Ti particles in the composite. The
holding time is sufficient to complete the in situ reaction.
It is further evident from Figs. 5(a) and (b) that a clear
interface exists between the TiC particle and the
aluminum matrix. TiC particles are not surrounded by
any reaction products. The clear interface is attributed to
the thermodynamic stability of the TiC particles. There is
no interfacial reaction between aluminum matrix and
TiC. Ex situ fabrication methods are susceptible to
interfacial reaction due to thermodynamically instability
of particles [24]. A clear interface is a prerequisite to
increase the load bearing capacity of AMCs. There are no
pores observed around TiC particles. The formation of
TiC particles within the melt avoids external moisture
carry-over and limits the creation of pores. Thus, it can

; e L./*" .
Fig. 5 SEM images of AA6061/TiC in situ composites at higher
magnification containing TiC: (a) 2.5%; (b, ¢) 5%

be stated that the TiC particles are well bonded with the
aluminum matrix. It is difficult to achieve good bonding
due to the poor wettability of TiC particles. But, the
increase in local melt temperature overcomes the poor
wettability and causes good bonding.

The micrographs in Figs. 2(b)—(e) as discussed
earlier are composed of homogenously distributed single
TiC particles as well as TiC clusters. Figure 5(c)
represents a magnified view of a single cluster. Similar
clusters were also reported by other investigators
[30,35,37,39]. The particles size in the cluster ranges
from sub micron level to nano level. The mechanical
response of clusters formed in the in situ reaction is
contrary to the clusters present in ex situ composites
[44]. Clusters of particles are formed in ex situ methods
due to many factors such as poor wettability, inadequate
stirring and density gradient between the aluminum
matrix and the ceramic particle and drop in local melt
temperature upon feeding of particles to the aluminum
melt. The bonding between particles in such clusters is
weak and acts as crack nucleation sites upon tensile
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loading. But the particles in clusters formed by in situ
reaction demonstrate good bonding. The exothermal in
situ reaction creates good bonding between particles in
clusters.

The TEM image of AA6061/5% TiC AMC is shown
in Fig. 6. It confirms the existence of clear interface
between the particle and the matrix. Strain fields are
clearly visible around the particle. The aluminum alloy
AA6061 and reinforcement TiC particles have dissimilar
thermal expansion coefficients. The average thermal
expansion coefficient of AA6061 is 2.4x10°/°C while
that of TiC is 7.4x10°%°C. This variation in thermal
expansion between aluminum matrix and TiC
reinforcement creates strain fields around TiC particles
during solidification. Each strain field consists of
numerous dislocations appended to it.

Fig. 6 TEM image of AA6061/5%TiC in situ composite
showing clear interface and dislocation density

3.3 Mechanical properties of AA6061/TiC AMCs

The influence of in situ formed TiC particulate
content on microhardness and UTS is depicted in
Figs. 7(a) and (b), respectively. In situ formed TiC
particles remarkably improve the microhardness and
UTS of AA6061/TiC AMCs. AA6061/5%TiC AMC
exhibits 83% higher microhardness and 21% higher UTS
compared to unreinforced AA6061 alloy. The
strengthening of AA6061 by in situ formed TiC particles
can be expounded as follows. The interaction between
TiC particles and dislocations retards the propagation of
cracks during tensile loading. The in situ formed TiC
particles are defect-free which retain their integrity
during tensile loading. The grain refinement caused by
the in situ TiC particles increases the area to resist the
tensile load and strengthens the composite according to
well known Hall-Patch relationship. The homogeneous

distribution of TiC particles invokes Orowan
strengthening mechanism [45]. The motion of
dislocations is restricted by the homogeneous

distribution and causes the dislocations to bow around
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Fig. 7 Effect of TiC content on microhardness (a), tensile
strength (b) and elongation (c) of AAG6061/TiC in situ
composites

the particles. Thus, Orowon loops are created around TiC
particles which impede the progress of dislocations. The
clear interface and good interfacial bonding delay the
detachment of TiC particles from the aluminum matrix.
Therefore, the microhardness and UTS of AMC are
improved by TiC particles. The net effect by
aforementioned factors increases as the content of TiC
particles increases, which further raises the values of
microhardness and UTS. The elongation of the AMCs
drops against the content of TiC particles as
presented in Fig. 7(c). Similar findings were reported by
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Fig. 8 Fracture morphologies of AA6061/TiC in situ composites containing TiC: (a) 0; (b) 2.5%; (c, d) 5%

LIANG et al [36]. The grain refinement and reduction of
ductile matrix content reduces the ductility of the
AMCs.

The fracture morphologies of the tensile tested
specimens of AA6061/TiC are shown in Fig. 8. The
fracture morphology of the matrix alloy AA6061 in
Fig. 8(a) reveals large and uniformly distributed voids
which point to ductile fracture. The fracture
morphologies of the synthesized AA6061/TiC AMCs
(Figs. 8(b) and (c)) present smaller size voids compared
to that of aluminum, which indicate macroscopically
brittle fracture and microscopically ductile fracture. The
in situ formed TiC particles refine the grain size of
aluminum alloy and diminish the ductility, which cause
smaller size voids. The ductile shear band in the fracture
morphology is a sign that some amounts of ductility is
retained by the AMC. The magnified view of the fracture
morphology of AA6061/5%TiC AMC is shown in
Fig. 8(d). Fractured TiC particles stay intact in a number
of places which give confirmation to the existence of
good bonding between the aluminum matrix and in situ
formed TiC particles.

4 Conclusions
AA6061/TiC AMCs were effectively produced by

the in situ reaction of inorganic salt K,TiFs and SiC with
molten aluminum. The in situ reaction led to the

formation of fine TiC particles. Possible intermetallic
compounds including Al;Ti and Al,C; were detected in
significant quantity in the AMCs. The majority of in situ
formed TiC particles were located in inter granular
regions. TiC particles acted as grain nucleation regions
and refined the grains of aluminum matrix effectively.
The microstructures of the produced AMCs revealed a
homogeneous distribution of TiC particles having clear
interface and good bonding. The in situ formed TiC
particles displayed various shapes such as cubic,
spherical and hexagonal. The mechanical properties of
the AMCs enhanced as the content of TiC particles was
increased.
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