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Abstract: In this study, the effects of in situ TiAl3 particles on dry sliding wear behavior of A356
aluminum alloy (added Ti) composites were investigated. The wear samples were prepared by
adding different amounts of Ti (4%, 6%, and 8%) into A356 powder alloy by mechanical alloying.
The mechanically alloyed powders were cold pressed at 600 MPa and sintered 530 ˝C for 1 h in argon
atmosphere and cooled in the furnace. After the sintering process, the samples were characterized.
The results show that AlTi and TiAl3 intermetallic phases were formed and their amount increased
depending on the amount of Ti added into A356 powder alloy. Out of the samples sintered with
different titanium amounts (1 h at 530 ˝C), the highest hardness value and, accordingly, the lowest
wear amount, were observed in the alloy containing 8% Ti.

Keywords: A356-Ti alloys; mechanical alloying; sintering; wear behavior

1. Introduction

Aluminum and its alloys are commonly used in structural applications in the automotive and
aerospace industry, owing to their low densities and high specific resistances. However, these materials
have poor tribological properties [1]. Magnesium is an important element which forms a significant
solid solution in Al-Si alloys and increases the strengths of alloys with precipitation hardening.
A356 alloys constitute the most important group of Al-Si-Mg alloys whose strength can be increased
with Mg2Si precipitates in Al matrix [2–5]. Another important method used to improve the mechanical
properties of the alloy is to compose stable in situ intermetallic phases in the structure [6–8]. In the
production of aluminum metal matrix composites (AMMC), which are defined as materials having
superior tribological properties, the most common materials used as reinforcement phase are SiC [9–14],
Al2O3 [15,16], TiB2 [17,18] and TiC [19]. In the production of many AMMC materials, ex situ techniques
are preferred (supplements made to the matrix ex situ in order to increase strength). The biggest
contribution of ex situ addition of reinforcement materials to the matrix is that they protect the stable
condition of the reinforcement phase in the structure at elevated temperatures. However, certain
reinforcement phases are subject to phase transformation at elevated temperatures and, thus, AMMCs
exhibit unstable structure. As to in situ composite materials, reinforcement phases are formed during
solidification, sintering, or synthesizing [7,20–22]. Thus, in situ reinforcement phases make processes
shorter and reduce the costs. In Al-Ti alloy system, TiAl3 and AlTi intermetallic phases are formed
in situ at the equilibrium conditions and these phases increase the hardness and strength of AMMC
materials. Aluminum alloys reinforced with aluminates particles are preferred due to their high
strengths and mechanical properties at elevated temperatures [23,24]. In comparison to other Al-rich
(NiAl3, FeAl3, etc.) intermetallic, they are more attractive as they have lower densities (3.4 gr/cm3)
and higher melting points (~1350 ˝C) [22,25–27]. This present study aims at developing new materials
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with improved wear properties by adding Ti to A356 alloy. The influence of intermetallic phases (TiAl3
and AlTi) formed in situ during the sintering process on the wear behaviors were investigated.

2. Experimental Procedure

For the experimental studies, A356 (Al-Si-Mg) alloy powder having a mean particle size of <50 µm
was used as the matrix material. The chemical composition of the alloy powder is given in Table 1.
Titanium powder with 99.7% purity and 10 µm mean particle size was added into A356 alloy powder
samples with three different percentages, namely 4%, 6%, and 8%, by weight. The samples were then
mechanically alloyed for 45 min at 10:1 ball-to-powder ratio a SPEX SamplePreb unit (SPEX SamplePreb,
Standmore, UK) [28]. The mechanically-alloyed A356-Ti powder samples were then cold pressed
unidirectionally at 600 MPa to obtain 6 mm height small cylindrical samples having 10 mm diameter.
The samples were sintered at 530 ˝C for 1 h at a 10 ˝C/min heating rate in an argon atmosphere and
cooled in the furnace. After the sintering process had been completed, the samples were cleaned with
alcohol and acetone and left to dry. Following standard metallographic processes, the samples were
etched for 30–45 s with 2 mL (HF), 90 mL pure water, 5 mL (HNO3), and 3 mL (HCl) for microstructural
examinations. Archimedes’ method was used for density measurements of the samples. Following
the density measurements, the samples were characterized through X-ray diffraction method (XRD),
scanning electron microscope (SEM) (FEI, Hilliboro, OR, USA), transmission electron microscope
(TEM) (FEI, Hilliboro, OR, USA), and hardness measurements. For XRD examinations, an INEL unit
(INEL, Artenay, France) was used, while a FEI Quanta 250 (30 kV) (FEI, Hilliboro, OR, USA) was used
for SEM and EDS examinations. As for TEM examinations, an FEI Tecnai G2 F30 unit (200 kV) (FEI,
Hilliboro, OR, USA) was used. Hardness values of the samples were determined by calculating the
mean of five measurements obtained using an AFFRI hardness measurement device (HV2) (AFFRI,
Olona, Italy). Wear tests were carried out on an AISI 4423 steel disc having 58 HRC and rotating
continuously in a pin-on-disc wear device.

Table 1. Chemical composition of the A356 alloy.

Alloy Si Fe Cu Mn Mg Zn Ti Pb

A356 6.5 0.15 0.03 0.03 0.4 0.05 0.2 0.03

Prior to the wear tests, the surfaces of each sample were prepared with 1200 grade SiC abrasive to
ensure a full contact between the abrasive steel disc and sample surfaces. All wear tests were carried
out at room temperature and under dry sliding conditions. In these tests, a 30 N load, 1 m¨s´1 sliding
speed, and five different sliding distances, namely 400 m, 800 m, 1200 m, 1600 m, and 2000 m, were
used. Following the wear tests, the worn surfaces of the samples were examined using SEM.

3. Results and Discussion

Figure 1 gives SEM images of the microstructure of A356-Ti alloy sintered at 530 ˝C for 1 h. It is
clear in Figure 1 that Ti added into a A356 matrix at different ratios (4%, 6%, and 8%) showed different
distribution patterns in the microstructure following the mechanical alloying process. The presence of
large titanium grains within the A356 matrix may be explained in two different ways. First, since the
size of the titanium particles added into the matrix was too small (10 µm), the powders might have
become agglomerated. Secondly, this situation may have resulted from the characteristic feature of
the mechanical alloying process. As is well known, mechanical alloying is a solid-state process that
starts with cold welding of powder particles that are squeezed between two balls and/or between
a ball and the container wall, as high-energy balls crash into one another and the container wall during
the process. Then, powder particles undergo work hardening and in the last phase, particles are
fragmented. Previous studies reported a slight increase in the powder dimension with the effect of cold
welding taking place in the first stage of the mechanical alloying process [29–31]. Therefore, titanium
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powder particles in the matrix can be combined together during mechanical alloying and form coarse
grains. Intermetallic compounds (TiAl3), resulting from the reaction between Al matrix and Ti during
sintering of cold-formed compacts, are also observed in the SEM images. It can also be seen that TiAl3
intermetallic phase (Figure 1a) that seems to come out in the structure during sintering is surrounded
by the matrix and is very small. In addition, a reaction takes place between the aluminum matrix and
reinforcement phase interface in A356 alloy that has added titanium. This was also pointed out in
a study carried out by Yu et al. [32].

Figure 1. SEM images of Al-Ti alloys 4% Ti (a); 6% Ti (b); and 8% Ti (c) sintered at 530 ˝C for 1 h.

AlTi and TiAl3 particles are formed in situ form within the matrix [8,33]. To better examine the
dimensions of intermetallic compounds formed in the in situ structure, TEM examinations were carried
out. Figure 2 gives an image of TEM bright-area and selected-area diffraction pattern, where it is seen
that in situ titanium aluminate particles with a particle size of about 50 nm are formed in the structure
during the sintering.

In the bright-area TEM image, TiAl3 intermetallic phase is evident in A356 matrix depending on
the sintering process. Additionally, a ringed structure is clearly seen in the diffraction pattern image of
the selected area. The ringed appearance is associated with deformation of the crystal structure during
the mechanical alloying process as well as the formation of a harmonic, wide-angle grain structure.
An increase in the amount of deformation occurring in the powder particles during the mechanical
alloying process reduces the recrystallization temperature. Thus, a larger grained structure is expected
to form during the sintering following the deformation. However, as Ti is added into the A356 matrix it
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reacts and forms a TiAl3 phase, it is clear that the grain growth of newly-formed grains in the structure
is not excessive. This is because of the fact that certain phases added into the Al matrix, such as TiAl3,
TiB2, TiC, and B, inhibit the grain growth [17,34]. X-ray diffraction results of A356-Ti alloy having
different ratios of Ti are given in Figure 3.

Figure 2. TEM images of 6% Ti added A356 alloy bright-area (a) and selected-area (b) diffraction pattern.

Figure 3. XRD results of A356-Ti alloy with 4% (a); 6% (b); and 8% (c) Ti.

It is known that different intermetallic compounds (α2-Ti3Al, γ-TiAl, TiAl3, and TiAl2) are formed
in the Al-Ti phase diagram depending on the ratios of Al and Ti elements and alloying conditions [35].
In the present study, it was determined that TiAl3 and AlTi reinforcement phases which were expected
to be formed in the structure with X-ray diffraction were actually formed via in situ reactions. This in situ
reaction is as follows:

Ti` 3Al Ñ TiAl3 (1)
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In situ titanium aluminate intermetallic compounds in the structure are intermetallic compounds
whose crystal structures are different from metals. In the study conducted by Chianeh et al. [33], it
was reported that only the TiAl3 intermetallic phase was obtained in the samples sintered at 500 ˝C
for 9 h and the samples sintered at 600 ˝C for 3 h. In this study, XRD results given in Figure 3 show
that both AlTi and TiAl3 phases can be formed following sintering at 530 ˝C for 1 h. XRD results also
demonstrate that the TiAl3 phase can be formed during the sintering lasting for 1 h and increases
depending on the increase in the Ti amount added into the alloy. Post-sintering hardness values of
A356-Ti powder alloy produced with mechanical alloying where different amounts of Ti are added are
given in Figure 4.

Figure 4. Hardness values of A356 different amounts of Ti added.

As can be seen in Figure 4, the hardness values of samples containing 4% Ti, 6% Ti, and 8% Ti
are 37 HV, 41 HV, and 46 HV, respectively. The lowest hardness value was observed for the samples
containing 4% Ti, while the highest hardness value was measured for the samples containing 8%
Ti. Accordingly, as the Ti amount in the alloy increases, the hardness of Al-Ti alloy also increases.
That increase in hardness is associated with the increase of the volume fraction of the TiAl3 intermetallic
phase. This finding is supported by a previous study [8]. Post-sintering densities of A356 alloy into
which different amounts of Ti were added are given in Figure 5. Archimedes method was used for the
density measurement.

Figure 5. Densities of A356 alloy containing different amounts of Ti.
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When post-sintering density values of A356 alloy into which different amounts of Ti were added
are examined, the highest value is observed for the samples containing 8% Ti (2.68 g¨cm´3), while
the lowest value is obtained for the samples containing 4% Ti (2.61 g¨cm´3). As the amount of % Ti
in the alloy increases, density and hardness values of alloys also increase. The reason behind this
hardness and density increase is the fact that the density of titanium is higher than the density of A356
alloy. Weight losses of A356-Ti alloys produced with mechanical alloying under 30 N load for different
distances (400 m, 800 m, 1200 m, 1600 m, and 2000 m) are given in Figure 6.

Figure 6. Weight losses of the samples depending on the sliding distances.

As evident in Figure 6, the highest weight loss occurs in the alloy containing 4% Ti, while
the lowest weight loss is observed for the alloy containing 8% Ti. However, weight loss values of
the alloys containing 6% and 8% Ti are extremely close to each other. The highest weight loss of
the sample containing 4% Ti can be attributed to its lower hardness, as well as the lower amount
of intermetallic phases. The hardness of the AMCs increased with increasing Ti amount. As it is
known, the weight loss of a material in a wear test decreases with an increase in the hardness of the
material [12,15]. Vencl et al. [36] pointed out that the rate of reinforcement should be increased to
reduce plastic deformation and to increase hardness of the material. Average friction coefficients of
Al-Ti alloys containing different amounts of titanium (at the end of 2000 m) are given in Figure 7.

Figure 7. Average friction coefficients of Al-Ti alloys.
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The friction coefficients given in the Figure 7 are average values obtained for each alloy at the
end of 2000 m sliding distance. The lowest friction coefficient was obtained for the alloy containing
8% Ti, while the highest friction coefficient was obtained for the alloy containing 4% Ti. As there is
a relationship between weight losses and friction coefficients, the friction coefficient decreases with
the increase in the hardness of the alloy. It was determined that both the weight loss and friction
coefficient of the alloy, which has the lowest hardness value and contains 4% Ti are higher than the
others. SEM images taken from the worn surfaces of Al-Ti alloys are given in the Figure 8.

Figure 8. SEM images of the worn surface of Al-Ti alloys 4% Ti (a); 6% Ti (b); and 8% Ti (c).

When the SEM image of the worn surface of Al-4% Ti alloy that has the highest weight loss is
examined (Figure 8a), it is seen that plastic deformation and adhesion occurred on the surface. That can
be explained by the fact that the particles pulled off the surface during the wear test are moved and
smeared onto the worn surface once more [37,38]. Smearing which occurs during the wear test is also
observed in the worn surfaces of other alloys containing 6% Ti and 8% Ti. Another important point
observed from the worn surfaces is the lack of deep marks on the surface. Additionally, it is seen that
oxidation occurs on the worn surfaces of the samples into which 4%, 6%, and 8% titanium are added.
As mentioned in a previous study, the oxidation on the worn surfaces results from the heat caused
by the friction occurring during the wear tests [18]. That stable oxide structure forming on the worn
surfaces acts as solid lubricant during dry sliding. When looking at the hardness values in Figure 4, it
is clear that as the amount of titanium added into the alloy increases, hardness also increases. Another
impact of hardness values (Figure 7) is that friction coefficients decrease depending on the titanium
amount added into the alloy.

4. Conclusions

In the present study, Al-Ti alloy powders were produced by mechanical alloying to contain 4%, 6%
and 8% titanium respectively. They were then compacted cold and sintered at 530 ˝C for 1 h. The effect
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of the percentage of titanium on the hardness and the wear properties of the various sintered samples
were examined. The following could be concluded:

‚ As the amount of Ti in Al-Ti alloys increases, the hardness value increases.
‚ As the amount of added Ti increases in the composites, the density value also increases since the

density of Ti is higher than that of Al.
‚ The XRD examinations show that the titanium aluminate phases (TiAl3 and AlTi), which increase

strength in the samples, are formed in the alloy following the sintering process.
‚ The amount of intermetallic phases in the structure during sintering increases depending on the

increasing titanium addition and that affects the wear properties.
‚ Sintered samples with higher percentages of titanium would exhibit less weight loss and a lower

coefficient of friction.
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