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1. Introduction
Aluminum matrix composites are produced (AMCs) with 

the addition of hard reinforcement phases such as oxides, 
carbides and borides into the alloy powders through powder 
metallurgy method. In traditional powder metallurgy, hard 
additional phases are added into the alloy externally in 
composite production1-7. This production method is called 
as ex-situ. The major advantage of the composites called 
as ex-situ is their stability at high temperature applications. 
These composite materials provide the performance expected 
from them without decomposing additional phases in the 
structure at high temperature applications8-10. However, the 
most important disadvantages of these composites are the weak 
interfaces formed between matrix and reinforcement phase 
and the non-homogenous distribution of the reinforcement 
phase11. In these ex-situ composites, wear damage occurs 
during their service life by friction due to the weak bonding 
between matrix and reinforcement phase. For the elimination 
of this problem in AMCs, the hard phases, which increase 
the strength of composite, in the structure are formed 
through various heat treatment methods (such as aging 
and synthesizing)12-16. The usage of AMCs in engineering 
applications increases day by day. For this reason, in order 
to increase AMCs’ wear resistance, the studies carried out 
in the composites produced in-situ have been increasing17-22. 
In order to improve the tribological properties of aluminum 
alloys, titanium aluminates are formed within the matrix 
through the addition of Ti to these alloys. These aluminates 
are hard and coherent with the matrix. Hence, wear resistance 
of Al alloys can be improved. Al-Ti alloys are considered to 
be one of the most important material groups in the future. 

In cast Al-Si alloys, Ti is an important alloying element due 
to its grain refining effect. The solubility limits of titanium 
in α-Al are in between 0.12 to 0.15%23. In a study carried 
out by Ghomashi24, the formation of AlTiSi intermetallics 
of various shapes and sizes in the structure of A356 (Al‑Si) 
alloy with the addition of Ti was reported. The AlTiSi 
intermetallics are found in the structure as fine needles and 
spherical particles. It was reported in another study carried 
out by Zeren24 that the morphology TiAlSi intermetallics 
formed in the structure of Al-Si alloy is very similar to 
that of TiAl3 intermetallics in-situ formed in the structure 
of the same alloy. These alloys are preferred in space and 
automotive industries and in engineering applications since 
their oxidation and wear resistance and high temperature 
strengths are also high and their densities are low. Besides 
this, the basic problem of these alloys is their low ductility at 
room temperature. For the elimination of this problem, some 
processes such as grain refinement and heat treatment are 
applied25-27. So, the atomic packing and lattice structure are 
changed and the number of shear systems can be increased28.

In the production of Al-TiAl3 reinforced composite materials, 
various casting techniques could be used like compo casting, 
squeeze casting, stir casting, etc29. With ingot metallurgy, the 
main problem is the higher melting temperature of titanium 
(1668 °C) in the preparation of Al-Titanium aluminate 
particulate composites. Since the melting temperature of 
titanium is too high as compared to aluminum, it remains 
in Al without melting (locally). This situation reduces the 
possibility of the production of alloys with homogeneous 
structure. However, in-situ Al-TiAl3 composite materials can 
be easily produced with mechanical alloying method (MA). 
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With MA technique, production of composite materials 
for aerospace and automotive industries and also for the 
production of structural materials used in high temperature 
applications are performed30-38. Aluminum alloy components 
produced with powder metallurgy and containing Ti are 
preferred not only for high strength but also for the fact that 
titanium alloys formed in the structure increase dry sliding 
wear behavior of the matrix. For this reason, the aim of this 
study is to identify the effects of AlTiSi and TiAl3 phases on 
the microstructure and dry sliding wear behavior in A356-Ti 
in-situ composites produced with MA method depending 
on synthesizing time.

2. Experimental Procedures
2.1. The production and characterization of 

composite powders
In this present study, A356 (Al-Si-Mg) alloy powders 

of <50 μm were gas atomized from ingots of A356 alloy. 
The chemical composition of A356 ingots is given in Table 1. 
Elemental titanium powders used as reinforcement element 
are at the purity of 99.7% and have the mean powder sizes 
of 10 µm. 6% (wt) titanium powders were added to A356 
alloy002E

The mixture of powders was mechanically alloyed at 
the ball-powder ratio of 10:1 in a SPEX Sample Preb device 
for 45 minutes. The mechanically alloyed powders were 
subjected to cold pressing at 600 MPa (in the diameter of 
10 mm and height of 6 mm). The cold pressed powders 
were sintered in an argon atmosphere at the heating speed 
of 10 °C/min at the temperature of 530 °C for one hour, 
and then it was cooled to room temperature in the furnace. 
After the sintering process, the sintered samples were 
again heated to 550 °C at the heating speed of 10 °C/min 
in an argon atmosphere in the furnace and then held at this 
temperature for 1h, 4h, 8h and 16h in order to synthesize 
AMC composite. Subsequently, they were cooled to room 
temperature in the furnace. The synthesized AMC samples 
were prepared for the standard metallographic processes for 
microstructural examinations. The prepared samples were 
etched with 2 ml (HF), 90 ml pure water, 5 ml (HNO3) and 
3 ml (HCl) solution for 30-45 sec. The etched samples were 
characterized with X-ray diffraction (XRD/Inel Eqinox 100), 
scanning electron microscopy (SEM+EDS/ FEI Quanta 250), 
permeable electron microscopy (TEM/ FEI Tecnai G2 F30 
(200 kV)), density measurements (Archiments’) and hardness 
measurements (Affri System VRSD-251/HV2). XRD studies 
were performed using an INEL XRD unit, SEM and EDS 
examinations were performed using an FEI Quanta 250 
(30 kV) unit. An FEI Tecnai G2 F30 (200 kV) unit was used 
for TEM examinations. Hardness values were calculated by 
taking the average of five measurements.

Dry sliding wear tests were performed on a standard 
pin-on-disk type wear device. The wear tests were performed 

according to ASTM-G99-05 standards. An AISI 4423 steel 
disc of 64 HRc was used as the counter surface for wear 
test of the AMCs produced in the diameter of 10 mm and 
in the height of 6 mm. Before the wear tests, the surfaces of 
the samples were ground using 1200 grade SiC sandpaper 
in order to provide full contact with the with steel disc 
surface. The wear tests were carried out for five different 
sliding distances (400-2000 m) at a sliding speed of 1 ms-1 
and under 30 N load. The wear samples were weighed in a 
digital balance with a sensitivity of ± 0.0001 g before and 
after each test and the weight losses were determined. After 
the wear tests, the worn surfaces of AMCs were examined 
with SEM in order to determine the wear damage and 
structural changes in the worn surfaces. Equation 1 is used 
for the calculation of the wear rates.

Wa G
d P S
∆

=
⋅ ⋅

 	 (1)

where Wa is the wear rate (mm3/Nm); ΔG is the weight loss 
(mg); P is the load (N); S is the sliding distance (m) and d 
is the density (g/cm3).

3. Results and Discussion
After the synthesizing of A356-6%Ti composites, TiAl3 

and AlTiSi intermetallic compounds were formed in-situ in 
the structure depending on the synthesizing time. In Figure 1, 
SEM images of A356-6%Ti composites synthesized at 550 °C 
for 1, 4, 8 and 16 h are given.

The formation of pores in microstructures of the samples 
produced with powder metallurgy method is inevitable. In the 
SEM images given in Figure 1a, d, it is seen that there are 
some pores in the regions close to the coarse Ti particles 
present in the structure. In parallel with the increase in the 
synthesizing time, the increase in the pore dimensions can 
be clearly seen. These coarse pores result from Kirkendall’s 
effect known as increasing in pore concentration15. Besides, 
these pores are seen to be close to the regions where more 
than one pore boundaries are mostly crossed. Sizes of TiAl3 
phases for the 1 and 16 h (the shortest and longest times) 
synthesized specimens were determined. For the other 
two samples (Figure 1b, c), no measurements were made. 
The sizes of TiAl3 phase formed in the microstructure of 
A356+6% Ti AMCs for one hour was detected to be in 
the range of approximately 22-32 nm. Especially in the 
samples synthesized for 8 hours, in-situ TiAl3 phase can 
be seen much more clearly. Besides this, TiAl3 phase in 
the range of 45-62 nm were formed in the A356+6% Ti 
AMCs microstructure that was synthesized for 16h. These 
results show that the dimension of TiAl3 phase formed in the 
structure increases depending on the increasing synthesizing 
time. The formation of TiAl3 phase in the structure through 
synthesizing can be explained with α–Al and TiAl3 crystal 
structure transformations in Al-Ti diagram. A peritectic 

Table 1. The chemical composition of A356 alloy used in experimental studies.

Element Si Mg Fe Cu Mn Zn Ti Pb Al
(wt %) 6.5 0.4 0.15 0.03 0.03 0.05 0.2 0.03 Balance
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reaction can be seen from Al-Ti phase diagram between 
TiAl3 phase and aluminum. In-situ TiAl3 intermetallic phase 
formed in the structure of AMCs is located at the center 
of α–Al particles. This situation was reported in a study 
previously made by Wang et al.39. Titanium diffuses into the 
boundaries of Al/TiAl3 and the strong mechanical bond as 
the result of titanium diffusion to these regions increases the 
strength of the materials. The results of SEM, TEM bright 
region image of A356+6% Ti AMCs synthesized for 16 h 
and EDS analyses are given in Figure 2.

In Figure 2, TiAl3 and AlTiSi intermetallic phases formed 
during synthesizing around the particle boundaries can be 
seen. In addition, when the titanium amounts present in 
TiAl3 and AlTiSi intermetallic phases from EDS analysis are 
compared, Ti amount (wt %) in AlTiSi intermetallic phase 
is seen to be high. The pores formed around the particle 
boundaries of the material can also be seen from the SEM 
image. Particle boundaries are the metallurgically suitable 
regions for defects such as oxides, nitrides and impurities 
and for the nucleation and growth of possible secondary 

phases. In the previous studies, with the addition of titanium 
to Al-Si and Al-Si-Mg alloys through casting method, it 
is reported that AlTiSi intermetallic phase was formed in 
the structure in addition toTiAl3 intermetallic phase23,24,40. 
In Figure 3, XRD analysis results are given. From this figure, 
the phases formed in the structure of A356+ 6% Ti AMCs 
can be identified.

As it is understood from XRD analyses results, AlTiSi 
and TiAl3 intermetallic phases are formed in the structure 
depending on the synthesizing time. From the XRD analysis, 
TiAl3 is seen to be formed at the angles of 29, 41, 47 (2θ) 
and AlTiSi at the angles of 29 and 47 (2θ). In a study 
conducted by Gao et al.23, Al(TiSi) intermetallic phase is 
reported to be transformed into Ti7Al5Si12 phase depending 
on the increasing silicon in the alloy. In XRD results given 
in Figure 3, by adding Ti to A356 alloy powders, TiAl3 phase 
was successfully synthesized through in-situ reactions in 
the structure. Chianeh et al.15 stated that TiAl3intermetallic 
phase is obtained at the temperature range of 500-600 °C. 
In-situ reaction occurs during synthesizing processes as;

Figure 1. SEM images of A356+6% Ti AMCs synthesized at 550 °C for 1 (a), 4 (b), 8 (c) and 16 h (d).
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Ti + 3Al =TiAl3 	 (2)

In Figure 4, the density and hardness changes of A356+6% 
Ti AMCs depending on the synthesizing time are given.

When the density results given in Figure 4 are examined, 
the density of the composites is seen to increase in parallel 
with the increase in synthesizing time. While the lowest 
density values were obtained for the samples synthesized for 
1h, the highest density values were obtained for the samples 
synthesized for 16h. During long-term synthesizing at high 
temperature, this result indicates that the amount of pores in 
the structure decreases. With another expression, the density 
of the composites increases depending on the increase in 
synthesizing time with the decrease in the amount of pores 
within the alloy. When the hardness results are examined given 
in Figure 4b, the hardness values of the AMCs synthesized at 
different times are seen to be ranged from 44 HV to 50 HV. 
The hardness values of the AMCs synthesized for 1h, 4h 
and 8h increase depending on the synthesizing time and the 
highest hardness value is obtained for the composites (50 HV) 

synthesized for 8h. The hardness of AMC synthesized for 16h 
is seen to be decreased. The reason for this is considered to 
be the grain growth occurred in the structure with increasing 
synthesizing time of AMCs. Although grain growth with the 
addition of 6% Ti to the alloy is partially prevented, grain 
growth occurs during long-term synthesizing processes at 
high temperatures. For this reason, a slight reduction in the 
hardness of composites is seen. In in-situ composite materials 
produced by adding titanium to the aluminum alloys, two 
opposite mechanisms confront each other occur. While the 
first mechanism increases the hardness of in-situ precipitates 
in the structure with the synthesizing, the second mechanisms 
cause the increase in the growth of the primer α-Al particles. 
In Figure 5, the relationship between the sliding distances 
obtained from the wear tests of in-situ AMCs and weight 
loss is given.

The relationship in Figure 5 shows the increase in the 
weight loss with increasing sliding distance similar to the 
other metallic materials41. In A356 alloy containing 6% 
of Ti, it is seen that there is an increase in the hardness of 

Figure 2. The image of SEM (a), EDS analysis and TEM bright area image (b) of A356+6% Ti AMCs synthesized at the temperature 
of 550 °C for 16 h.

Figure 3. XRD analysis of A356+6% Ti AMCs synthesized at the temperature of 550 °C for 1 (a), 4 (b), 8 (c) and 16 h (d).
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AMCs due to in-situ TiAl3 and AlTiSi intermetallics formed 
in the structure. The hardness of the AMCs increased for 
the samples synthesized for1h, 4h and 8h. As it is known, 
the weight loss of a material in a wear test decreases with 
an increase in the hardness of the material8,9. Vencl et al.42 
pointed out that the rate of reinforcement should be increased 
to reduce plastic deformation and to increase hardness of the 
material. When the results of weight losses are examined in 
Figure 5, this situation can be clearly seen. However, the 16 h 
synthesized sample encounters higher weight loss. The reason 
of this is thought to be morphological changes occurred in the 
material due to the particle growth that is probable to occur 
in the structure at high temperature (550ºC) because of long 
synthesizing time and in-situ TiAl3 and AlTiSi intermetallic 
phase distribution. The distribution of hard precipitates and 

their sizes affect the hardness and tribological properties 
of in-situ AMCs. But the synthesizing time did not have 
a big influence on wear of the samples. It is clearly seen 
from Figure 4a that hardness results and weight loss results 
support each other. Wear rate results are given in Table 2 
depending on the sliding distances and synthesizing times.

When the wear rate results given in Table 2 are examined, 
it is seen that the weight losses given in Figure 4 and the 
wear rates are in good agreement with each other. After 
2000 m sliding distance, the lowest wear rate was obtained 
for 8 h synthesized samples while the highest is seen for 16 h 
synthesized samples. Saheb et al.43 examined the influence 
of Ti addition to eutectic Al-Si alloy on the wear properties 
of the alloy. Approximately 40 mg weight loss was recorded 
for the cast alloy after 2000 m sliding distance under 19.62 N 
load. Therefore, when the results of weight loss obtained 
in the present study and that obtained by Saheb et al. are 
compared, the weight loss difference obtained after the 
wear tests is clearly seen. In this present study, the highest 
weight loss is approximately 7 mg for 16 h synthesized 
sample. When the difference between the weight losses is 
taken into consideration, the superior wear performance 
of in-situ AMCs produced with the addition of Ti is seen. 
In Figure 6, friction coefficient of the A356+6% Ti AMCs 
depending on synthesizing time is shown.

Figure 6 shows that increasing synthesizing time up 8 h 
decreases the friction coefficient of AMCs synthesized for 1h, 
4h and 8h. In the weight loss of the sample synthesized for 16h, 
it is understood that there is a slight increase. The obtained 
friction coefficient values ranges from 0.146 to 0.113. When 
the hardness results given in Figure 4 and the weight loss 
results given in Figure 5 are compared, it is seen that the 
weight loss and friction coefficient decrease while the hardness 
increase. Friction coefficient is an indicator of shear force 
occurring on the surface of sample/disc contact surface. Shear 
force occurred with friction depends on the hardness of the 
material. In Figure 7a-d, the worn surface SEM images of 
AMCs synthesized for different times are given.

From the SEM image (synthesized for 1h) given in 
Figure  7a, it is understood that the particles broken off 
the surface during wear test are adhered to the surface 
again. Besides that local material losses occurred on the 
surface can be seen. In Figure 7c, d, the formation of micro 
cracks is observed on the surface under the influence of 
deformation in addition to the material losses. Especially, 
these influences are seen less for the samples synthesized for 
8 h. Besides, depending on the increase in the hardness of 
in-situ AMCs, plastic deformation occurred on the surface 
decreases. Plastic flow on the samples surfaces generally 
takes place in the initial stages of wear tests and increases 
with increasing sliding distance. Vencl et al.44 reported the 

Figure 4. Density (a) and hardness change (b) of A356+ 6% Ti 
AMCs depending on different synthesizing durations.

Figure 5. Weight losses in different synthesizing time and sliding 
distances A356+6% Ti AMCs.

Table 2. Wear rates in different synthesizing time and sliding distances A356+6% Ti AMCs.

Synthesizing Time 
(h)

Wear Rate (10-11mm3/Nm)

400 m 800 m 1200 m 1600 m 2000 m
1 2.203 3.148 3.777 4.171 4.344
4 2.498 2.967 3.435 3.513 3.998
8 1.244 2.644 3.00 3.110 3.670
16 3.115 3.426 3.426 3.971 4.174

Figure 6. In different synthesizing time and friction coefficient of 
the A356+6% Ti AMCs.
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occurrence of plastic flow in A356 alloy matrix samples 
depending on the applied load. Despite this, during wear 
tests, it was identified that micro cracks occurred with 
the effect of increasing temperature and deformation on 
sample/disc contact surface. When the worn surfaces are 
generally examined, adhesive and abrasive mechanisms 
are observed to be dominant damage type. These obtained 
results are supported with a study conducted previously by 
Wu & Li45. Depending on the increase in synthesizing time, 
the hard TiAl3 phase formed in the structure reduces the 
weight loss in intermetallic phase. Besides, Prasad et al.46 
stated that Al-Si alloys containing Ti have the similar effect 
on wear behavior with primary silicon particles.

4. Conclusion
In this study, the effect of TiAl3 and AlTiSi intermetallic 

phases on dry sliding wear behavior of A356+6% Ti AMCs 
synthesized at 550 °C for 1, 4, 8 and 16 hours was investigated 
and the below results were obtained:

•	 Ti was added to A356 alloy through mechanical 
alloying method and composite materials with 

Figure 7. In 550 °C temperature, abraded surface SEM images of A356+6% Ti AMCs synthesized for 1 (a), 4 (b), 8 (c) and 16 (d).

Al‑matrix (AMCs) (1, 4, 8 and 16h) were successfully 
synthesized.

•	 It was determined that TiAl3 and AlTiSi intermetallic 
phases in A356+6% Ti AMCs were formed depending 
on the synthesizing time.

•	 TiAl3 and AlTiSi intermetallic compounds were 
observed to be formed especially on the grain 
boundaries (with the effect of diffusion). In addition, 
the gaps between the grains were found to decrease 
with increasing synthesizing time. The decreasing gap 
therefore increased the contact surface and promoted 
the formation intermetallic phases.

•	 With the increase in synthesizing time of A356+6% Ti 
AMCs, the density increased. The density of A356+6% 
Ti AMC synthesized for 1 h was measured to be 
2.647 g/cm3 while the density of 16 h synthesized 
A356+6% Ti AMCs was measured to be 2.695 g/cm3.

•	 Adhesive and abrasive wear mechanism was seen 
to be dominant as the result of plastic deformation 
occurred on the wear surfaces of A356+6% Ti AMCs.
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