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Properties

AbstracT

Purpose: The aim of the present research is to describe the chemical composition and microstructure 
of the surface layer of Ti-46Al-7Nb-0.7Cr-0,1Si-0.2Ni alloy after the test of isothermal oxidation in 
9%O2+0.2%HCl+0.08%SO2+N2 during 250 h.  
Design/methodology/approach: The objectives were achieved using several techniques including conventional 
metallography, SEM, BSE, EDX. The oxides scales and their effects were investigated at temperatures 750ºC.
Findings: This investigation confirms that the better protection of the substrate was determined using AlCrN 
coating.
Research limitations/implications: The basic limitations concern alloys in a higher temperature and establish 
the oxidation kinetics of the analysed alloy as a function of time and temperature.
Practical implications: One of practical outcomes is to select the coatings which guarantee the reduction of 
oxidation behavior. It is recommended to use alloys with AlCrN coating.
Originality/value: Original value of the paper is assessing of the oxidation resistance of Ti-46Al-7Nb-0.7Cr-
0.1Si–0.2Ni-based intermetallic alloy at the conditions combining high temperature and sulphur and chlorine 
compounds-containing atmosphere. The novelty of this research deals with the mechanism of oxidation at 
such boundary conditions. This knowledge can support the design of parts made of the intermetallic alloy. The 
problem considered is currently important for aeroplane and automotive industry, especially for gas turbine 
manufacturers.
Keywords: Corrosion; Intermetallics; Oxidation; Sulfidation; Coatings

Reference to this paper should be given in the following way: 
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1. Introduction 
 
Structural materials designed for such extremely thermally 

loaded parts, as for example turbine blades for aircraft engines, 
automobile parts, automotive industries, should have good 
mechanical properties under working conditions.  

Among them, titanium-aluminide intermetallics are being 
considered as promising choice for high temperature applications, 
because of their high strength and low density [1-2]. TiAl - 
intermetallic based alloys are next generation structural materials, 

lighter than the conventional titanium alloys with the density 
lower than nickel-base superalloys [3]. However, the industrial 
applications of these materials are yet limited by their low 
ductility at room temperature, poor creep and oxidation resistance 
at elevated temperature [4]. Titanium with a low aluminum 
contents and Ti3Al alloy are already widely used because of 
excellent mechanical properties, but at low working temperatures 
due to insufficient oxidation resistance. Therefore, titanium alloys 
with higher aluminium contents, such as TiAl and TiAl3 
compounds, are being developed for high temperature 
applications [5]. However, poor oxidation resistance limits the use 
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of TiAl alloys above about 800ºC because the external layer 
formed on these compounds does not protect Al2O layer and also 
TiO2 or mixture Al2O3 and TiO2 [6].  

Ensuring long-term operation under high-temperature 
oxidation requires efficient protection against it. One of the 
methods to affect the properties of alloys is to modify their 
microstructure and chemical composition.  

Extensive studies have been made to improve their oxidation 
resistance, for instance, by alloying and surface modification. 
Alloying with ternary, quaternary or more elements including Nb, 
Mo, Cr, Si, Ta Zr, V and W was found to be an important method 
to improve their mechanical and oxidation properties [4-10]. 
Accordingly, the protection properties of these additions depend 
on their concentration rates. 

Over the past decade, there has been a systematic effort to 
improve the strength and damage tolerance of titanium aluminides 
by microalloying and optimization of the microstructure. This has 
led to complex alloys with the general composition governed by 
the following percentage rule [11]: 

 
Ti-Al42-46-Nb4-10-X0-3- Y0-1-Z0.1–RE 0-0.5   (1) 

 
X - contents of Cr, Mn, Ta; 
Y - contents of W, Hf, Zr; 
Z - contents of C, B, Si; 
RE - rare earth elements.  

 
However, despite widespread research by both the industrial 

sector and in laboratories, the current methods have not enabled 
such a modification of the chemical composition or 
microstructure that would guarantee long-term resistance to 
oxidation. 

In order to broaden the application and heat-resistance of 
elements made of these materials, research is done to describe and 
produce protective layers or coatings on their substrates [12-30]. 

Among the present protective coatings the following can be 
distinguished: 

Al2O3 coatings, 
aluminide coatings Ti3Al, 
modified aluminide coatings Pt,  
MCrAlY coatings,  
Al-Ti-Cr two-phase coatings, 
silver modified coatings Al-Ti-Ag, 
Si3N4 coatings, 
SiO2 based coatings, 
CaTiO, SrTiO3, BaTiO3, SrTiO3, AlTiO5 coatings, 
plasma-deposited ZrO2-Ni-4.5-Al coatings, 
aluminum and silicone coatings, 
ceramic coatings based on Si-Al-N structure, 
Ti44Al28Cr, Ti55Al8,5Cr, NiCrAlY + Al2O3, Ti44Al28Cr, 
NiCrAlY/ Al2O3, Ti55Al9Cr coatings HVOF TiAlCr, LPPS 
TiAlCr i HVOF CoCr(WSiC). 
However, a significant and yet unsolved problem is, apart 

from low flow, insufficient resistance to oxidation in the 
atmosphere containing sulphur and chlorine. This is due to the 
fact that components operating in high temperatures are subject to 
adverse changes in mechanical properties caused by corrosion 
damages and this negative process is more pronounced when 
corrosion is intensified by sulphurous environment. 

In many industrial applications Ti-Al alloys are subject of 
researches connected with high temperature corrosion in the 
atmosphere with sulphur content. Sulphur considerably 
accelerates the damaging process in comparison to oxidation in 
air. In fact, the melting point of sulphides is low and, therefore, 
the liquid phase in the scale may appear very fast. Another 
important issue is corrosion pits triggered by high sulphide 
pressure which contributes to intercrystalline corrosion. The result 
of sulphurous corrosion is a great loss of material, and its 
prevention still poses a considerable technical problem.  

The corrosion induced by oxidizing atmosphere in the 
presence of chlorine is a significant operational issue directly 
linked to the combustion of fuels in the power industry. 
Additionally, the high temperature of the dry steam contributes to 
corrosive processes. The corrosion threatens mainly the materials 
of evaporators and superheaters [31]. The degradation of the 
surface layer under corrosion in elevated temperature results from 
the interaction of its multiple elements [31-32] The chemical 
composition of emissions is an important factor during corrosion. 
Gaseous ingredients of emissions exhibit particularly high corrosive 
activity i.e. O2, SO2, H2S, Cl2,HCl and CO. During combustion, 
sulfur compounds undergo oxidation mainly to SO2 and SO3. In the 
case of oxygen deficit, however, H2S [33] also appears. Chlorine 
shows particularly high corrosive activity at high temperature. It 
causes active oxidation which destroys the protective layer of 
oxides. The source of chlorine (Cl2) near the surface may be the 
hydrogen chloride (HCl) [34] present in the emissions. 

The presence of sulfur and chlorine in the fuel enables two 
mechanisms of high temperature corrosion: 

sulfate-sulfuric, 
chloride [35]. 
The kinetics of corrosion employing the mentioned 

mechanisms is of two orders higher than the oxidation of these 
materials in air [31] and depends mainly on the material the 
evaporator pipes are made of. 

The paper presents the results of own research regarding the 
impact of high-temperature oxidizing atmosphere 
(9%O2+0,2%HCl+0,08%SO2+N2) on the condition of the coating 
generated on γ-TiAl phase based alloy. 
 
 

2. Material and research methodology 
 
 

The tests were performed on γ-TiAl phase based titanium 
alloy composed of 46%at Ti, 46%at Al, 7%at Nb, 0.7%at Cr, 
0.1%at Si and 0.2%at Ni. The alloys has a duplex microstructure 
(Fig. 1), made of lamellar grains of γ-phase and 2 and granular -
phase grains. Colonies of 2-Ti3Al precipitates were also found. 

The fracture of the tested alloy occurring in granular and 
lamellar area is presented in Fig. 2 

The substrate surfaces were polished and degreased in acetone 
before depositing the coating. Two types of coatings were 
deposited: AlCrN deposited by PVD method and SiO2-Al2O3 by 
the sol-gel method.  

The tests of the samples' resistance to high temperature and 
aggressive environment were carried out during isothermal 
experiments in the model reactive atmosphere containing 
9%O2+0.2%HCl+0.08%SO2+N2 in a Carbolite resistance furnace 

 

heated to 750°C at a research station (Fig. 3) allowing 
maintaining the model atmosphere throughout the entire test. The 
samples of initial state alloy and samples of coated alloy were put 
in the furnace. The samples were heated up with the furnace, then 
annealed in 750°C during 250 hours, and subsequently cooled 
down to the room temperature.  

Before and after the test, the samples were assessed 
macroscopically by the observation with a naked eye of the 
samples' surface and determining the nature of the changes and 
analysed with SEM 

 

phase

2 phase

lamellargrains of and 2 phase

 
 
Fig. 1. SEM images (BSE detector) of Ti-46Al-7Nb-0.7Cr-0.1Si-
0.2Ni 
 
 

 
 

Fig. 2. SEM images (SE detector) of fracture of Ti-46Al-7Nb-
0.7Cr-0.1Si-0.2Ni alloy in granular and lamellar area 
 
 

3. Test result and analysis 
 

During the oxidation of Ti-Al phase equilibrium titanium 
alloys in air, TiO2+Al2O3 oxide layer forms on their surface. 
TiO2-rutile forms on the surface at the initial stages of oxidation 
as titanium's activity is much higher than aluminum's activity. 
Columnar crystallites TiO2 growing in various directions can be 
observed on the oxidized surface (Fig. 4). The content of Al2O3 in 
the oxide layer is considerably lower. [36]. The lack of propensity 

to form protective layer of Al2O3 by these alloys is the main 
reason for their little resistance to high-temperature corrosion.  

Columnar crystallites TiO2 growing in various directions can be 
observed on the oxidized surface. Microanalysis of this surface 
shows the dominance of Ti with a much lower share of Al (Fig. 5). 

 

 
Fig. 3. Scheme of research station for testing high-temperature 
oxidation in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
 

 
 
Fig. 4. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni without protective coating after the test in 
air atmosphere 
 

 
 

Fig. 5. EDX analysis results of the surface as per Fig. 4 

2.	�Material and research 
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of TiAl alloys above about 800ºC because the external layer 
formed on these compounds does not protect Al2O layer and also 
TiO2 or mixture Al2O3 and TiO2 [6].  

Ensuring long-term operation under high-temperature 
oxidation requires efficient protection against it. One of the 
methods to affect the properties of alloys is to modify their 
microstructure and chemical composition.  

Extensive studies have been made to improve their oxidation 
resistance, for instance, by alloying and surface modification. 
Alloying with ternary, quaternary or more elements including Nb, 
Mo, Cr, Si, Ta Zr, V and W was found to be an important method 
to improve their mechanical and oxidation properties [4-10]. 
Accordingly, the protection properties of these additions depend 
on their concentration rates. 

Over the past decade, there has been a systematic effort to 
improve the strength and damage tolerance of titanium aluminides 
by microalloying and optimization of the microstructure. This has 
led to complex alloys with the general composition governed by 
the following percentage rule [11]: 

 
Ti-Al42-46-Nb4-10-X0-3- Y0-1-Z0.1–RE 0-0.5   (1) 

 
X - contents of Cr, Mn, Ta; 
Y - contents of W, Hf, Zr; 
Z - contents of C, B, Si; 
RE - rare earth elements.  

 
However, despite widespread research by both the industrial 

sector and in laboratories, the current methods have not enabled 
such a modification of the chemical composition or 
microstructure that would guarantee long-term resistance to 
oxidation. 

In order to broaden the application and heat-resistance of 
elements made of these materials, research is done to describe and 
produce protective layers or coatings on their substrates [12-30]. 

Among the present protective coatings the following can be 
distinguished: 

Al2O3 coatings, 
aluminide coatings Ti3Al, 
modified aluminide coatings Pt,  
MCrAlY coatings,  
Al-Ti-Cr two-phase coatings, 
silver modified coatings Al-Ti-Ag, 
Si3N4 coatings, 
SiO2 based coatings, 
CaTiO, SrTiO3, BaTiO3, SrTiO3, AlTiO5 coatings, 
plasma-deposited ZrO2-Ni-4.5-Al coatings, 
aluminum and silicone coatings, 
ceramic coatings based on Si-Al-N structure, 
Ti44Al28Cr, Ti55Al8,5Cr, NiCrAlY + Al2O3, Ti44Al28Cr, 
NiCrAlY/ Al2O3, Ti55Al9Cr coatings HVOF TiAlCr, LPPS 
TiAlCr i HVOF CoCr(WSiC). 
However, a significant and yet unsolved problem is, apart 

from low flow, insufficient resistance to oxidation in the 
atmosphere containing sulphur and chlorine. This is due to the 
fact that components operating in high temperatures are subject to 
adverse changes in mechanical properties caused by corrosion 
damages and this negative process is more pronounced when 
corrosion is intensified by sulphurous environment. 

In many industrial applications Ti-Al alloys are subject of 
researches connected with high temperature corrosion in the 
atmosphere with sulphur content. Sulphur considerably 
accelerates the damaging process in comparison to oxidation in 
air. In fact, the melting point of sulphides is low and, therefore, 
the liquid phase in the scale may appear very fast. Another 
important issue is corrosion pits triggered by high sulphide 
pressure which contributes to intercrystalline corrosion. The result 
of sulphurous corrosion is a great loss of material, and its 
prevention still poses a considerable technical problem.  

The corrosion induced by oxidizing atmosphere in the 
presence of chlorine is a significant operational issue directly 
linked to the combustion of fuels in the power industry. 
Additionally, the high temperature of the dry steam contributes to 
corrosive processes. The corrosion threatens mainly the materials 
of evaporators and superheaters [31]. The degradation of the 
surface layer under corrosion in elevated temperature results from 
the interaction of its multiple elements [31-32] The chemical 
composition of emissions is an important factor during corrosion. 
Gaseous ingredients of emissions exhibit particularly high corrosive 
activity i.e. O2, SO2, H2S, Cl2,HCl and CO. During combustion, 
sulfur compounds undergo oxidation mainly to SO2 and SO3. In the 
case of oxygen deficit, however, H2S [33] also appears. Chlorine 
shows particularly high corrosive activity at high temperature. It 
causes active oxidation which destroys the protective layer of 
oxides. The source of chlorine (Cl2) near the surface may be the 
hydrogen chloride (HCl) [34] present in the emissions. 

The presence of sulfur and chlorine in the fuel enables two 
mechanisms of high temperature corrosion: 

sulfate-sulfuric, 
chloride [35]. 
The kinetics of corrosion employing the mentioned 

mechanisms is of two orders higher than the oxidation of these 
materials in air [31] and depends mainly on the material the 
evaporator pipes are made of. 

The paper presents the results of own research regarding the 
impact of high-temperature oxidizing atmosphere 
(9%O2+0,2%HCl+0,08%SO2+N2) on the condition of the coating 
generated on γ-TiAl phase based alloy. 
 
 

2. Material and research methodology 
 
 

The tests were performed on γ-TiAl phase based titanium 
alloy composed of 46%at Ti, 46%at Al, 7%at Nb, 0.7%at Cr, 
0.1%at Si and 0.2%at Ni. The alloys has a duplex microstructure 
(Fig. 1), made of lamellar grains of γ-phase and 2 and granular -
phase grains. Colonies of 2-Ti3Al precipitates were also found. 

The fracture of the tested alloy occurring in granular and 
lamellar area is presented in Fig. 2 

The substrate surfaces were polished and degreased in acetone 
before depositing the coating. Two types of coatings were 
deposited: AlCrN deposited by PVD method and SiO2-Al2O3 by 
the sol-gel method.  

The tests of the samples' resistance to high temperature and 
aggressive environment were carried out during isothermal 
experiments in the model reactive atmosphere containing 
9%O2+0.2%HCl+0.08%SO2+N2 in a Carbolite resistance furnace 

 

heated to 750°C at a research station (Fig. 3) allowing 
maintaining the model atmosphere throughout the entire test. The 
samples of initial state alloy and samples of coated alloy were put 
in the furnace. The samples were heated up with the furnace, then 
annealed in 750°C during 250 hours, and subsequently cooled 
down to the room temperature.  

Before and after the test, the samples were assessed 
macroscopically by the observation with a naked eye of the 
samples' surface and determining the nature of the changes and 
analysed with SEM 

 

phase

2 phase

lamellargrains of and 2 phase

 
 
Fig. 1. SEM images (BSE detector) of Ti-46Al-7Nb-0.7Cr-0.1Si-
0.2Ni 
 
 

 
 

Fig. 2. SEM images (SE detector) of fracture of Ti-46Al-7Nb-
0.7Cr-0.1Si-0.2Ni alloy in granular and lamellar area 
 
 

3. Test result and analysis 
 

During the oxidation of Ti-Al phase equilibrium titanium 
alloys in air, TiO2+Al2O3 oxide layer forms on their surface. 
TiO2-rutile forms on the surface at the initial stages of oxidation 
as titanium's activity is much higher than aluminum's activity. 
Columnar crystallites TiO2 growing in various directions can be 
observed on the oxidized surface (Fig. 4). The content of Al2O3 in 
the oxide layer is considerably lower. [36]. The lack of propensity 

to form protective layer of Al2O3 by these alloys is the main 
reason for their little resistance to high-temperature corrosion.  

Columnar crystallites TiO2 growing in various directions can be 
observed on the oxidized surface. Microanalysis of this surface 
shows the dominance of Ti with a much lower share of Al (Fig. 5). 

 

 
Fig. 3. Scheme of research station for testing high-temperature 
oxidation in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
 

 
 
Fig. 4. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni without protective coating after the test in 
air atmosphere 
 

 
 

Fig. 5. EDX analysis results of the surface as per Fig. 4 
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The aim of the present research is to describe the chemical 
composition and microstructure of the surface layer of Ti-46Al-
7Nb-0.7Cr-0,1Si-0.2Ni alloy after the test of isothermal oxidation in 
9%O2+0.2%HCl+0.08%SO2+N2 during 250 h. The microscopic 
analyses and microanalyses of the chemical composition was 
carried out by means of Scanning Electron Microscopy (SEM) 
equipped with EDS add-on. The formed layers are characterized by 
a high stability at the temperature up to 750°C. No chipping or 
degradation in form of cracks or loss was determined. 

The surface of the uncoated alloy after 250 hours of isothermal 
oxidation in the atmosphere of 9%O2+0.2%HCl+0.08%SO2+N2 
was shown in Figs. 6-8. The chemical composition analysis showed 
the presence of elements which diffused out of the metallic alloy 
substrate (Ti, Al, Nb, Cr) covering the surface with specific 
precipitates (Fig. 9). 
 

 
 

Fig. 6. The macroscopic image of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni without protective coating after 250 h of 
the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
 

 
 
Fig. 7. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni without protective coating after 250 h of 
the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere (at low 
magnification) 

 
However, the domination of Ti indicates that the product 

formed on the outer surface is rutile crystallites TiO2, generated as 
a result of out-core diffusion of titanium (Figs. 7-8). 

 
 

Fig. 8. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni without protective coating after 250 h of 
the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere (at high 
magnification) 

 

 
 

Fig. 9. EDX analysis results of the surface as per Fig. 7 
 

Among oxide ceramics the diffusion of oxygen is the lowest 
in SiO2 and Al2O3 so the coatings based on these compounds may 
be promising. Own research showed satisfactory results for Al2O3 
based coating [12].  

Therefore SiO2-Al2O3 based coating can be acknowledged to 
be an alternative diffusion barrier blocking the oxidation process. 
Therefore, the formation of SiO2-Al2O3 layer on the surface could 
add to improving the oxidation resistance of the analyzed alloy. 
This is the reason for focusing this paper on the issue of 
improving the resistance of intermetallic Ti-Al alloy to high-
temperature oxidation by means of inducing SiO2-Al2O3 layer 
using the sol-gel method. 

However, the morphology of the surface oxide layer coated 
with SiO2-Al2O3 (Fig. 10) is characterized by the occurrence of 
TiO2 and Al2O3 (Fig. 13) oxides in form of needles (Figs. 11-12). 
The formation of discontinuous oxide layer of such morphology at 
the initial stage of corrosion is insufficient to block the out-core 
diffusion of elements. For it is impossible for a continuous layer 
made of Al2O3 to be formed and contribute to slowing down the 
process. 

 

 
 
Fig. 10. The macroscopic image of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni with SiO2-Al2O3 protective coating after 
250 h of the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
 

 
 
Fig. 11. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0,2Ni with SiO2-Al2O3 protective coating after 
250 h of the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
(at low magnification) 

 

 
 

Fig. 12. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni with SiO2–Al2O3 protective coating after 
250 h of the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
(at high magnification) 

  
 

Fig. 13. EDX analysis results of the surface as per Fig. 11 
 
 

The alloy coated with AlCrN looks completely different  
(Figs. 14-16). Whereas on the surface of AlCrN coating on the 
tested alloy's surface, a layer of aluminum oxides and chromium 
(most probably originating from the coating) and silicone are 
formed. No titanium presence was determined (Fig. 17). It proves 
good resistance of AlCrN coating against oxidation. The coating 
is an effective barrier to out-core diffusion of titanium. If the 
formed oxide layer consisted of Al2O3, then the rutile formation 
could be limited, adding to minimizing the degree of corrosion. 

 

 
 
Fig. 14. The macroscopic image of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni alloy samples coated with AlCrN after 
250 hours in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
 

The high temperature of oxygen affecting the AlCrN layer 
causes the formation of scale, presumably consisting of Cr2O3 and 
Al2O3 (that presumption is supported by the performed 
microanalyses of chemical composition). Chromium as the basic 
ingredient of the deposited coating is an element which reacts 
with air, undergoes passivation, so the obtained chromium oxide 
(III) becomes a protective coating. Besides that, it creates Laves' 
phases - Ti(Cr) with low permeability of oxygen. As 
a consequence of oxidation, aluminium activity intensifies and the 
resulting increase in tendency for its selective oxidation takes 
place. The dominating ingredient of the formed scale is Al and Cr 
as expected, which has a positive impact of the applied coating on 
increasing the heat resistance of the alloy.  
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The aim of the present research is to describe the chemical 
composition and microstructure of the surface layer of Ti-46Al-
7Nb-0.7Cr-0,1Si-0.2Ni alloy after the test of isothermal oxidation in 
9%O2+0.2%HCl+0.08%SO2+N2 during 250 h. The microscopic 
analyses and microanalyses of the chemical composition was 
carried out by means of Scanning Electron Microscopy (SEM) 
equipped with EDS add-on. The formed layers are characterized by 
a high stability at the temperature up to 750°C. No chipping or 
degradation in form of cracks or loss was determined. 

The surface of the uncoated alloy after 250 hours of isothermal 
oxidation in the atmosphere of 9%O2+0.2%HCl+0.08%SO2+N2 
was shown in Figs. 6-8. The chemical composition analysis showed 
the presence of elements which diffused out of the metallic alloy 
substrate (Ti, Al, Nb, Cr) covering the surface with specific 
precipitates (Fig. 9). 
 

 
 

Fig. 6. The macroscopic image of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni without protective coating after 250 h of 
the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
 

 
 
Fig. 7. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni without protective coating after 250 h of 
the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere (at low 
magnification) 

 
However, the domination of Ti indicates that the product 

formed on the outer surface is rutile crystallites TiO2, generated as 
a result of out-core diffusion of titanium (Figs. 7-8). 

 
 

Fig. 8. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni without protective coating after 250 h of 
the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere (at high 
magnification) 

 

 
 

Fig. 9. EDX analysis results of the surface as per Fig. 7 
 

Among oxide ceramics the diffusion of oxygen is the lowest 
in SiO2 and Al2O3 so the coatings based on these compounds may 
be promising. Own research showed satisfactory results for Al2O3 
based coating [12].  

Therefore SiO2-Al2O3 based coating can be acknowledged to 
be an alternative diffusion barrier blocking the oxidation process. 
Therefore, the formation of SiO2-Al2O3 layer on the surface could 
add to improving the oxidation resistance of the analyzed alloy. 
This is the reason for focusing this paper on the issue of 
improving the resistance of intermetallic Ti-Al alloy to high-
temperature oxidation by means of inducing SiO2-Al2O3 layer 
using the sol-gel method. 

However, the morphology of the surface oxide layer coated 
with SiO2-Al2O3 (Fig. 10) is characterized by the occurrence of 
TiO2 and Al2O3 (Fig. 13) oxides in form of needles (Figs. 11-12). 
The formation of discontinuous oxide layer of such morphology at 
the initial stage of corrosion is insufficient to block the out-core 
diffusion of elements. For it is impossible for a continuous layer 
made of Al2O3 to be formed and contribute to slowing down the 
process. 

 

 
 
Fig. 10. The macroscopic image of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni with SiO2-Al2O3 protective coating after 
250 h of the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
 

 
 
Fig. 11. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0,2Ni with SiO2-Al2O3 protective coating after 
250 h of the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
(at low magnification) 

 

 
 

Fig. 12. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni with SiO2–Al2O3 protective coating after 
250 h of the test in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
(at high magnification) 

  
 

Fig. 13. EDX analysis results of the surface as per Fig. 11 
 
 

The alloy coated with AlCrN looks completely different  
(Figs. 14-16). Whereas on the surface of AlCrN coating on the 
tested alloy's surface, a layer of aluminum oxides and chromium 
(most probably originating from the coating) and silicone are 
formed. No titanium presence was determined (Fig. 17). It proves 
good resistance of AlCrN coating against oxidation. The coating 
is an effective barrier to out-core diffusion of titanium. If the 
formed oxide layer consisted of Al2O3, then the rutile formation 
could be limited, adding to minimizing the degree of corrosion. 

 

 
 
Fig. 14. The macroscopic image of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni alloy samples coated with AlCrN after 
250 hours in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere 
 

The high temperature of oxygen affecting the AlCrN layer 
causes the formation of scale, presumably consisting of Cr2O3 and 
Al2O3 (that presumption is supported by the performed 
microanalyses of chemical composition). Chromium as the basic 
ingredient of the deposited coating is an element which reacts 
with air, undergoes passivation, so the obtained chromium oxide 
(III) becomes a protective coating. Besides that, it creates Laves' 
phases - Ti(Cr) with low permeability of oxygen. As 
a consequence of oxidation, aluminium activity intensifies and the 
resulting increase in tendency for its selective oxidation takes 
place. The dominating ingredient of the formed scale is Al and Cr 
as expected, which has a positive impact of the applied coating on 
increasing the heat resistance of the alloy.  
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Fig. 15. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni alloy samples coated with AlCrN after 
250 hours in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere (at low 
magnification) 
 

 
 
Fig. 16. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni alloy samples coated with AlCrN after 
250 hours in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere (at high 
magnification) 
 

 
 

Fig. 17. EDX analysis results of the surface as per Fig. 15 

4. Conclusion 
 

The process of high temperature corrosion of TiAl(γ)-phase 
based titanium alloy is linked to intensive formation of titanium 
and aluminum oxides on the surface. The analysis of the corrosion 
resistance tests results showed their sufficient resistance in the 
applied atmosphere. Substrate degradation effects were not 
observed. However, a better protection of the substrate was 
determined using AlCrN coating. No signs of corrosion were 
observed after oxidation test at 750°C during 250 h in 
9%O2+0.2%HCl+0.08%SO2+N2 atmosphere. 

Titanium was not noticed on the surface - the formed coating 
is a barrier to out-core diffusion of this element. However, in 
order to verify the performed research and determine the impact 
of the coating on corrosion in the tested atmosphere, it seems 
necessary to carry out tests in a higher temperature and establish 
the oxidation kinetics of the analysed alloy as a function of time 
and temperature. 
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Fig. 15. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni alloy samples coated with AlCrN after 
250 hours in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere (at low 
magnification) 
 

 
 
Fig. 16. SEM images morphology of the surface layer of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni alloy samples coated with AlCrN after 
250 hours in 9%O2+0.2%HCl+0.08%SO2+N2 atmosphere (at high 
magnification) 
 

 
 

Fig. 17. EDX analysis results of the surface as per Fig. 15 

4. Conclusion 
 

The process of high temperature corrosion of TiAl(γ)-phase 
based titanium alloy is linked to intensive formation of titanium 
and aluminum oxides on the surface. The analysis of the corrosion 
resistance tests results showed their sufficient resistance in the 
applied atmosphere. Substrate degradation effects were not 
observed. However, a better protection of the substrate was 
determined using AlCrN coating. No signs of corrosion were 
observed after oxidation test at 750°C during 250 h in 
9%O2+0.2%HCl+0.08%SO2+N2 atmosphere. 

Titanium was not noticed on the surface - the formed coating 
is a barrier to out-core diffusion of this element. However, in 
order to verify the performed research and determine the impact 
of the coating on corrosion in the tested atmosphere, it seems 
necessary to carry out tests in a higher temperature and establish 
the oxidation kinetics of the analysed alloy as a function of time 
and temperature. 
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