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Ti-Al-Si alloys are among the most promising intermetallics, which show a combination of low density 
and good oxidation resistance. These positives predetermine Ti-Al-Si alloys for applications in the auto-
motive and aerospace industries. In the future, they could substitute existing materials for high-tempe-
rature applications (stainless steels, and especially nickel alloys), that high density significantly limits 
their application. The use of intermetallic compounds based on Ti-Al-Si would therefore lead in particu-
lar to a reduction of the weight of the structures, which is highly desirable in the aerospace industry. Due 
to the lightweight construction, fuel consumption and transport costs in general would also be reduced.  
The disadvantage of Ti-Al-Si alloys is their brittleness at room temperature. Decrease of brittleness can 
be achieved by suitable chemical composition and also by choosing the suitable preparation. Therefore, 
powder metallurgy processes appear to be the right way to prepare these intermetallics. This work deals 
with the preparation of intermetallic alloys based on Ti-Al-Si system with the low content of silicon by 
powder metallurgy using mechanical alloying and followed compaction by Spark Plasma Sintering.  
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 Introduction 

Ti-Al-Si based alloys are one the most promising 
high-temperature construction materials with the pos-
sible applications in automotive and aerospace in-
dustry and military applications. Due to the advantage-
ous ratio between mechanical properties and density, 
they are considered as future substitutes for commer-
cial nickel alloys and stainless steels, which are the 
most widely used refractory materials today [1-3].  

Ti-Al based alloys excel mainly in low density, high 
resistance to oxidation at a temperature of 600-800 °C 
and good thermal stability. The microstructure con-
sists of two types of intermetallic phases. These are 
titanium silicides in a matrix of titanium aluminides. 
The addition of silicon to the Ti-Al alloys increases the 
creep and oxidation resistance at elevated temperatu-
res by forming of Ti5Si3 phase, which has a strenghtne-
ning effect with low specific weight. The oxide layer 
formed by a mixture of TiO2 (rutile) and Al2O3 is se-
aled by SiO2, which fills the pores in layer [1, 2, 4, 5]. 

The disadvantages of Ti-Al-Si alloys remain their 
brittleness at room temperature and the difficult pro-
duction, not only of these alloys, but of intermetallics 
in general. This fact is caused by high melting points 
of intermediary phases and poor castability. Decrease 
of brittleness can be achieved by suitable alloying and 
also by reducing the grain size. The silicon in Ti-Al 
alloys forms hard and brittle titanium silicides, which 
reduce fracture toughness of the material, therefore it 

is not suitable to add silicon to alloys in large quan-
tities. The advantage of powder metallurgy is the pos-
sibility of preparing fine-grained materials. Powder 
metallurgy processes seem to be the right way to pre-
pare the Ti-Al-Si intermetallics with the possibility of 
replacing the most using melting metallurgy. Due to 
melting metallurgy, many defects arise during the pre-
paration of intermetallics, which can also lead to poor 
material properties. Powder metallurgy processes eli-
minate these defects, but they tend to be more expen-
sive than melting metallurgy processes [6-12]. 

This work deals with the preparation of Ti-Al-Si 
alloys by powder metallurgy using mechanical alloying 
to obtain a very fine structure and subsequent compa-
ction by Spark Plasma Sintering. 

 Experimental 

Samples of Ti-Al-Si alloys were prepared by 
powder metallurgy, which included mechanical alloy-
ing followed by compaction via Spark Plasma Sinte-
ring method. Powders of pure titanium (particle size 
<50 μm, purity 99 %), aluminium (particle size <50 
μm, purity 99.7 %) and silicon (particle size <50 μm, 
purity 99.5 %) were used as starting materials. 5 g of 
powder were prepared in weight ratios which corre-
sponded to the composition of the investigated alloys 
TiAl30Si10 and TiAl35Si5. The prepared powder mi-
xtures, together with 10 grinding balls, were placed in 
a grinding vessel, which was subsequently closed, 
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filled with inert gas (Ar) to prevent oxidation and pla-
ced in a Retsch PM 100 ball mill. The grinding time of 
mechanical alloying was 240 minutes for TiAl35Si5 
and 480 minutes for TiAl30Si10 with a change of di-
rection of rotation at 30 minute intervals. Mechani-
cally alloyed powder mixtures weighing approximately 
5 g were compacted in graphite form using Spark 
Plasma Sintering method. The compaction process 
took place at a temperature of 1100 °C and a pressure 
of 80 MPa. The total sintering time was 15 minutes. 
The resulting compact alloys were obtained in the 
form of a cylinder samples with a diameter of 20 mm 
and a height of 3 mm.  

To identify the phase composition, the alloys were 
subjected to X-ray diffraction analysis using a di-
ffractometer PANalytical X´Pert Pro. The prepared 
metallographic cuts (etched by Kroll´s agent) were ob-
served with an Olympus PME3 light microscope. The 
individual phases and chemical composition were 
examined using a TESCAN VEGA 3LMU scanning 
electron microscope. The porosity of the alloys was 
determined on the basis of images of the 
microstructure of unetched samples from an optical 
microscope in the ImageJ software. Mechanical tests 

were performed at laboratory temperature. Hardness 
measurements were performed using Vickers hard-
ness machine (HV 5) and microhardness tester Fu-
ture-Tech FM-700 (HV 0.1). Fracture toughness was 
calculated according to Palmqvist equation [13]. The 
compressive strength tests were performed on a uni-
versal testing machine LabTest 5.250SP1-VM. 

 Results and discussion 

From X-ray diffraction analysis we can determine 
the phase composition of selected Ti-Al-Si alloys. 
TiAl30Si10 and TiAl35Si5 alloys are formed by tita-
nium aluminide TiAl and titanium silicide Ti5Si3 (Fig. 
1). The increased amount of aluminium in the alloy 
also results in the formation of a TiAl2 phase in the 
TiAl30Si10 alloy and a TiAl2 and TiAl3 phase in the 
TiAl35Si5 alloy, which are very rich in aluminium, and 
together with the TiAl phase form the matrix of these 
alloys. On the contrary, the silicon content is very low, 
and therefore the formation of a very hard Ti5Si3 phase 
in these alloys is significantly limited compared to the 
Ti-Al-Si alloys studied in the articles [13, 14]. 

 

Fig. 1 X-ray patterns of Ti-Al-Si alloys (1 – Ti5Si3, 2 – TiAl, 3 – TiAl2, 4 – TiAl3) 
 
Microstructure of Ti-Al-Si alloys is shown in Fig. 

2. The alloys were etched with Kroll's agent to obser-
ving the microstructure of the present aluminides and 
silicides. Aluminides have reduced chemical re-
sistance, and therefore they are darker areas in the 
microstructure images. Conversely, silicides are lighter 
areas in the pictures. Due to the preparation of 
samples by mechanical alloying with subsequent com-
paction by SPS, a very fine-grained structure is achie-
ved, which cannot be determined by means of a light 
microscope. Compacted alloys excel in a very low po-
rosity due to the presence of a fine-grained structure 

obtained by mechanical alloying followed by compa-
ction using SPS. The porosity of the TiAl30Si10 alloy 
was 0.52 vol. % and the porosity of the TiAl35Si5 alloy 
was 0.95 vol. %. 

When examining the samples in more detail on an 
electron microscope (Fig. 3), for the same reason, ie 
the fine-grained structure, only the presence of Ti5Si3 
titanium silicides and TixAly general titanium alumi-
nides can be distinguished, which indicates the present 
of aluminides in the individual alloys detected by X-
ray diffraction. The white areas on the pictures is con-
tamination of iron from the milling vessel. 
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Fig. 2 Microstructure (light optical microscope) of: a) TiAl30Si10 and b) TiAl35Si5 alloys 

 

Fig. 3 Microstructure (scanning electron microscope) of: a) TiAl30Si10 and b) TiAl35Si5 alloys 
 
Table 1 compares the mechanical properties of Ti-

Al-Si alloys. In terms of hardness and microhardness, 
the TiAl30Si10 alloy achieves higher values, thus con-
firming that the hardness increases with increasing si-
licon content, which preferentially reacts with titanium 
to form very hard silicides. The TiAl35Si5 alloy has the 
smallest amount of silicon, and therefore a lower hard-
ness compared to the TiAl30Si10 alloy. The fracture 
toughness of both alloys is very low and corresponds 

to the hardness value. The higher the hardness of the 
alloy means the lower fracture toughness. The values 
of the ultimate compressive strength are very high for 
both alloys (the table 1 shows the highest measured 
value). However, the individual measured values vary 
greatly, as they depend on the quality of the prepara-
tion of the cubic sample and any pores or cracks in 
this sample.

Tab. 1 Comparison of mechanical properties of TiAl30Si10 and TiAl35Si5 alloys 
 TiAl30Si10 TiAl35Si5 

Hardness HV 5 567 ± 120 543 ± 115 
Microhardness HV 0.1 980 ± 128 918 ± 65 

Fracture toughness [MPa·m1/2] 0.25 ± 0.11 0.62 ± 0.12 
Ultimate compressive strength [MPa] 1744 2291 
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 Conclusion 

The TiAl30Si10 and TiAl35Si5 were successfully 
prepared by mechanical alloying followed by Spark 
Plasma Sintering. The compacted alloys showed a very 
homogeneous microstructure, which was formed by a 
mixture of titanium silicide (Ti5Si3) and titanium alu-
minides (TiAl, TiAl2, TiAl3). Mainly due to the homo-
geneous fine-grained structure, the porosity reached 
very low values, only up to 1 vol. %. The amount of 
silicon had a significant effect on the mechanical pro-
perties of the alloys. With increasing silicon content, 
the hardness increased, but the fracture toughness 
decreased and the compressive strength was lower. 
The alloys still achieve very good mechanical proper-
ties. However, high brittleness (low fracture tou-
ghness) at room temperature remains a problem limi-
ting their use. 
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