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A B S T R A C T   

The production of TiAl alloys can be a discouraging task owing to their low ductility at room temperature. 
However, the development of novel methods that are alternative to traditional methods for producing TiAl alloys 
is a fundamental aspect for structural applications in the automotive and aerospace industries. Resistance sin-
tering method enables the production of TiAl alloys, thanks to a combination of remarkable attributes such as 
shorter sintering time, fast heating rates. This method is promising under circumstances where the rapid 
densification, short sintering time and low cost becomes a great advantage. The objective of the following work 
was to compare the isothermal oxidation performance of TiAl alloys produced by resistance sintering (RS) and 
pressureless sintering (PS) methods. After oxidation at 900 ◦C for 200 h, the final weight change of RSed alloy 
(6.36 mg/cm2) was lower than that of PSed alloy (8.92 mg/cm2). X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and energy-dispersive spectroscopy (EDS) were performed to characterize the oxidized alloys. 
Analyses results show that the oxidation products were TiO2 and Al2O3 oxides, the oxide scale of both alloys are 
composed a multilayered structure. The relatively continuous Al2O3 layer formed on the scale of RSed alloy 
played a major role in enhancing the oxidation resistance of the alloy.   

1. Introduction 

Great demands on the production of materials with remarkable 
properties for high-temperature structural applications have triggered 
the development of cost-effective, eco-friendly and more productive 
non-conventional processing routes. However, powder metallurgy pro-
cessing route has a combination of attractive features, such as prepa-
ration of material with superior mechanical properties, controllability, 
faster preparation process, a material with good dimensional stability, 
economic advantage, ease of reproducibility, lesser human contact and 
minimum inherent defects [1,2]. Resistance sintering (RS) technology is 
one of the non-traditional sintering techniques in the field of powder 
metallurgy that allows the production of bulk materials with higher 
density from elemental powders utilizing rapid heating rates lower 
external pressure and shorter processing times at lower temperatures 
compared to conventional sintering techniques [3,4]. RS technique, 
which enables the densification of powders in one-step characterized by 
the simultaneous application of a high-intensity current, low-voltage 
and uniaxial pressure, is a cost-effective and eco-friendly method for 
the production of TiAl alloys. The high intense electric current flowing 
through the powder mass or compact placed inside a die induces 

generation of heat by the Joule effect. In addition, due to the fast heating 
and cooling rates during operation, the grain growth can be controlled, 
resulting in a microstructure with fine-grained and high-density [5,6]. 
Another important advantage of the RS technique is the elimination of 
post-production operations, which adds a considerable cost in 
manufacturing. Moreover, economic benefits are also provided because 
of low energy consumption and material wastage. Compared to con-
ventional techniques, RS technology shortens processing time from a 
few hours to minutes, thereby achieving the productivity growth that is 
important for engineering applications. 

Among the intermetallic compounds, the outstanding properties of 
alloys based on titanium aluminides have made them a demanded ma-
terial in high-temperature structural applications such as aerospace, 
automotive and gas turbine industries. These alloys possess superior 
attributes, including high melting point, low density, adequate high 
specific strength, creep resistance and elastic modulus as well as good 
oxidation and corrosion resistance [7–10]. Numerous investigations 
have been conducted to enhance the oxidation resistance of TiAl alloys, 
most of which were related to the effect of alloying elements of ternary 
or quaternary. It has been stated that the oxidation resistance of TiAl 
alloys was increased by the addition of Mo, W, Nb and Si [11,12]. 
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Knowledge of the effect of electric current on the oxidation behavior of 
the TiAl alloys is of crucial importance for developing non-conventional 
processing routes to produce these alloys. This work aims to investigate 
the isothermal high temperature oxidation resistance of at.% 
Ti–44Al–2Si-1.7Mn-0.3W alloys produced via different processing 
routes: resistance sintering (RS) and pressureless sintering (PS). In 
accordance with this aim, sintered microstructure, oxidation kinetics, 
scale structure, and oxidation mechanism were explored. However, this 
work would pave the way for comparing oxidation behaviors of TiAl 
alloys produced by different processing methods. 

2. Experimental procedure 

2.1. Process of the powder preparation and sintering 

The TiAl alloys used in the present work had the nominal composi-
tion of Ti–44Al–2Si-1.7Mn-0.3W (in atomic percent). The elemental 
powders were composed of Ti (40 μm, 99.5% purity), Al (7–15 μm, 
99.5% purity), Si (5 μm, 99.9% purity) Mn (10 μm, 99.6% purity) and W 
(4 μm 99.9% purity). The powders were weighed by an electronic bal-
ance of high accuracy of 0.01 mg in accordance with the nominal 

composition and poured into a plastic container with stainless steel 
grinding balls. Afterward, a mechanical mixer was used to achieve a 
homogenous powder mixture for a duration of 5 h at a speed of 200 rpm 
in a dry environment. The ball-to-powder weight ratio (BPR) used 
during the milling process was 5:1. For both resistance sintering (RS) 
and pressureless sintering (PS) experiments, the blended powder com-
positions were poured into separate steel dies with an inner diameter of 
20 mm. However, before the powder mixture is poured, the internal wall 
of the die and the punches in contact with the powder mixture were used 
the high-temperature lubricant spray to help remove the product after 
sintering and also reduces the friction of the components in contact with 
the die wall during the sintering. For the RS experiment, the powder 
mass in the die to be sintered is placed between two counter-sliding 
punches. After that, the RS system was activated with optimized pro-
cess parameters: electric current of 4.5 kA, dwell time of 15 min at a 
uniaxial pressure of 80 MPa and in air atmosphere. The used current was 
optimized to be the same as the temperature in the PS experiments. At 
the completion of sintering, the electric current was stopped, the uni-
axial pressure was released, and the sintered sample was allowed to cool 
to ambient temperature. 

For the PS experiment, the powders were first pressed by a uniaxial 

Fig. 1. Schematic of the experimental procedure used in the work, (a) ball milling, (b) PS process, (c) RS apparatus, (d) die components and sample, and (e) 
generation of thermal gradient during RS modeled by Solidworks software. 
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under 80 MPa in a steel die to obtain compact. After that, the compact 
was placed in a muffle furnace in order to sintering. The PS experiment 
was conducted with a heating rate of 20 ◦C/min up to the sintering 
temperature of 1050 ◦C, at a dwelling time of 120 min and in air at-
mosphere. When the experiment was complete, the resistance heating 
was turned off. The schematic diagrams of the RS and PS systems are 
presented in Fig. 1. 

2.2. Isothermal oxidation experiment 

Isothermal oxidation tests were conducted in a muffle furnace at 
900 ◦C for 200 h. The samples were placed in a separate alumina cru-
cible and transferred to the furnace for the purpose of being oxidized. 
Weight change measurements were performed at intervals of oxidation 
for 5, 10, 25, 50, 100, 150 and 200 h by using a digital balance with an 
accuracy of 0.01 mg in order to evaluate the oxidation kinetics. To 
continue the experiment, the samples with the crucibles were put into 
the furnace to re-oxidized. 

In order to carry out the metallographic examinations, both samples 
before and after oxidation were gradually grounded by SiC papers up to 
1200 and subsequently polished using 1 μm diamond particles. After 
that, the samples were etched by a Kroll’s reagent: 3 vol % HF, 5 vol % 
HNO3, 92 vol % distilled water. X-ray diffraction analysis (Rigaku, D/ 
MAX-B/2200/PC) was used to identify the phase constitution of the 
samples and oxidation products using diffractometer with Cu Kα radi-
ation and operated at 20 kV. The XRD data scanning angle 2θ ranges 
from 20◦ to 90◦ with a step size of 0.02◦. The initial microstructures of 
the samples, the surface morphology and the cross-sectional micro-
structure of the oxidized samples were inspected by a scanning electron 
microscopy (SEM, JEOL JSM-6060, LV). Chemical compositions of the 
present phases were analyzed by energy-dispersive spectroscopy (EDS, 
IXRF 5000). 

The densities of the sintered samples were calculated by Archimedes’ 
principle, based on the immersion technique in distilled water. The 
microhardness measurements of the samples were performed using a 
Vickers Hardness tester with a diamond indenter. The microhardness 
measurements were conducted at different regions under a 500 g load 
for a duration of 10 s. The microhardness value of both samples was 
determined according to the arithmetic mean of four different mea-
surements. Meanwhile, the samples produced by RS and PS will here-
after denote as RSed and PSed, respectively. 

3. Results and discussion 

3.1. Microstructure evolution 

XRD analysis results in Fig. 2 show that the microstructure of both 
alloys was composed of α2-Ti3Al (hexagonal structure) and γ-TiAl (face- 
centered tetragonal structure) phases. Among the intermetallic phases 
existed in the binary TiAl system, α2-Ti3Al and γ-TiAl phases are re-
ported to be important for engineering applications [13]. However, dual 

phase (α2+γ) based TiAl alloys have attracted the attention of re-
searchers for many years due to their satisfactory properties [14]. As 
shown in Fig. 2, the microstructure of both alloys produced using RS and 
PS techniques consists of dual phase. According to the binary TiAl phase 
diagram, TiAl alloy with the composition of at.% 44 Al solidifies from 
the single-phase region of the α during the cooling as follows: α → α+γ → 
α2+γ. Considering the mechanism of phase transformation for products 
formed, during sintering, when the temperature of the powder mixture 
reaches the melting temperature of Al, liquid Al reacts with Ti to form 
the TiAl3 phase; Ti + 3Al = TiAl3. Furthermore, maximum solubility of 
Ti in Al is about at.% 0.1 at 600 ◦C, while that of Al in Ti is at.%12 [15]. 
This allows us to conclude that the nucleation of TiAl3 phase starts. From 
the thermodynamic point of view, the Gibbs free energy of formation of 
TiAl3 is the lowest compared to those of other intermetallic compounds 
(Table 1). 

As the sintering progresses with time, TiAl and Ti3Al are formed by 
the reaction of resultant TiAl3 and remnant Ti, and this continues till the 
TiAl3 is consumed [17]; 4Ti + TiAl3 = 2TiAl + Ti3Al. 

Anselmi-Tamburini et al. [18] studied the effect of the current on the 
growth kinetics of the product phase in the Mo–Si system and they re-
ported the current played a significant role in enhancing the growth rate 
of the product phase, however, the values of formation activation energy 
of this phase in case of the current and current free were the same. 
According to these authors, the applied electric current did not change 
the reaction mechanism. Studies involving comparison of densification 
kinetics of the powders by SPS and HP indicated that the electric current 
has no remarkable effect on the densification mechanism [19,20]. 
However, as mentioned in the experimental part of this work, the sin-
tering times of RSed and PSed alloys were 15 min and 120 min, 
respectively. An important point to be emphasized is what effect the 
causes shortening of sintering time. The role of current on the improved 
densification during RS sintering can be attributed to mass transport. 
Mass transport may induce a change in defect concentration [18], 
electromigration [20], and a reduction in the activation for migration of 
the defects [21]. This can contribute to the driving force for the 
enhanced densification and phase transformation. As more specific, the 
effect of the current on mass transport can be explained form the elec-
tromigration theory [22]: 

Ji = −
Di Ci

RT

[
RT ∂ In Ci

∂x
+ F z* E

]

(1)  

where Ji denotes the atomic flux, Di denotes the diffusivity, Ci denotes 
the atomic concentration, R denotes the gas constant, T denotes the 
temperature, F denotes the Faraday’s constant, z* denotes the effective 
charge on the diffusing species, and E denotes the field. 

Based on Eq. (1), the applied electric field provokes a deviation in the 
random walking behavior of diffusion species. In return, the driving 
force of sintering for PS technique is provided from the surface curvature 
of the powder particles, but this is inadequate to annihilate the pores at 
the last sintering stage [23]. 

The SEM micrographs of RSed and PSed alloys and the chemical 
compositions corresponding to the points are shown in Fig. 3. It can be 
seen that the SEM micrograph of both alloys mainly exhibits a similar 
microstructure with gray contrast phase and dark-gray contrast phase. 
By considering the EDS analysis in combination with the XRD results, 
the gray contrast phase (points 1 and 5) was found to be an α2-Ti3Al and 
the dark-gray phase (points 2 and 6) was found to be a γ-TiAl. 

Fig. 2. XRD patterns of the RSed and PSed alloys.  

Table 1 
Temperature dependence of Gibbs free energy for TiAl inter-
metallic compounds [16].  

Compounds Gibbs free energy 

Ti3Al − 29,633.6 + 6.70801T 
TiAl − 37,445.1 + 16.7937T 
TiAl3 − 40,349.6 + 10.36525T  
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Additionally, the un-reacted W (point 3) can be seen on the surface of 
the RSed alloy. However, a magnified view of the marked area showed 
that the W-rich phases in bright contrast (point 4) were also present in 
the microstructure. The EDS analysis of point 4 indicates that W is 
reacted with other constituent elements, which means that the diffusion 
of W particles has occurred (except point 3). As for the microstructure of 
PSed alloy, the chemical composition of point 7 showed the W was 

partially diffused and its content was about at.% 7.5. According to the 
EDS results shown in Fig. 3, the chemical composition of point 8 which 
lies on the bright phase was grossly similar to that of point 4. Moreover, 
the SEM micrograph of PSed alloy highlighted that the free W particles 
were absent in the microstructure. It is worthwhile noting that Ti, Al, 
Mn, and Si elements were homogeneously distributed in the whole al-
loys. This indicated that the production conditions used in this work in 
both methods were enough for the diffusion of these elements; however, 
the diffusion of W was more restricted under these conditions. A primary 
challenge associated with manufacturing of W-containing alloys is due 
to the high melting point of W element. Therefore, this leads to the W 
particles remain without diffusion within the alloy. However, the overall 
observation regarding the diffusion of W was one of the promising re-
sults achieved in this work. In comparison with the RSed alloy, the 
presence of a minor amount of oxygen was detected at point 9 on the 
PSed alloy. However, owing to the RS method shortening of processing 
time provided a remarkable advantage in reducing the oxygen uptake 
during sintering. It is of specific interest to note that the microstructure 
of PSed alloy contains a significant amount of porosity compared to that 
of the RSed alloy. In addition, Table 2 revealed that the relative density 

Fig. 3. SEM micrographs of the microstructure of RSed and PSed alloys and corresponding EDS analysis results.  

Fig. 4. Comparison of the relative density and microhardness results of RSed 
and PSed alloys. 

Table 2 
The densification and microhardness attributes of RSed and PSed alloys.  

Alloy Microhardness 
(HV0.5) 

Experimental 
density (g cm− 3) 

Theoretical 
density (g 
cm− 3) 

Relative 
density (%) 

RSed 349 ± 17 4.108 4.198 97.85 
PSed 298 ± 13 3.876 4.198 92.32  
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of RSed alloy was 97.85% while that of the PSed alloy was 92.32%. The 
fact behind the enhanced densification in PSed alloy is that the applied 
pressure has a crucial role in particle re-arrangement and the annihila-
tion of agglomerates [22]. Further to say, the combined effect of the high 
heating rate and the applied external pressure is believed to provide an 
increased driving force to enhance densification. In a study on the 
synthesis and densification of Ti–48Al–2Cr–2Nb, Lagos et al. [24] 
concluded that when the pressure was enhanced from 15 MPa to 50 MPa 
the maximum density was achieved at very low temperature (around 
630–650 ◦C). The obtained microhardness values of both alloys are 
shown in Table 2 (see Fig. 4). 

3.2. Weight change analysis 

The isothermal oxidation resistance of RSed and PSed alloys was 
characterized by their weight change per unit area as a function of 
oxidation time. The weight change data of both alloys that were 
isothermally oxidized at 900 ◦C for 200 h are displayed in Fig. 5. The 
curves of weight change indicated that the oxidation rate of both alloys 
is increased with increasing time. However, as oxidation proceeded, the 
difference between the weight changes of alloys became more pro-
nounced. Regardless of whether the processing is performed via RS or 
PS, one can be seen that the oxidation rate of alloys increases rapidly 
during the initial 25 h of oxidation. For instance, the weight change of 
RSed and PSed alloys was 2.75 and 4.60 mg/cm2, respectively. In the 
first 25 h which fast oxidation process occurred, the formation of TiO2 
and Al2O3 is regarded to occur concurrently on the surface of alloys due 
to the fact that the Ti and Al elements have a high affinity for O at 
temperatures over 450 ◦C [25,26]. Moreover, the unoxidized surface is 
believed to promote nucleation and growth of oxides at the TiAl surface 
easily during the initial state oxidation. The above considerations caused 
a significant weight change to be recorded in both alloys. After the initial 
oxidation state, the unfavorable rate of the weight change per unit area 
decreased with progressing time. The mechanism behind this observed 
result can be evaluated based on the two aspects, the first is that the 
diffusion distance of reactive species through the scale and subjacent 
alloy increases owing to the increase in scale thickness. The second is 
that a rich Al2O3 layer, which prevents the inward diffusion of O, may 
have developed in the scale. The first consideration is related to the 
nature of parabolic oxidation kinetics, i.e. the weight change per unit 
area is high at initially but reduces with time. It could also be seen from 
Fig. 5 that the weight change of RSed alloy was smaller than that of PSed 
alloy during the experiment at 900 ◦C for 200 h. Comparison of the effect 
of processing route on the weight change of alloys shows that the final 
weight change of RSed alloy (6.36 mg/cm2) is lower than that of PSed 

alloy (8.92 mg/cm2). It is important to mention that the spallation of 
oxide scale did not occur in both alloys during the oxidation experiment, 
indicating the strong adhesion of the oxide scale. 

Analysis of the isothermal oxidation behavior of TiAl alloys with 
various composition in the existing literature can be contributed to 
compare the performance of our alloys. In a work conducted by Gong 
et al. [27] on the isothermal oxidation of the Ti–44Al–6Nb–1Cr–2V (at. 
%) alloy at 900 ◦C for 100 h, the alloy experienced a weight gain of 
about 8.6 mg/cm2 after oxidized for 100 h. Pilone et al. [28] have 
studied the isothermal oxidation resistance of Ti–48Al–2Cr-1.5Nb-0.04B 
(at.%) alloy at 900 ◦C for 100 h, and their measurement results show 
that the final weight gain of the alloy was about 7 mg/cm2. In a more 
recent work on the isothermal oxidation behavior of 
Ti-46.5Al–5Nb–2Cr-0.3B (at.%) alloy, Neelam et al. [29] found that the 
weight gain of the alloy reached 3.2 mg/cm2 after oxidation at 900 ◦C 
for 500 h. 

The knowledge of the mechanism that controls the growth of the 
oxide scale is crucial in understanding the oxidation behavior of alloys. 
In order to figure out what oxidation kinetics laws the weight change 
curves follow, a power-law equation can be used, (ΔW)n = knt, where 
ΔW is the specific weight change (mg/cm2), n is the power exponent, kn 
is the oxidation rate constant (mgn/cm2n h) and t is the oxidation time 
(h). In this regard, the values of power exponent (n) correspond to the 
slope of best fit line for a double logarithm plot of the weight change vs 
time. The power exponent is determined according to the n = 1/m, 
which is the reverse of the slope determined from the linear regression in 
Fig. 6a. The results obtained show that the n values for RSed and PSed 
alloys are 2.27 and 2.22, respectively. It is noted that the relationship 
between the n value and oxidation kinetics can be described as follows: 
n = 1, 2, 3 correspond to linear, parabolic and cubic kinetics, respec-
tively. Accordingly, the oxidation behavior of investigated alloys obeys a 
nearly parabolic kinetic pattern where the power exponent (n) is close to 
2, which indicates that the oxidation process in the alloys is diffusion- 
driven during the oxidation experiment for 200 h. 

The results obtained from Fig. 6b showed that the oxidation rate 
constants (kn) were 0.3586 and 0.6391 mgn cm− 2n h− 1 for the RSed and 
the PSed alloys, respectively. As it is well known, the oxidation resis-
tance increases with decreasing the oxidation rate constant. This allows 
us to conclude that the oxidation behavior of RSed alloy was better than 
that of PSed alloy, under oxidation conditions used in the present work. 
It is also evident from the weight change plots corresponding to the 
oxidized alloys that RSed alloy enhanced oxidation resistance. That is to 
say, these kn values were in good agreement with the kinetic curve 
results. 

3.3. Characterization of oxide scale 

3.3.1. Phase compositions 
Figs. 7 and 8 show the XRD patterns for oxidized alloys at 900 ◦C for 

100 h and 200 h, respectively. At both duration of oxidation time, 
(Rutile) TiO2, (Corundum) α-Al2O3 and TiAl phases are present in the 
XRD patterns. After 100 h of oxidation, the TiAl is the major phase for 
the RSed alloy, while the TiO2 phase is the major phase for the PSed 
alloy. This difference in the XRD analysis of both alloys can be ascribed 
to the thickness of the oxide scale, thus diffraction signals can be 
detected from the substrate depending on the thickness of the scale. On 
the other hand, it could be observed that the diffraction peaks of TiO2 
were more intensity compared to that of Al2O3. This is because the Al2O3 
layer cannot form on the outmost surface of alloy because of kinetic 
factors. These kinetic factors will be addressed in the oxidation mech-
anism of alloys. However, the oxides of Mn, Si and W were not detected 
as they may be dissolved in the scale. The XRD patterns in Fig. 7 indicate 
that increasing the exposure time from 100 to 200 h causes an increase 
in the TiO2 intensity. However, weak diffraction signals corresponding 
to the TiAl were also observed in the XRD results. The XRD results 
highlighted that the increased exposure time plays an important role in 

Fig. 5. Weight change plot of the RSed and PSed alloys during isothermal 
oxidation at 900 for 200 h. 
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the growth of oxide scale. In a nutshell, the oxide scale of RSed and PSed 
alloys are composed of TiO2, Al2O3 after oxidation at 900 ◦C for 200 h. 
The obtained results are in good agreement with the reports in the Refs. 
[30,31]. 

3.3.2. Surface morphology 
Top surface morphologies of the RSed and PSed alloys after oxidation 

at 900 ◦C for 100–200 h are shown in Fig. 9. Fig. 10 shows the corre-
sponding chemical composition of the points analyzed by EDS. The first 
point concerning the surface morphology results can be the effect of 
exposure time on the growth of the oxide scale. As can be seen in Fig. 9, 
the size of oxide grains formed on the surface is increased with 

increasing oxidation time. According to the results of EDS analysis, 
regardless of oxidation time, the scales formed on both alloys were 
mainly composed of O, Ti and Al. In the case of oxidized RSed alloy for 
100–200 h, Fig. 9a and b shows that the scale formed on the alloy 
consists of a flat area with dark contrast (points 1 and 3) and the rela-
tively larger grains with gray contrast (points 2 and 4). The regions 
marked as 1 and 3 reveal that the Ti, Al and O are present in higher 
amounts, which indicates the formation of the TiO2 and Al2O3 mixed 
layer. Chemical analysis by EDS in Fig. 10 indicates that the oxide grains 
with gray contrast (points 2 and 4) have composition corresponding to 
the TiO2. The formation of Al2O3 and TiO2 on the alloy is also confirmed 
by the XRD patterns of the oxidized alloys in Figs. 7 and 8. After 200 h of 
oxidation, the formation of the TiO2 grains becomes pronounced over 
the whole surface of RSed alloy. The outgrowth of TiO2 grains shows the 
polyhedron faceted structure. As far as PSed alloy is concerned, it can be 
noticed that the surface morphology of the alloy after oxidation for 
100 h is similar to that of the RSed alloy after oxidation for 200 h. 
Compared with PSed alloy, the smaller oxide grains formed on the 
surface of RSed alloy can be contributed to improving the spalling 
resistance of oxide scale. However, there was no symptom of spallation 
of both alloys in this work. Similarly, SEM micrograph of the surface 
shows in Fig. 9cd that the scale was made up of a region with dark 
contrast (point 5) and another region with gray contrast (points 6 and 7). 
By considering the EDS results in Fig. 10, the chemical composition of 
the dark region consists of the predominantly Ti, Al and O thereby 
indicating the possibility of formation of TiO2 and Al2O3 mixed layer. At 
points 6 and 7 with the gray contrast, Ti and O are present in a higher 
amount, as indicated in EDS results. By considering the combination of 
the XRD and EDS results, the chemical composition of these regions 
corresponded to the TiO2 phase. When the duration of oxidation reaches 
200 h (Fig. 9d), the whole surface of PSed alloy is mostly covered by 
irregularly oriented larger oxide grains with polyhedron-shape. 

In the light of the above considerations, it can be said that the growth 
process of the scale is not altered by the processing route fundamentally, 
but its growth velocity is retarded. A slower oxide growth on the RSed 
alloy can be attributed to the fact that the porosity level of the alloy (see 
Table 2) influences the diffusion processes in such a manner that cations 
and anions transport through the substrate/scale is reduced. On the 
other hand, the TiO2 formed on the alloys is deleterious to the oxidation 
behavior due to the fact that it behaves as a shortcut to transport oxygen 
into the substrate, resulting in further oxidation [6]. 

Another important point to highlight is that some regions on both 
scales experience different oxidation behavior, resulting in bumpy sur-
face morphology, as evidenced in Fig. 9a–c. The surface morphology 
changes occurring during oxidation can be induced by the oxygen 

Fig. 6. Linearization plots of a) double logarithmic scales for ΔW versus t, b) ΔWn versus t, in which the slopes of the lines fitted to the data indicate the rate constant 
for oxidized alloys. 

Fig. 7. XRD patterns of RSed and PSed alloys after oxidation at 900 ◦C 
for 100 h. 

Fig. 8. XRD patterns of RSed and PSed alloys after oxidation at 900 ◦C 
for 200 h. 
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uptake. The presence of accelerated oxidation in these regions is an 
indication of the played role of oxygen uptake by the different phases. 
The fact behind this phenomenon is believed to be related to the 
different Ti and Al contents in these regions. That is to say, the regions, 
which contain the Ti3Al phase, show that the Ti is present in a higher 
amount. The region with higher Ti activity increases the solubility of O, 
resulting in enhanced the formation of TiO2. In the XPS study on 
oxidation of two-phased TiAl alloys at 650 ◦C, the dissolved oxygen 
content was measured to be 16 and 2 at.% in the phases of α2 and 
γ-phases, respectively [32]. This allows us to conclude that the oxygen 
uptake for the α2-phase is more critical due to its higher solubility 
compared to γ-phase. In line with the former cited work, in a more 
recent research done by Galetz et al. [33], it was characterized the 
oxidation-induced microstructural changes in Ti-43.5Al–4Nb–1Mo-0.1B 

alloy at 900 ◦C, and they remarked that the dissolution of oxygen in 
α2-phase was notable due to its vacancy structure. Besides, it should be 
mentioned that no sign of cracks can be seen from the surface of both 
alloys. 

3.3.3. Cross-sectional morphology 
Figs. 11 and 12 show the cross-section micrographs of the oxide scale 

formed on the RSed and PSed alloys after oxidation 900 ◦C for 200 h. 
EDS point analysis and elemental mapping analysis were conducted to 
examine the feature of the scale and the corresponding results are also 
available in Figs. 11 and 12. Combined with the cross-section micro-
graphs and the elemental mapping analysis corresponding to the scale of 
alloys indicated that the oxide scales consisted of the multilayered 
structure. Each layer is made up of different phases; as shown in the BSE 
images, the outmost layer with a gray contrast, the intermediate layer 
with a dark contrast and the inner layer with mixture of gray and black 
contrast. The oxide scale of both alloys mainly contains Ti, Al and O as 
evidenced in EDS point analysis and elemental mapping analysis shown 
in Figs. 11 and 12. According to the combination of the corresponding 
EDS mapping and point analysis results (Fig. 11bc and 12bc, Ti and O 
are present in the high percentage at the outmost layers, which is 
marked with 1 (Figs. 11a and 12a), indicating the formation of TiO2, as 
proved by XRD measurements shown in Fig. 8. The thickness of this 
layer is about 15 μm for RSed alloy, while it is about 21.5 μm for PSed 
alloy (Fig. 13). A thin dark contrast layer, which is marked with 2 on 
both scales, with a substantially higher concentration of Al and O is 
found beneath the TiO2 layer. The chemical composition of these points 
corresponded to the Al2O3 phase, which is consistent with the XRD re-
sults. By considering the EDS mapping analysis, one can see that the 
intermediate layer is also composed of Al2O3. Moreover, beneath the 
TiO2 the formed Al2O3 layer is more pronounced and keeps good 
bonding compared with that seen on PSed alloy. The area marked as 3 
on both scales shows that the Ti, Al and O are present in higher contents, 
which indicates the oxides of Al and Ti coexisted in this layer. As can be 
noticed, this layer constitutes a substantial portion of the scale thickness; 

Fig. 9. Surface morphologies of the alloys after isothermal oxidation at 900 ◦C for (a)(c) 100 h and (b)(d) 200 h.  

Fig. 10. Surface EDS point analysis of the after isothermal oxidation at 900 ◦C.  
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the average thickness of this layer was about 22 μm and 43 μm for RSed 
and PSed alloy (Fig. 13), respectively. Therefore, it can be recognized 
that the thickness of oxide scale formed on alloys was controlled by this 
TiO2/Al2O3 mixed layer. 

According to the results of oxide scale measurement, the overall 
thickness of the scale formed on RSed and PSed alloys was found to be 
42.3 μm and 67.1 μm, respectively (Fig. 13). A thicker of the oxide scale 
on the PSed alloy provided evidence that the weight gain of PSed alloy is 
larger than that of RSed alloy, meaning that the PSed alloy has a higher 
oxidation rate. Besides, the oxide scales of both alloys showed good 
adherence to the substrate and the scale of both alloys was not cracked, 
indicating enhanced spallation resistance of the scale. Several pores are 
also seen in the outmost layer of both oxide scales. The inward diffusion 
of oxygen is rapid through the pores [27], indicating that the oxidation 
rate of alloys is increased. It is worthwhile noting that the additions of Si, 
Mn and W show a tendency to present more at the lower part of both 
scales because of their thermodynamic stability, as indicated in Figs. 11b 
and 12b. 

Considering the above results, it is reasonable to conclude after 200 h 
of oxidation at 900 ◦C that the oxide scale structure of RSed and PSed 
alloys was not affected by the processing route, which results in the same 
oxide phases (namely TiO2/Al2O3) and the similar scale morphology 
(multilayered). However, this work clarified the effects of processing 

route on the oxidation behavior of the investigated alloys. 

3.4. Oxidation mechanism of investigated alloys 

The attribute of the oxide scale formed on the surface of alloys is 
crucial in providing the resistance of high-temperature oxidation. For 
this reason, investigation of the ability to form protective/continuous 
oxides film on the surface of all metallic materials at elevated temper-
atures is one of the most explored topics by many researchers. 

Combined the results obtained in this work and literature data, the 
following oxidation mechanism can be proposed. In the first stage of 
oxidation, the dissolved O atoms adsorbed by TiAl surface cause the 
competition in the formation of TiO2 and Al2O3 oxides because of the 
high affinity of Ti and Al to O, however, the reason for the preferential 
formation of TiO2 is related to the preference of O atoms to Ti-rich re-
gions [34]. As the oxidation continues, Ti and Al diffuse towards the 
surface to form their parent oxides. On the other hand, Gibbs free energy 
of formation of TiO2 and Al2O3 are close in the Ellingham-Richardson 
diagram, which indicates that the nucleation and growth of both ox-
ides occur simultaneously on the alloy surface. The results of the present 
work show that the oxide scale formed on RSed and PSed alloys con-
sisted of TiO2 and Al2O3 phases because the mentioned oxides are 
thermodynamically stable in the Ti–Al–O–N system when O is 

Fig. 11. RSed alloy after oxidation at 900 ◦C for 200 h: a) cross-sectional micrograph, b) EDS point analysis and c) EDS elemental mapping analysis.  
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adequately provided [35]. However, two kinetic factors are of great 
consideration in forming the outmost layer of the oxide scale. The first 
one is related to the fact that the diffusivity of Ti and Al in the phases 

building the alloy; the kinetic studies at 900 ◦C show that the diffusivity 
of Al in the γ and the α2 phases is 2.41 × 10− 18 and 6.82 × 10− 19 while 
that of Ti in the γ and the α2 phases is 1.06 × 10− 17 and 3.18 × 10− 18, 
respectively [29]. As can be noticed, there is about an order of magni-
tude difference between the diffusivity of Al and Ti in the γ and α2 
phases. The latter factor can be explained based on the growth velocity 
of TiO2 and Al2O3. The growth velocity of Al2O3 is much lower 
compared to TiO2 as the activation energy of Al2O3 formation is much 
higher than that of TiO2 formation [26]. These considerations allow us 
to conclude that the outmost layer of the oxide scale of investigated 
alloys will be formed by TiO2 which is a fast-growing oxide, as evi-
denced in Figs. 11a and 12a (marked with 1). Furthermore, the forma-
tion of bumpy surface morphology is due to the much higher growth 
velocity of TiO2 relative to Al2O3, as shown in Fig. 9a–c. The TiO2 
generated on the TiAl surface is characterized as polyporous and 
non-stoichiometry n-type oxide. It involves oxygen vacancies which 
provide the fast diffusion channel for oxygen, resulting in the higher 
oxidation rate [6,27], which is the reason why TiAl alloys exhibit weak 
oxidation resistance at elevated temperatures. As the oxidation contin-
uous, the intermediate Al2O3 layer is created beneath the outmost TiO2 
layer as a result of the depletion of Ti. This Al2O3 layer plays an 
important role in preventing the further penetration of oxygen into the 
substrate, resulting in enhanced oxidation resistance [6]. Though the 
formation of Al2O3 on both scales is pronounced, the extent of formation 

Fig. 12. PSed alloy after oxidation at 900 ◦C for 200 h: a) cross-sectional micrograph, b) EDS point analysis and c) EDS elemental mapping analysis.  

Fig. 13. The thickness of the oxide layers in the scale formed on both alloys 
after oxidation at 900 ◦C for 200 h. 
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of this layer on the RSed alloy is higher in comparison with the PSed 
alloy, which is evident from the cross-section micrographs and 
elemental mapping analyses in Figs. 11 and 12. At 900 ◦C, the diffusivity 
of oxygen in TiO2 is about four orders of magnitude higher than that in 
Al2O3 [29]. Therefore, the Al2O3 layer formed in the scale of RSed alloy 
is believed to retard the diffusion of O and Ti because it has thicker and 
more compact relative to formed that in PSed alloy. This fact highlights 
that the extent of formation of the TiO2/Al2O3 mixed layer adjacent to 
the Al2O3 layer results in favor of the RSed alloy, as proved in Figs. 11a 
and 12a by cross-section micrographs of the alloys. However, despite the 
intermediate layer is constituted of the Al2O3, yet it could not inhibit the 
unfavorable inward diffusion of O. This observation can be related to the 
high growth velocity of TiO2 which impairs the continuity of the Al2O3 
layer. As a result of this fact, the hetero-phase mixture of TiO2+Al2O3 
continued to be formed by the interaction of outward diffusion of Ti/Al 
with inward diffusion of O during the oxidation experiment. Conse-
quently, the cross-section micrographs show that the mixed layer of both 
alloys occupied the largest oxide scale volume. However, it is worth 
noting that the Al content has a strong relationship with the oxide scale 
structure of TiAl alloy. It was stated that the Al2O3 layer can be created 
on the outmost of TiAl alloys when the Al content reaches 60–70 at. % in 
air [36]. 

As pointed out before, the investigated alloys obey a nearly parabolic 
kinetic pattern because their power exponent is close to 2, indicating 
that the growth of both oxide scales was governed by diffusion pro-
cesses. Analysis of the oxide growth on both scales indicates that the 
oxide scale mainly grows by inward transport of oxygen, as highlighted 
by many authors [28,30,34]. Therefore, it can be considered that the 
scale/substrate interface is moving towards the substrate because of the 
inward growing nature of the mixture of TiO2+Al2O3 layer (Figs. 11a 
and 12a). During the isothermal oxidation experiments, the 
above-stated diffusion processes continue and causing the evolution of 
the multilayer scale structure, which is characteristic for TiAl alloys, that 
is to say, the oxide scale structures formed on both alloys are found to be 
in the order of inner mixture of TiO2+Al2O3 layer, transient Al2O3 layer 
and outmost TiO2 layer from the substrate/scale interface towards the 
surface. 

The obtained results suggest that the processing route is a substantial 
factor when considering the oxidation behavior of alloys. A schematic 
diagram of the effect of the processing route on the scale structure 
formed on investigated alloys is depicted in Fig. 14. After oxidation at 
900 ◦C for 200 h, the oxidation performance of RSed alloy is better than 
that of PSed alloy. The intrinsic defects caused during the sintering 
process behave as a short-diffusion path for the diffusion of species 
involved in the oxidation process, leading to the faster growth of oxide 
formed on the PSed alloy. Moreover, the Al2O3 discontinuities in the 
intermediate layer lead to increasing the outward diffusion of Ti, 
thereby facilitating the formation of outmost TiO2 layer. Therefore, the 
thickness of the individual layers as well as that of the total scale 
increased as seen from the oxide scale of PSed alloy. In contrast, the 
reduction of inward oxygen transport contributed to enhancing the 
oxidation resistance of RSed alloy. 

Some of the alloying elements that have attracted great attention in 
enhancing the oxidation resistance of TiAl alloys are W and Si [37,38]. 
But how the mechanism of oxidation is being affected by the alloying 
elements? The efficacy of Si in increasing the oxidation performance of 
TiAl can be described by the fact that it reduces the activity of Ti4+ ions 
by promoting the outward diffusion of Al to form an Al2O3 layer. This 
suppresses the formation and growth of TiO2 layer [39]. However, the 
considerable Si content is required to provoke the creation of a protec-
tive Al2O3 layer [40]. With regard to the role of W addition, many re-
searchers are in agreement [31,37,40] that the W is a beneficial addition 
element in enhancing the oxidation behavior of TiAl alloys. This bene-
ficial role in terms of oxidation behavior is ascribed to the doping effect 
theory. That is to say, the addition of an alloying element with higher 
valance electron than that of Ti results in the decrease of defect 

concentration (or oxygen vacancy concentration) due to the maintaining 
electroneutrality condition in TiO2 [36,41], as depicted in Fig. 14c. 
Consequently, the TiO2 formation will be blocked in the oxide scale. This 
theory accounts for the decrease in the oxidation rate of W-containing 
TiAl alloys because the W has a higher valance electron than that of Ti. 
Moreover, a work done by Ping et al. [42] suggested the oxidation 
resistance of TiAl alloys correlates directly to the phase stability of the 
formed TiO2 and Al2O3 oxides and formation energy of oxygen vacancy. 
They stated that the addition of alloying elements with d2 to d5 elec-
trons such as W, Ta, Nb, Mo, Zr and Hf, reduces the stability of Al2O3 
relative to that of TiO2 and increases the formation energy of oxygen 
vacancy in TiO2, thereby improving the oxidation resistance of TiAl 
alloys. 

In a more recent investigation on the oxidation resistance of a spark 
plasma sintered Ti–48Al–2W-0.1B alloy at 800 ◦C, Bacos et al. [43] 
concluded that the enhanced oxidation resistance of the alloy stems from 
the doping effect due to the reduced velocity of diffusion in the W-doped 
TiO2. Nevertheless, the beneficial effect of W in increasing the oxidation 
resistance of TiAl is not always absolute. According to a work done by 
Kim et al. [44], the high content of W addition (2 at.%) caused the 
concentration of W-rich phases all over the substrate due to the 
outward-diffused W during oxidation. They reported that the W content 
in TiAl–3Nb-0.3Si–2W alloy needs to be restricted below 2 at.% to 
eliminate the instability of microstructure in the substrate. Such W-rich 
phases were not observed in the substrate of RSed and PSed alloys, 
which is most likely due to the low contents of W in the alloy. This may 
be evidenced by the higher contents of W addition. As for the effect of 
Mn addition on the oxidation behavior of alloys, Mn ions with the 
valence of +2 or +3 are considered to have an adverse effect on the 
oxidation resistance of TiAl alloys due to the harmful doping effect [40]. 
In the case of alloying of the Mn to the TiAl, the doping effect renders the 
outmost TiO2 layer overgrow, hence the oxidation resistance is signifi-
cantly decreased. This phenomenon is in good agreement with the re-
sults reported by the Refs. [6,45,46]. The best consideration of Mn 
addition is to improve the room-temperature ductility [47] and sintering 

Fig. 14. Schematic diagram of the oxide scale structure formed on RSed (a), 
PSed (b) alloys after isothermal oxidation at 900 ◦C for 200 h and (c) the 
annihilation of oxygen ion vacancies in TiO2 by doping W6+. 
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characteristics [48] of TiAl alloys. In addition, a representative example 
of the progress in the practical application is the engine valve made out 
of TiAI-2.3Mn alloy developed by the Sumitomo Light Metal Industries 
[49]. 

4. Conclusions 

The resistance sintering (RS) and pressureless sintering (PS) pro-
cessing routes were effectively applied in the production of TiAl alloys 
having the composition Ti–44Al–2Si-1.7Mn-0.3W (at%). The alloys 
were isothermally oxidized at 900 ◦C for 200 h in order to determine the 
effect of processing route on the isothermal oxidation performance of 
the alloys. The results of this work suggest that processing routes play a 
major role in the oxidation performance of TiAl. The following main 
conclusions can be drawn from this work:  

1. The duration of sintering process was 15 and 120 min for RS and PS 
methods. The rapid densification in the RS technology is due to the 
high heating rate and mechanical pressure. 

2. The diffusion of the elements was completed for both alloys. How-
ever, only one region had pure W particles in RSed microstructure. In 
the case of PSed microstructure, there were few regions with a higher 
composition in W content.  

3. Irrespective of whether the processing is performed via RS or PS, the 
microstructures of both alloys consisted of γ-TiAl and α2-Ti3Al pha-
ses. The relative density of RSed alloy (97.85%) was higher than that 
of the PSed alloy (92.32%). The microhardness of RSed alloy was 
somewhat higher.  

4. After oxidation at 900 ◦C for 200 h, the final weight change of RSed 
alloy was 6.36 mg/cm2 while that of PSed alloy was 8.92 mg/cm2. 
Both alloys show a nearly parabolic oxidation response (n ≈ 2). The 
oxidation rate constant of PSed alloy was 0.6391 mgn cm− 2n h− 1, it is 
about 1.8 times higher than that of the RSed alloy. However, despite 
the lower content of Al, it should be said that the alloys exhibited 
good oxidation resistance compared to binary TiAl alloy (Ti–48Al) in 
our previous work because Si and W additions played an effective 
role in decreasing the oxidation rate of the alloys.  

5. The formed oxidation products on the alloys are made up of TiO2 and 
Al2O3 oxides. The oxide scale of both alloys is multilayered structure. 
The oxide scale structure is identified to be in the order of the inner 
mixture of TiO2+Al2O3 layer, intermediate Al2O3 layer, and the 
outmost TiO2 layer from the substrate/scale interface towards the 
surface. Moreover, both oxide scales have a good adherent rela-
tionship with the substrate. The thicker of the Al2O3 intermediate 
layer on the scale of RSed alloy is noteworthy. This layer reduces the 
velocity of O and Ti diffusion, and thus the thickness of oxide scale 
formed on the RSed alloy was decreased.  

6. Although key factors are hard to identify, the enhanced oxidation 
performance of RSed alloy lies in the fact that the alloy has minimal 
porosity. This effect is considered to increase the oxidation perfor-
mance of the alloy. 
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