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Titanium aluminides with various amounts of aluminium were prepared by Self-propagating High-temperature 

Synthesis (SHS). Ti-20 wt. % Al, Ti-38 wt. % Al and Ti-63 wt. % Al were chosen according to Ti-Al phase diagram, 

because these chemical compositions represent Ti3Al, TiAl and TiAl3 phase, respectively. The effect of the amount 

of aluminium on the combustion temperatures, microstructure and phase composition was studied. Heating of 

compressed samples was observed by optical pyrometer to determine exothermic reaction which is associated with 

SHS reaction. It was found that reaction temperatures increased with increasing addition of aluminium as well as 

reaction time and the start of ignition. The expected dominant phases were determined in all systems after SHS 

reaction. However, other phases accompanied their formation. The largest variety of phases formed in Ti-38 wt. 

% Al system.  
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 Introduction 

High temperature components, such as engine parts of 
airplanes or turbines, are usually made of nickel or super-
alloys, heat-resistant steels or even cobalt superalloys. 
Their main disadvantages are high density and also the 
fact that they are usually contain critical raw material, 
such as chromium, cobalt, niobium and tungsten. For this 
reason, new materials have been found to replace them. 
Titanium aluminides are promising materials for high-
temperature and lightweight applications [1]. Possible ap-
plications can be found in automotive and aircraft indus-
try such exhaust valves, jet engines, stationary turbines or 
space vehicles [1, 2]. However, their wider application is 
limited because of their very low ductility at room tem-
perature [3]. These high-melting alloys are usually pro-
duced by melt-metallurgy which includes multistage pro-
cess – melting, casting into a mold and isothermal anneal-
ing [3, 4]. However, as it was mentioned before, melting 
points of these intermetallics are high which is consider-
ably inconvenient. For this reason, new methods of their 
production have been found. An alternative route how to 
fabricate high-melting metals is powder metallurgy, espe-
cially reactive sintering [5, 6, 7, 8].  

High-melting intermetallics are usually prepared by 
combustion synthesis which involves SHS reaction. Self-
propagating High-temperature (SHS) also called reactive 
sintering can be divided into two modes. First involves 
Thermal Explosion mode in which reaction is initiated by 
heating of whole mixture. Second mode is called Plane 
Wave propagation mode and reaction is initiated by heat-
ing of only one side of compressed mixture. Thermal Ex-
plosion mode is the most used method in sintering of in-
termetallics. Reactive sintering is a process where the in-
itial components are metallic powders and thus, it is 
avoided to melting of high-melting intermetallics. These 
powders are heated and chemical reactions are thermally 
activated during heating which leads to the compaction. 
These reactions are strongly exothermal and they allow 
propagate reactions through the whole heated material. 

Many works tried to describe SHS reaction in Ti-Al sys-
tem [9, 10, 11]. Nowadays, it has been found that reaction 
between aluminium and titanium is initiated by melting 
of aluminium [12]. First phase which forms after the 
reaching of melting point of aluminium is TiAl3 phase. 
Other phases TiAl and Ti3Al form with proceeding reac-
tion [9]. The reason, why TiAl3 phase forms first can be 
explained by thermodynamic and kinetic aspects of for-
mation [11], by its value of minimum free energy [13] and 
activation energy which is 483 kJ·mol-1 [14]. Thus, the 
SHS reaction is associated with the formation of this 
phase. In work [15], it was found that formation of TiAl3 
is controlled by the rate of chemical reaction at the tem-
perature of 800 °C. However, another work [10] claimed 
that the formation of this phase is associated with the dif-
fusion [11] when temperature is lower than 660 °C. Thus, 
temperature affects the mechanism of phase formation. 
Other parameters of reaction play an important role in in-
termediary phase formation. It is mainly the effect of 
heating rate [16]. Ignition temperature of combustion de-
creases with increasing heating rate. Moreover, low heat-
ing rate leads to the liquid aluminium and solid titanium 
reaction mechanism whereas high heating rate leads to 
the solid-solid reaction mechanism [16]. However, stud-
ies have focused on Ti-Al system with excess of alumin-
ium for example Ti-75 at. % Al [9, 10, 17]. The other im-
portant parameters playing significant role in thermody-
namic analysis of combustion and ignition temperatures 
are stoichiometry and reactant particle size [16]. These 
temperatures are used in calculations of reactions en-
thalpy, being applied for the optimization of the heat-
ing/cooling demands of the SHS technology     

For this reason, the effect of amount of aluminium 
was studied in Ti-Al system. The combustion tempera-
ture, the ignition temperature and temperature of the end 
of reaction were observed. Further, the amount of alumin-
ium on microstructure and phase composition was also 
studied. Samples were prepared by Self-propagating 
High-temperature Synthesis mode with fast heating local-
ized on one side of sample.  
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 Experimental 

Samples Ti-20Al, Ti-38Al and Ti-63Al (in wt. %) 
were prepared by mixing of pure powders of titatnium 
(purity 99.5 %, particle size 44 µm) and aluminium (pu-
rity 99.62, particle size 44 µm). This mixture was subse-
quently cold pressed by the means of LabTest5.250SP1-
VM universal loading machine at a pressure of 450 MPa 
for 5 minutes. Cylindrical green bodies with the diameter 
of 10 mm were obtained. Compressed powders were in-
serted into induction furnace and heated under Ar atmos-
phere with heating rate approximately 90 °C·min-1. Heat-
ing of samples was recorded by optical pyrometer Optris 
OPTP20 – 2M which enabled to observe the course and 
temperature profile of SHS reaction. Temperature as a 
function of time during heating was obtained. 

All samples were ground by sandpapers with SiC 
abrasive particles (P80 – P4000) after measurement of 
SHS reactions. Suspension of colloidal silica Eposil F 
with hydrogen peroxide (volume 1:6) were used to polish 
the samples and Kroll´s reagent (5 ml HNO3, 10 ml HF, 
85 ml H2O) was applied in order to reveal the microstruc-
ture features by etching. Microstructure was observed by 
TESCAN VEGA 3 LMU scanning electron microscope 
equipped with Oxford Instruments X-max 20 mm2 SDD 
EDS analyzer to determine the chemical composition. 
Phase composition was determined by X-ray diffraction 
and evaluated using PANalytical X´Pert Pro software 
package with PDF2 database. 

 Results 

Three systems were studied in this article: Ti:Al=3:1, 
Ti:Al=1:1 and Ti:Al=1:3. Fig. 1 shows the temperature-
time plot for TiAl20, TiAl38 and TiAl63 (in wt. %) com-
pressed powder mixtures. As it can be seen, the ignition 
of the reaction depends on the amount of aluminium. Ini-
tiation (start) temperature of the ignition increases with 
increasing of the aluminium weight fraction in powder 
mixture. Ignition of the reaction was observed 187 s for 
TiAl20, 231 s for TiAl38 and 240 s for TiAl63 system 
after the start of the heating. The transformation to the fi-
nal product was completed shortly (approximately 33 s) 
and reaction time increased with increasing the amount of 
aluminium. That means very rapid SHS reaction between 
powders aluminium and titanium. Exothermic peaks ob-
served during heating are associated with the heat release 
and the formation of Ti-Al intermetallic phases. The 
phase composition of the SHS products is presented be-
low. No endothermic peak or plateau corresponding to Al 
melting was observed. For this reason, heating rate was 
too high and melting of aluminium was impossible to de-
tect. However, it has been known that reaction is not ini-
tiated until the temperature reaches the melting point of 
aluminium [15]. When we compare the shape of exother-
mic peaks, it is clear that the amount of aluminium of 38 
wt. % causes the highest exothermicity of reaction. 

 

Fig. 1 Heating curves of Ti-Al powder mixture recorded by optical pyrometer  
 
Reaction temperatures were determined according to 

heating curves and they are shown in Tab. 1. Tonset is the 
temperature of beginning of reaction, Tmaximum is also 

called combustion temperature and Toffset is the tempera-
ture of the end of reaction. The amount of aluminium in-
creases Tonset and suggesting that its amount moves start 
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of reaction to higher temperatures. All temperatures of re-
action start are higher than the melting point of alumin-
ium. It indicates that liquid aluminium reacts with solid 
titanium. The highest combustion temperature was found 
in TiAl63 system and thus, aluminium increases Tmaximum 
of reaction. However, combustion temperatures did not 

exceed the adiabatic temperatures which are usually 
higher than 1200 °C for all Ti-Al systems. It is the maxi-
mum temperature which could be achieved during SHS 
reaction [18]. Higher addition of aluminium also in-
creases Toffset. 

Tab. 1 Reaction temperatures of Ti-Al alloys 
Alloys Tonset [°C] Tmaximum  [°C] Toffset  [°C] 

TiAl20 719 759 763 

TiAl38 745 811 799 
TiAl63 791 827 840 

 
Resulted microstructure of sintered TiAl20 alloy is 

shown in Fig. 2 and phase composition is summarized in 
Table 2. It can be seen that there are still unreacted parti-
cles of titanium. These unreacted particles are surrounded 
by Ti3Al and TiAl phases. So, both phases nucleated and 
grew towards the original Ti particle. These phases 
formed preferentially, because this system contained of 
excess of titanium. For this reason, solid titanium and liq-
uid aluminium reacted mutually and phases enriched by 
titanium could form at the interface as reaction proceeds. 
XRD analysis confirmed phases which were found during 
local chemical analysis (Tab. 2). It can be assumed that 
the main phase forming during SHS reaction is Ti3Al 
phase which belongs to the group of ordered intermetallic 
compounds with ordered hexagonal close-packed super-
lattice structure [19]. 

 

Fig. 2 Microstructure of TiAl20 (in wt. %) alloy 
 
Microstructure of TiAl38 alloy is mainly formed by 

Ti3Al phase surrounded by TiAl phase and then TiAl2 
phase (Fig. 3). TiAl phase was also dispersed in TiAl2 
phase. These two areas contained of TiAl phase with or-
dered face-centered cubic based superlattice structure 
[19] and for this reason, this phase probably formed dur-
ing SHS reaction. Moreover, phases found in our system 
are phases locating around TiAl phase according to dia-
gram Ti-Al [20] and TiAl phase created coexisting phases 

with them. XRD analysis also revealed other phases - 
Ti2Al5 and TiAl3 (Tab. 2). Higher addition of aluminium 
caused that unreacted titanium was not detected and 
phases enriched by aluminium formed (Tab. 2). Final 
product consisted of the most phases from all of the stud-
ied samples (Table 2).   

Tab. 2 Phase composition of Ti-Al alloys 
Alloys Phase composition 

TiAl20 Ti,Ti3Al, TiAl 

TiAl38 Ti3Al, TiAl, TiAl2, Ti2Al5, TiAl3 
TiAl63 TiAl2, Ti2Al5, TiAl3 

 

Fig. 3 Microstructure of TiAl38 (in wt. %) alloy 
 
Fig. 4 shows microstructure of sintered TiAl63 alloy. 

TiAl3 phase was found together with TiAl2 where this one 
was dispersed or was present around TiAl2. Thus, TiAl3 
phase forms during SHS reaction. This explains higher 
temperatures during heating (Tab. 1). It was found that 
heat associated with the formation of TiAl3 phase in-
creases the temperatures [11]. Further, Ti2Al5 phase was 
also detected by XRD analysis (Table 2). Reaction be-
tween titanium and aluminium leads to the formation of 
TiAl2 and TiAl3. Because this system contained of the ex-
cess of aluminium, phases enriched by aluminium were 
found the most and formed preferentially. Chemical com-
position corresponds to TiAl3 phase however it was found 
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that there are places with TiAl3 phase containing of over 
70 wt. % of aluminium. This chemical composition cor-
responds to area TiAl3+Al in diagram Ti-Al [20]. TiAl3 
phase has the same structure as in the case of TiAl phase 
[19].    

  

Fig. 4 Microstructure of TiAl63 (in wt. %) alloy 

 Conclusion 

In this work, the effect of the amount of aluminium on 
the reaction temperatures, microstructure and phase com-
position was studied. It was found that the start tempera-
ture of reaction as well as reaction time increased with 
increasing the addition of aluminium. Combustion tem-
perature and the end of reaction also increased with 
higher amount of aluminium. The study of microstructure 
and phase composition revealed, which phase formed 
during SHS reaction. Ti3Al, TiAl and TiAl3 phases form 
in TiAl20, TiAl38 and TiAl63 system, respectively. 
However, other phases accompanied the formation of 
these main phases.         
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