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Ti-Al-Si alloys excel with their low density and good resistance against high-temperature oxidation in comparison 
with so far commonly used nickel alloys. Silicon in Ti-Al-Si alloys has significant positive effect on high-
temperature oxidation due to increasing adhesion of oxide layer. The TiAl20Si20 alloy was evaluated as the best 
alloy from tested ones, because its oxide layer protected very well the basic material and TiAl20Si20 achieved good 
hardness after 400 hours of annealing. 
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 Introduction 

Over the past 20 years, a large research of high-
temperature materials (especially intermetallics) 
progresses. There is a growing demand for special 
materials for aerospace and automotive applications. 
Titanium aluminides have the most importance and they 
are most promising materials for these applications due to 
their low density, good thermal stability, good oxidation 
resistance at 600 - 800 °C, high specific strength at 
elevated temperatures and favourable ratio between 
mechanical properties and density [1-3]. TiAl alloys have 
a problem with low ductility and fracture toughness at 
room temperature. They also have poor resistance against 
oxidation at high temperature (cannot be used at 
temperatures above 827 °C), although they are containing 
50 % of aluminium, because rutile (TiO2) forms prior 
Al2O3 in oxide layer. Approximately 75 % of the 
aluminium in alloy is needed to form an oxide layer at 
900 °C [4]. 

Addition of silicon and aluminium into the titanium-
based alloys decreases the oxidation rate at temperatures 
below 850 °C. The formation of SiO2 in the oxide layer 
of titanium has been described [5]. Addition of Si, Ni, Cr 
or V into TiAl alloys improves the high-temperature 
behaviour of these alloys. Silicon is the most suitable 
candidate for the formation of Ti5Si3 phase, which has 
significant strengthening effect and positive effect on 
high-temperature oxidation due to increasing adhesion of 
the oxide layer. Oxygen diffuses in SiO2 slower than in 
TiO2. Titanium nitride (TiN) is formed under the oxide 
layer (at the place of further oxidation). Formation of TiN 
results from the presence of silicon in the material (no 
TiN has been observed in Ti-Al alloys).The reason, why 
TiN is formed, is that silicon reduces the solubility and 
diffusion rate of nitrogen in titanium alloys [6-9]. 

Materials based on the Ti-Al-Si alloys consist from 
two types of intermetallic phases. The titanium silicides 
in matrix of the titanium aluminides, both of which have 
excellent resistivity against high-temperature oxidation. 
In particular, Ti5Si3 has an even better resistance against 
high-temperature oxidation than TiAl [10,11]. 

The aim of this work is the description of resistance 
against oxidation of Ti-Al-Si alloys prepared by reactive 
sintering and compaction by Spark Plasma Sintering and 

evaluation of thermal stability of the alloys at 1000 °C, 
which exceeds temperature limit of application alloys 
based on Ti-Al system. 

 Experiment 

Ti-Al-Si alloys were prepared by powder metallurgy, 
powder of titanium, silicon and powder of AlSi30 alloy, 
which was prepared by mechanical machining, were mi-
xed. Powders were compressed by the LabTest 5.250SP1-
VM machine into the tablets. The pre-pressed powders 
were sealed into evacuated quartz glass ampoules to pro-
vide protection against oxidation during reactive sintering 
(900 °C, 30 minutes in preheated furnace). The reactive 
sintered samples were milled in a VM4 laboratory mill. 
Milled powders were then compacted by Spark Plasma 
Sintering using temperature of 1200 °C for 15 minutes 
with a heating rate of 100 °C/min. The pressure was set 
at 48 MPa and the sintering was carried out in continuous 
mode. The samples were then unloaded to 3 kN and sub-
sequently cooled at a rate not exceeding 50 °C/min. 

The isothermal tests were carried out in air in electric 
resistant furnace at 1000 °C. The samples were removed 
sequentially for 100 hours, 200, 300 and 400 hours. The 
samples were cooled spontaneously in the air. The cooled 
samples were weighed and then the metallographic cut 
was made. The samples were polished, etched and 
observed by light and electron microscopy. The area 
of the exposed surfaces was determined by image 
analysis using program Atlas. 

On the Future-Tech FM-700, microhardness with a 
load of 100 g (HV 0.1) was measured, ten imprints were 
performed and the averaged values were averaged. 

 Results and discussion 

Isothermal tests were carried out in air at 1000 °C. 
The alloys were kept in the furnace continuously for 100 
hours, 200, 300 and 400 hours. The increase in weight in 
relation to the annealing time is shown on Fig. 1. The da-
shed line indicates the weight dependence of the alloy, 
including the scalled-off oxides, on the annealing time. 
The full line curves indicate the weight of the alloy de-
pending on the annealing time. TiAl10Si20 and 
TiAl15Si15 are characterized by a strong oxide layer with 
good adhesion. TiAl20Si20 alloy has a weaker oxide la-
yer with worse adhesion than other alloys. In the case 
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of alloys containing smaller amount of silicon 
(TiAl15Si15 and TiAl20Si20), the adhesion of the oxide 
layer was significantly increased compared to the cyclic 

tests [12]. The resulting oxide layers are brittle and porous 
with frequent cracks for the alloys.  

 

Fig. 1 Dependency of mass gain of the Ti-Al-Si alloys (sample and sample + scaled-off oxides) at the time of isothermal 
oxidation 

 
The growth of the oxide layer can be controlled by di-

ffusion (parabolic dependence) or by chemical reaction 
(linear dependence). From the values of parabolic con-
stants (Table 1), the growth of the oxide layer 
of TiAl10Si20 and TiAl15Si15 is controlled by chemical 
reaction because the weight gains curves at the annealing 
time showed linear dependence (Fig. 2). The resulting 
oxide layers of these alloys are very porous with frequent 
cracks. The formed layers do not have a protective effect 
and after 400 hours the basic material has completely oxi-
dized. In the case of TiAl20Si20 alloy, the diffusion me-
chanism of the growth of the oxide layer can be assumed 

(Tab. 1, Fig. 2). 
The mechanism of formation of the oxide layers can 

also be read using a plot of the depencence of growth 
of Ti-Al-Si alloy oxide layers at the annealing time 
(Fig. 2). In the case of TiAl10Si20 and TiAl15Si15 
alloys, we can see an almost linear increase in the 
thickness of the oxide layer. After 400 hours, it was no 
longer possible to recognize the boundary between the 
layer and the basic material. In the case of TiAl20Si20 
alloy, it can be observed that the oxide layer stops to grow 
after 200 hours of annealing. The layer then protected the 
basic material well. 

Tab. 1 Kinetics of the Ti-Al-Si alloy oxide growth in isothermal oxidation 

linear constant     parabolic constant   

kl TiAl10Si20 TiAl15Si15 kp TiAl20Si20 

[g∙m -2∙h-1]     [g2∙m -4∙h-1]   

kl 100 4.446 4.842 kp 100 2.7∙102 

kl 200 4.984 5.681 kp 200 1.7∙103 

kl 300 - - kp 300 1.8∙103 

kl 400 4.862 4.803 kp 400 4.9∙103 



April 2018, Vol. 18, No. 2 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

indexed on: http://www.scopus.com 257  

 

Fig. 2 Dependency of growth of Ti-Al-Si alloy oxide layers at the time of isothermal oxidation 
 

The TiAl10Si20 and TiAl15Si15 are characterized by 
deteriorated thermal stability due to annealing 
at 1000 °C. On the microstructure of these alloys, we can 
see extensive areas of pores and cracks. The amount of 
basic material gradually decreased because of the incre-
ase of the oxide layers thickness and after 400 hours, it 
had already completely oxidized. The deterioratiton 

of the mechanical properties can be observed in the drop 
of hardness HV 0.1 (Fig. 3). The thermal stability of the 
TiAl20Si20 alloy was very good compared to other all-
oys. The material under the oxide layer was well protec-
ted and did not contain any major defects (Fig. 4). 
TiAl20Si20 alloy achieved good hardness after 400 hours 
of annealing at the temperature of 1000 °C (Fig. 3).

 

Fig. 3 Hardness of the Ti-Al-Si alloys depending of the time of isothermal oxidation 
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Fig. 4 Microstructure of TiAl10Si20 (a), TiAl15Si15 (b) 
and TiAl20Si20 (c) alloys after 100 hours of annealing 

 Conclusion 

Isothermal oxidation tests of the Ti-Al-Si alloys were 
performed. The annealing temperature was chosen for a 
higher temperature (1000 °C) than the reported maximal 
application temperature (800 °C) of Ti-Al alloys. 
TiAl20Si20 was evaluated as the best alloy of the tested 
ones, the layer protected the basic material against the 
further oxidation. On the TiA210Si20 alloy, the diffusion 
of oxide layer with very good adhesion has been demon-
strated. TiAl20Si20 alloy achieved good hardness after 
400 hours of annealing at the temperature of 1000 °C. 
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