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ApplicAtion of ArtificiAl neurAl network for prediction of the cyclic oxidAtion BehAvior 
of electricAl resistAnce sintered GAmmA-tiAl intermetAllics 

TiAl based intermetallics are widely used for structural applications in aviation, chemical engineering, automotive and sports 
equipment. in this study, the electrical resistance sintering (erS) technology used in the production of gamma-TiAl intermetallics 
is based on the principle of applying pressure simultaneously with a high-density electric current. The purpose of this study was to 
investigate the cyclic oxidation resistance of Ti-44Al-3mo and Ti-44Al-3Nb alloys (at.%) and the applicability of artificial neural 
network (ANN) modeling for the forecast of the oxidation behavior of these alloys. in order to obtain this aim, the alloys sintered by 
erS were oxidized at 900°C for 360 h and then the oxidation behaviors of them are evaluated by plotting a graph between weight 
change as a function of time. The data collected after the oxidation experiments were used to construct the prediction models. The 
modelling results show that a good agreement between experimental results and prediction results was found. The oxidized alloys 
were characterized using Xrd and Sem-edS. The Xrd patterns revealed the oxidation products are composed of TiO2 and Al2O3 
oxides. Sem-edS analysis indicated that the oxide scales of alloys are made up of a multilayered structure.

Keywords: TiAl, Artificial neural networks, Oxidation kinetics, electrical resistance sintering, Aluminides

1. introduction

intermetallics are defined as solid phases consisting of 
two or more metallic or semi-metallic elements with an ordered 
structure and generally well-defined and a fixed stoichiometry 
[1]. One of these compounds, based on titanium aluminide inter-
metallic, has drawn attention as a material for high-temperature 
applications due to a combination of outstanding properties 
such as high melting point, low density, adequate high specific 
strength, creep resistance and elastic modulus as well as good 
oxidation and corrosion resistance [2-5]. in addition, these ma-
terials have better thermal conductivity compared to ceramics 
and offer ductility while maintaining their structural stability 
under service conditions [6]. The outstanding advantages of 
these intermetallic compounds make them extremely promising 
for the automotive and aerospace industries [7]. However, apart 
from mentioned excellent properties, TiAl alloys possess poor 
ductility and fracture toughness at room temperature and lack of 
hot deformability [2], inadequate oxidation resistance at tempera-
tures above 800°C [8], difficult and high-cost manufacture [9].

most alloys exposed to high temperatures are inevitably 
oxidized. maintenance and repair costs resulting from oxidation 

Arch. Metall. Mater. 66 (2021), 2, 581-591

DOI: 10.24425/amm.2021.135895

of these materials trouble the industrial companies economically. 
Therefore, researching the oxidation behavior of TiAl alloys in 
service conditions has always been important for scientists and 
engineers. moreover, the improvement in the oxidation resistance 
of these alloys at high temperatures contributes significantly 
to the industrialization of other high-temperature applications, 
especially in the aviation field.

in order to improve the high temperature oxidation per-
formance of TiAl alloys, different modification methods such 
as adding alloying elements and coating systems have been 
adopted [2,8,10,11]. The approach of modifying the chemical 
composition of TiAl alloys with the addition of alloy elements is 
a simple and highly effective method [10]. many investigations 
have been done concerning the oxidation behavior of ternary or 
quaternary alloying elements added TiAl alloys and mo, W and 
Nb elements have been reported to enhance the high temperature 
oxidation behavior of TiAl alloys [4,12-15]. 

The positive effects of these elements can be explained 
by considering various factors: when an alloying element with 
a higher valence than that of Ti is incorporated in the scale, 
oxygen vacancy concentration in the TiO2 lattice decreases 
via a mechanism called doping effect in accordance with the 
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principle of maintaining the electroneutrality [4], decrease of 
O diffusion and solubility in the substrate resulting in enhanced 
scale-substrate adherence [12], As a result of increasing Al activ-
ity, the formation of the protective Al2O3 layer can be supported 
on the alloy surface. As far as mechanical characteristics are 
concerned, it is worth mentioning that the addition of Nb and 
Ta alloying elements decrease the creep rate as they are slower 
diffusers in the TiAl alloys [16].

The production of a TiAl intermetallic can be a discourag-
ing task, due to the high qualities expected from the alloy, in 
terms of high-temperature and mechanical properties. There-
fore, scientists and engineers are faced with the fact of finding 
alternative processes to conventional methods to produce TiAl 
based alloys. Under these circumstances, it can be regarded that 
the powder metallurgy route can be used as an alternative in the 
production of the mentioned materials. The powder metallurgy 
technology offers the preparation of material with superior 
mechanical properties, faster preparation process, material with 
good dimensional stability, ease of reproducibility, lesser human 
contact and minimum inherent defects [17]. in the light of these 
developments, electrical resistance sintering (erS) technique 
brings many advantages compared to traditional sintering pro-
cesses in powder metallurgy. These include the shorter sintering 
time, sintered parts with net or near-net shapes, the application 
of lower loads to obtain higher densification rates, higher heating 
rates and prevention of excessive grain growth [4,5,18]. it is worth 
mentioning here that the high heating rate provided by this method 
makes the use of the protective atmosphere unnecessary during 
sintering [4,5]. moreover, shorter processing times in engineering 
applications often play an important role in productivity growth. 
regarding the main drawbacks of erS process, it can be said 
that the difficulty of achieving a uniform heat distribution inside 
the compact during operation and the absence of sufficient theo-
retical knowledge of the existence of various mechanisms [18]. 
However, applications involving hard-to-produce materials such 
as hard metals, nanocomposites, amorphous or nanocrystalline 
structures and refractory materials have contributed to the rapid 
increase of interest in erS technology in the last 30 years [18].

Computational modeling can be regarded as a highly 
effective approach in modeling complex experimental data. 
Artificial neural networks (ANN), one of the most efficient 
modern modeling techniques, has gained considerable attention 
in material science in recent years as it can map input-output 
relationships using a statistical approach as well as having ease 
of application and generalization ability [19-22]. ANN system 
was applied successfully by many researchers with the aim of 
modeling the oxidation [19,23] and corrosion [24] behavior of 
various materials, optimization of the effect of thermomechani-
cal treatments [25], design of casting alloy composition [26], 
prediction of mechanical properties [20,27] and microstructure 
modeling [28]. However, based on open literature, studies on the 
modeling of the cyclic oxidation behavior of TiAl alloys using 
artificial neural network (ANN) are scarce.

The present study aims to investigate the cyclic oxidation 
behavior of at.% Ti-44Al-3mo and Ti-44Al-3Nb alloys sin-

tered by electrical resistance sintering (erS) technique. After 
360 hours of oxidation at 900°C, in order to predict oxidation 
behavior of the alloys, the database of the weight changes ex-
perienced by the alloys was modelled by using Artificial Neural 
Network (ANN) approach. Additionally, the obtained results 
in this study present an opportunity to ensure reference in the 
investigation of the oxidation properties of TiAl alloys.

2. experimental procedure

2.1. powder preparation and sintering

Titanium aluminides used in this study have the nominal 
composition of (at.%) Ti-44Al-3mo and Ti-44Al-3Nb (hereafter 
denoted as TiAlmo and TiAlNb, respectively) were sintered by 
electrical resistance sintering (erS) technique. The used elemen-
tal powders were composed of titanium (purity 99.5%, 40 µm), 
aluminum (purity 99.5%, 7-15 µm), molybdenum (purity 99.6%, 
3-7 µm) and niobium (purity 99.8%, 40 µm). 

The powders were weighed according to the nominal com-
positions. The mechanical mixer was used to obtain a homog-
enous powder mixture for a period of 6 hours at a rotation speed 
of 165 r/min. in a dry environment. The mixed powders of 5 g 
were discharged into a steel die with an inner diameter of 20 mm 
and an outer diameter of 50 mm. Afterward, the powder mass to 
be sintered is placed between two counter-sliding punches. The 
erS parameters are as follows; uniaxial applied pressure was 
100 mpa, current intensity 4500 amperes and holding time was 
25 minutes in air. The electric current applied simultaneously 
with a uniaxial mechanical load was maintained at the set value 
throughout erS process. The sintering activities were monitored 
by the controller during the process. At the completion of sinter-
ing, the sintered sample was taken from the die using uniaxial 
load and was allowed to cool down to ambient temperature. 
Finally, the sintered sample with Ø 20 mm diameter and 5 mm 
thickness was obtained. 

2.2. oxidation testing

Before the oxidation test, the original surface area of each 
samples was identified using the Solidworks and then weighed 
by a digital balance with an accuracy of 0.01 mg. The oxida-
tion testing was carried out in an electric resistance furnace at 
900°C for 360 hours and 30 cycles. A cycle involves heating the 
samples to the test temperature and holding them in the furnace 
for 12 h. At the end of the cycle, the samples were removed 
from the furnace and then air cooled in room temperature. 
Afterward, the samples were again weighed to evaluate the 
oxidation kinetic. The weight measurements were repeated 
for each cycle. in  addition, the three measurements were done 
for each sample in the cycle. Then, the obtained data were aver-
aged and recorded. This procedure was reapplied for each oxida- 
tion cycle.
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2.3. sample characterization

in order to perform the Sem studies, the sintered samples 
were gradually grounded by SiC papers up to 1200 and subse-
quently polished using 1 μm diamond particles. The samples 
were etched by a kroll 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 radiation 
and operated at 40 kv and 40 mA. 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 microstructure of the oxidized samples were 
observed by a scanning electron microscopy (Sem, JeOL JSm-
6060, Lv). Chemical compositions of the present phases were 
examined by energy-dispersive spectroscopy (edS, iXrF 5000). 
Three edS analyses were performed for each phase area and the 
average of these measurements was reflected in the graph. The 
relative densities of the samples were calculated by Archimedes’ 
principle, based on the immersion technique in distilled water. 
The microhardness of the samples was determined using vick-
ers diamond indenter. For each sample, 4 measurements were 
conducted using the application of a 200 g load for a 10 sec and 
measurements were averaged.

3. Artificial neural network modelling

Artificial neural networks are often used to model various 
complex and nonlinear processes. The ANN model has superior 
features such as learning and generalization capability, high 
parallelism, working with an unlimited number of variables 
[25]. in addition, derivatives of the artificial neural network have 
been developed thanks to many important components such as 
training algorithms, different types of activation function, pre- 
and post-processing, error functions, the weights initialization 
and the training data collection [29].

ANN is generally of two approaches: static and dynamic 
network. in static networks such as radial Basis, multilayer 
perceptron (mLp), Learning vector Quantization and kohonen 
adaptive Neuro-Fuzzy inference Systems, output nodes are 
linked directly to the input nodes. There is also no feedback 
from the output nodes to the input and the order of the incom-
ing data is not important [30]. in dynamic networks such as the 
distributed time delay network, the nonlinear autoregressive 
network (NArX), the focused time delay network (FTdN) and 
the Layer-recurrent Network of elman network, the output 
nodes depend on the current and previous data of the input and 
output nodes and the network structure [24].

ANN has a complex network structure consisting of differ-
ent layers [25]. Artificial neural networks (ANN) with prediction 
and simulation capabilities model a problem as an input node, 
hidden layer and output node [24,30]. The number of hidden lay-
ers determines the complexity of the neural networks. Adjusting 

the number of hidden layers correctly improves the accuracy of 
the artificial neural network, if not, data from the system may 
be invalid. Therefore, before modeling a problem, the number 
of hidden layers must be determined in a way to provide opti-
mum results [19].

in the study, nonlinear autoregressive neural network 
(NArX) method, which is one of the dynamic networks, was 
used to estimate the oxidation behavior of alloys.

3.1. non-linear Autoregressive neural  
network (nArx)

NArX is a recurrent neural network method for nonlinear 
dynamic systems using a given input and output as data. moreo-
ver, it provides the response of the current data to be identified 
as a function of past data of the output [31]. NArX models 
accept discrete and continuous dynamic inputs. They also have 
both open-loop and closed-loop operating performance, and this 
performance has been greatly improved in long-term problems 
[32]. The NArX model not only uses the current and previous 
values of the input data to find the estimated output of the net-
work, but also gives feedback based on the current and previous 
values of the output data [24]. The function of the basic structure 
of the NArX model is shown in equation 1. Two hidden layer 
NArX models used to predict weight change are presented  
in Figure 1.
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ny and nx in equation 1 are the values used in the time delay of 
the output and input data, respectively.

Fig. 1. Schematic diagram of two-layer NArX neural network model 

in order to test the accuracy of the model, the mean squared 
error (MSE) is calculated according to the variance of the target 
signal [32]. The MSE function is expressed in equation 2 where 
ti is the target output data, ai is the output data of the artificial 
neural network, and N is the number of samples.
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3.2. proposed Ann model

While the input data of the ANN model is oxidation time, 
the data obtained from the output is the weight change of the  
alloys. 

The input is oxidation time and the output is the weight 
change of the oxidized alloys. This oxidation time information 
was given to ANN in NArX structure and weight changes were 
obtained. This structure was developed using matlab Artificial 
Neural Network Toolbox. The first hidden layer of the NArX 
model is defined as 20 neurons, the second hidden layer is 
10 neurons and the output layer is 2 neurons. The entire values 
are divided into three sets (80% for training data, 10% for test-
ing data and 10% validation data). Levenberg-marquardt back 
propagation algorithm was chosen to train the ANN. in the 
feedback, 2 units of delay are added to each oxidation time signal 
with a position signal.

4. results and discussion

4.1. characterization of the produced alloys

The morphologies of the powders used as starting material 
are shown in Fig. 2. it can be clearly discerned that the particles 
of Nb and Ti are sharp-edged while mo and Al particles have 
a spherical shape. However, it was observed that some mo par-
ticles are agglomerated.

Fig. 2. Sem images of used in this study elemental powders

in the binary Ti-Al binary phase diagram [33], four different 
intermetallic phases exist, namely α2-Ti3Al, γ-TiAl, TiAl2 and 
TiAl3 [33]. Particularly, dual phase (α2 + γ) based TiAl alloys 
have attracted the attention of researchers for many years due to 
their satisfactory properties [2]. According to the Ti-Al binary 
phase diagram, TiAl alloy with the composition of at.% 44 Al 
solidifies from the single-phase region of the α during the cool-
ing as follows: α → α + γ → α2 + γ.

XRD patterns show that the alloys are consisted of α2-Ti3Al 
and γ-TiAl phases (Fig. 3). During sintering, TiAl3 intermediate 
phase, which has a lower free energy compared to both phases, 
is formed [4]. 

Fig. 3. Xrd patterns of the alloys produced by erS

The Sem images of the erSed alloys and the chemical 
compositions corresponding to the points are shown in Fig-
ure 4 and Table 1, respectively. Sem images of the TiAlmo 
and TiAlNb alloys showed that the microstructures were com-
posed of three different phase areas as gray tone, dark-gray tone 
and bright phase. From the edS analysis results (Table 1), the 
chemical composition of the dark area (points 1 and 4) corre-
sponds to γ-TiAl phase and that of the gray area (points 2 and 5) 
corresponds to α2-Ti3Al phase. As shown in the Ti-Al system, the 
Ti3Al phase exists between at.% 37-49 Al content, while the TiAl 
phase exists between at.% 48.5-66 Al content [34]. The bright 
regions (points 3 and 6) surrounded by gray areas can be seen 
on the microstructure of the alloys. edS point analysis shows 
that mo and Nb are present in a high amount at points 3 and 6, 
respectively. However, as shown in Table 1, the chemical com-
position of these points was near to the theoretical one. it seems 
that these mo and Nb elements need longer processing time to 

Fig. 4. Sem images of the microstructures of alloys 

TABLe 1

Chemical compositions (at.%) of points shown in Fig. 7

point ti Al mo nb
1 44.3 55.1 0.6 —
2 63.8 34.8 1.4 —
3 49.9 42.6 7.5 —
4 46.6 52.6 — 0.8
5 72.2 26.2 — 1.6
6 45.2 46.7 — 8.1
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be fully dissolved in the TiAl. in a work on the microstructure 
evolution of TiAl, Lagos and Agote [35] sintered Ti-48Al-2Cr-
2Nb (at.%) alloy by means of SpS at 650°C, 700°C, 1100°C 
and 1300°C and they reported that the diffusion of Nb was not 
complete even at 1300°C for 8 min. According to their Xrd 
results, the microstructure of the alloy is constituted of the γ and 
α2 phases, similar to that observed in this work.

The density properties of the alloys calculated according 
to the Archimedes’ principle are listed in Table 2. Since the 
density depends on the chemical composition, the densities of 
γ-TiAl and α2-Ti3Al phases are varying between 3.7-3.9 and 
4.1-4.7 g cm–3, respectively [4]. The microstructures of alloys 
were made up of γ-TiAl and α2-Ti3Al phases and thus can be 
expected that the experimental densities were also in the range of 
the density values of the mentioned two phases. it can be noticed 
that the relative density of TiAlmo alloy was slightly higher in 
comparison to the TiAlNb alloy.

TABLe 2

density properties of the alloys

Alloy experimental 
density (g cm–3)

theoretical density 
(g cm–3)

relative 
density (%)

TiAlmo 4.324±0.003 4.375 98.8
TiAlNb 4.180±0.002 4.248 98.4

regarding the use of powder metallurgy based routes in the 
production of TiAl alloys, the great difference between the diffu-
sion rate of the Ti and Al atoms brings about the kirkendall effect 
[4]. When the pressure is not applied during sintering, surface 
cracking and swelling may take place in the alloy as a result of 
the formation of kirkendall pores [36]. it is important to note 
that no surface cracking or swelling occurs on the erS process 
since current and pressure are applied simultaneously. Besides, 
the pressure used in this system improves the consolidation by 
generating plastic deformation that shrinks the pores. Thus, one-
step sintering procedure can obtain the parts with high density. 
The microhardness of the TiAlmo and TiAlNb alloys are found 
to be 441±24 and 457±19 Hv0.2, respectively.

4.2. oxidation weight change analysis

Cyclic oxidation behaviors of the alloys are characterized 
by their weight change as a function of oxidation cycles. The 
weight change per unit area was calculated by dividing the 
weight difference of the alloy weighed before and after oxidation 
test (m2 – m1) with the surface area. The weight change per unit 
area can be considered as the total of the weight gain due to the 
formation of oxides and the weight loss due to the spallation of 
oxide scale or volatilization of gas species. The cyclic oxida-
tion kinetics of the alloys were determined by the following  
equation:

 2 1( )m mW
A


   (3)

where ΔW presents the weight change per unit area (mg/cm2), 
m1 presents the initial weight (mg), m2 present the weight after 
each cycle (mg), and A presents the total surface area of the 
sample (cm2).

Figure 5 shows the weight change curves of the TiAlmo 
and TiAlNb alloys obtained during cyclic oxidation. it can be 
clearly seen that the oxidation behavior of both alloys exposed to 
oxidation for 360 hours at 900°C is similar. in the first 24 hours 
of oxidation testing, a significant weight increase can be seen as a 
result of rapid oxidation of alloys. This phenomenon is called the 
incubation stage [2]. it can be said that the oxidation process is 
controlled by the formation of oxidation products at this incuba-
tion stage. regarding the processes occur in the incubation stage, 
adsorption and absorption of oxygen by the alloy surface occurs. 
moreover, as a result of the alloy components (Ti and Al) have 
high oxidation activity, it is considered that the nucleation and 
growth of oxides at the TiAl surface form easily. Additionally, 
the unoxidized surface can support the initiation of oxidation 
reactions. According to the curves in Fig. 5, the weight change 
per unit area decreases as the oxidation progresses with time. 
This result can be tackled by considering two approaches, the 
first is that a rich Al2O3 layer may have developed in the scale, 
the other is the diffusion distance of anions and cations increases 
because of the increase in scale thickness. The latter considera-
tion is concerning the nature of parabolic oxidation kinetics, i.e. 
the weight change per unit area is initially high but decreases with 
time. At the 228th hour of oxidation, the TiAlmo and TiAlNb 
alloys experienced similar oxidation behavior resulting in the 
weight change of 7.1 and 7.2 mg/cm2, respectively. After that, 
the oxidation rate of TiAlNb tended to decrease compared to 
TiAlmo. The final weight changes of the TiAlmo and TiAlNb 
were about 8.3 and 7.55 mg/cm2, respectively. 

Fig. 5. The variation of weight change with respect to oxidation time for 
TiAl alloys. insets show the macro photos of the alloys after oxidation 
at 900°C for 360 hours

it is worth mentioning that the TiAl parts are currently used 
in low-pressure stages of aero turbines and the turbocharger of 
car engines operating at temperatures not exceeding 750°C and 
850°C, respectively [37]. Cyclic oxidation test creates more 
challenging conditions on materials than isothermal test. TiAl 



586

components in the gas turbine engine are heated very quickly 
from room temperature to service temperature during the engine 
activation. Therefore, these materials are not only exposed to 
high temperatures but also thermal shocks because of the peri-
odical heating and cooling process. it is important to note that 
the occurred spallation in both alloys is a negligible amount. 
The oxide scales of the TiAlmo and TiAlNb alloys showed good 
adherence to the substrate.

As far as the effects of alloying elements are concerned, it 
can be surely said that the additions of mo and Nb enhance the 
oxidation resistance of the studied alloys. According to the results 
obtained from our previous study [4], the final weight change 
of the Ti-48Al (at.%) alloy subjected to the same experimental 
conditions was about 42 mg/cm2 after 180 hours of oxidation 
at 900°C. However, although the alloys designed for this study 
have less Al content (at.% 44), the final weight change after 
360 hours of oxidation is much less, as stated earlier, thanks to 
the 3mo and 3Nb (at.%) additions. The results obtained concern-
ing mo addition in this study are in good agreement with the 
one reported by Anada and Shida [38] who studied the role of 
the mo addition on the oxidation resistance of Ti-48Al (at.) and 
observed that the ΔW reduced with the increase of mo content 
(up to at.% 2.4). The beneficial effect extent of alloying elements 
to oxidation resistance followed the order: mo > Nb > Si [37]. 
Other points to be mentioned about the effects of mo and Nb 
alloy elements on the oxidation resistance of TiAl alloys are that 
moO3 can cause small porosities on the surface as a result of 
evaporation above 700°C [39] and the addition of high amounts 
of Nb can reduce the oxidation resistance of TiAl alloys due to 
the formation of Nb2O5 [40].

The data of weight change per unit area (∆W) of the alloys 
versus oxidation time (t) have been analyzed to obtain the kinetic 
parameters such as oxidation rate constant (kn) and oxidation 
rate exponent (n). A power law equation is used as follows [41]:

 (∆W)n = kn t (4)

Taking the logarithm of equation 4 as follows:

 In (∆W) = (1/n) in k + (1/n) in t (5)

Thus, the values of n can be determined by analysis of 
the slope of the best fit line for a double logarithm plot of the 
weight change per unit surface area against oxidation time. The 
oxidation rate exponent is based on the function n =1/m, which 
is the reverse of the slope determined from the linear regression 
in Fig. 6(a). 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, respectively.

According to the obtained n values in Table 3, it can be 
said that the oxidation kinetics of the TiAlmo obeys a nearly 
parabolic relationship, while that of the TiAlNb follows a rate 
law intermediate between parabolic and cubic relationship. 
The slope of the straight line in the graph of (∆W)n versus time 
plotted using the n values is equal to the oxidation rate constant 
(kn) (Fig. 6(b)). The calculated kn values for the studied alloys 
are tabulated in Table 3.

Fig. 6. (a) A double-logarithmic plot of weight change (∆W) versus 
time (t), (b) the plot of oxidation rate constants (kn) for the oxidized 
alloys. The green line and red line correspond to TiAlmo and TiAlNb 
alloys, respectively

TABLe 3

possible equations and oxidation rate constants of alloys  
after oxidation at 900°C for 360 h

Alloy ∆w (mg cm–2) n kn (mg n cm–2n h–1)
TiAlmo y = 0.326 x0.5682 2.27 0.3718
TiAlNb y = 1,129 x0.3376 2.56 0.5010

it is worth noting that a lower value of oxidation rate 
constant would mean a smaller oxidation rate. The values of 
oxidation rate constant for oxidized TiAlmo and TiAlNb alloys 
at 900°C are 0.3718 and 0.5010 mgn cm–2n h–1, respectively, 
showing that the oxidation resistance relatively improved with 
the addition mo.

4.3. phase composition of oxide scale

As can be seen in Fig. 7, after oxidation at 900°C for 
360 h, the formed oxide scales on both alloys are made up of 
TiO2 and Al2O3 oxides. The crystal structures of TiO2 and Al2O3 
phases are found to be rutile (JCpdS-iCdd card No: 21-1276) 
and corundum (JCpdS-iCdd No: 00-046-1212), respectively. 
moreover, it is known that the corundum provides the best 
protection against high-temperature oxidation. However, one 
can see that the diffraction peaks of TiO2 were more intensity 
compared to that of Al2O3. The matrix phases of TiAl and Ti3Al 
were not found in the Xrd analyses. The reason for this result 
is the thicker oxide scale formed on the alloys. Neither mo-
containing oxides nor Nb-containing oxides are detected in the 

Fig. 7. Xrd patterns of the alloys after oxidation at 900°C for 360 hours
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oxide scales. The absence of mo- and Nb-containing phases 
can be an indication of these metal atoms substitute Ti atoms 
in the TiO2 lattice. This result is in good agreement with the 
report in ref. [42].

However, the role played by the amount of the alloying 
element additions should be considered. This is because the 
defect structure of TiO2 can be affected by the doping elements 
of different amounts.

4.4. surface morphology and composition

Figure 8 shows the top-surface morphologies of the alloys 
oxidized at 900°C for 360 h. Table 4 is the corresponding chemi-
cal composition of the surface analyzed by edS. Top surface 
Sem images show that the alloys’ surface is covered with oxi-
dation products, causing an undulant surface morphology. The 
higher magnification of marked regions display that the surface 
is mostly covered by irregularly oriented equiaxed oxide grains 
with polyhedron-shape. in addition, it can be noticed that the 
size of oxide grains developed on the TiAlNb was larger com-
pared to that of TiAlmo. The average size of oxide grains for 
the TiAlmo and TiAlNb was about 2 µm and 3 µm, respectively. 
By considering the chemical composition corresponding to the 
points (1 and 2) in Fig. 11, it is reasonable to conclude that the 
oxide grains developed on the top surface were composed of 
TiO2. This is also supported by the Xrd patterns of the oxidized 
alloys in Fig. 7.

Fig. 8. Top surface Sem images of the alloys oxidized at 900°C for 360 h

TABLe 4

Chemical compositions (at.%) of points shown in Fig. 11

point ti Al mo nb o
1 26.9 2.1 0.2 — 70.8
2 32.9 1.7 — 0,2 65.2

As can be noticed in edS results, the content of mo and 
Nb in the analyzed points was quite a few. This can be attributed 
to the fact that these elements are slow diffusers in TiAl alloys 
[4,8]. Besides, the lower amount of detected Al is derived from 
the underlying aluminum oxide layer. This implies that the outer 
TiO2 layer is relatively thick. it is worth mentioning that the 
scale showed good adhesive property to the alloy surface and 
the scale of both alloys was not cracked, resulting in increased 
spallation resistance.

4.5. cross-sectional analysis

After oxidation at 900°C for 360 h, TiAlmo and TiAlNb 
alloys were examined by Sem-edS transverse section for the 
purpose of revealing the scale structure, composition and alloy-
oxide interface. The cross-sectional Sem images of oxidized 
alloys are shown in Figure 9. Table 5 indicates the correspond-
ing chemical composition of the points analyzed by edS. As 
can be seen in Fig. 9, the oxide scales formed on the TiAlmo 
and TiAlNb alloys have a multilayered structure. Based on the 
edS analysis results, the oxide scale structures of both alloys 
are found to be in the order of the inner mixture of TiO2 and 
Al2O3 layer, transient Al2O3 layer and outer TiO2 layer from 
the alloy-scale interface towards the surface. Such structure is 
characteristic for TiAl based alloys subjected to oxidation in air, 
and this phenomenon has been also observed by many research-
ers who have investigated the oxidation behavior of TiAl based 
alloys [2,4,12,13,43].

Fig. 9. Cross-section Sem image the alloys oxidized at 900°C for 360 h

TABLe 5

Chemical compositions (at.%) of points shown in Fig. 12

point ti Al mo nb o
1 30.1 1.3 0.1 — 68.5
2 7.4 32.7 0.1 — 59.8
3 21.4 18.2 0.2 — 60.2
4 53.8 32.8 11.1 — 2.3
5 54.1 40.3 5.4 — 0.2
6 26.2 5.6 — 0.1 68.1
7 5.4 34.3 — 0.1 60.2
8 20.1 24.4 — 0.1 55.4
9 50.9 39.1 — 8.2 1.6

10 51.1 41.7 — 6.9 0.3

mean thickness of the scale formed on TiAlmo and TiAlNb 
alloys was 20 µm and 17 µm, respectively. regarding the 
oxidation process of TiAl alloys, it is important to note that the 
protective Al2O3 layer cannot form on top of the alloy since the 
chemical behavior of Ti and Al to oxygen are similar to each other 
[2,7,10]. Therefore, Al2O3 and TiO2 form competitively at the 
same time during the first stage of oxidation [44]. The resulted 
TiO2/Al2O3 mixture layer cannot retard the further oxidation of 
TiAl alloy, which is the reason why TiAl intermetallics exhibit 
weak oxidation resistance at elevated temperatures. it was re-
ported that the Al2O3 layer can be generated on the outermost 
of the scale when the Al content exceeds at.% 50 [7]. However, 
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Ti-Al binary phase diagram shows that the two-phased TiAl 
alloy cannot be obtained when the Al content is over at.% 50. 
in addition, it is important to note that the oxidation resistance 
of the alloy increases with increasing Al content while its ductil-
ity decreases. 

From the kinetic point of view, it is known that the growth 
velocity of Al2O3 is much lower compared to TiO2 as the acti-
vation energy of Al2O3 is much higher than that of TiO2 [10]. 
Accordingly, the chemical composition of points 1 and 6 in 
Table 5 show the presence of major amount of oxygen and 
titanium along with minor amount of aluminum and addition 
elements. By considering the edS analysis (Table 5) in combina-
tion with Xrd results (Fig.7), it is reasonable to conclude that 
these points corresponded to the TiO2 phase. in the light of these 
considerations, one can see in Fig. 9 that the outermost layer of 
both alloys was covered by TiO2 which has fast-growing kinet-
ics. The growth of the outermost TiO2 layer is taken place by the 
outward diffusion of Ti ions while oxygen ions diffused inward 
to form the inner mixed TiO2/Al2O3 layer [45]. edS analysis 
results of points 2 and 7 lying on the beneath of the outermost 
TiO2 layer indicate the presence of an elevated amount of oxygen 
and aluminum along with minor amount of titanium and addition 
elements. This aluminum-rich oxide layer is generated due to the 
depletion of titanium, thereby promoting the possibility of Al2O3 
formation. The obtained edS results support the formation of 
alumina, which is consistent with the Xrd analysis in Fig. 7. 
Beneath this Al2O3 layer, there is a mixture of TiO2/Al2O3 layer 
(points 3 and 8), which forms the thickest part of the scale, in 
varying proportion. Therefore, it can be said that the thickness 
of oxide scale was controlled by mixed layer.

The TiO2 generated on the TiAl surface is characterized as 
polyporous and non-stoichiometry n-type oxide. TiO2 is flawed 
with oxygen vacancies which provide the fast diffusion channel 
for oxygen and thus it cannot protect against further oxidation 
[4,6,44]. it must be said that the main reason for the poor oxi-
dation resistance of TiAl is due to the defect structure of TiO2. 
However, Al2O3 plays an important role in preventing inward 
diffusion of oxygen due to a very low diffusivity of oxygen in 
alumina [42,46]. in other words, it can act as diffusion barriers 
and reduce the diffusion rate of species involved in the oxidation 
process. Consequently, oxygen is diffused preferentially by the 
oxygen vacancies in TiO2.

Considering the role of addition alloying elements used 
in this study, it was explained on the basis of the fact that the 
oxygen vacancy concentration in the TiO2 is decreased by the 
addition of alloying elements. When ions with higher valance 
electron higher than that of Ti4+, for example Nb5+ or mo6+, are 
incorporated in the TiO2, the substitution of these ions for Ti4+ in 
rutile lattice brings about in the annihilation of oxygen vacancies 
to compensate for excess positive charge results due to maintain-
ing electroneutrality condition in the scale [4,6,42]. This allows 
us to conclude that the doping of mo and Nb contributes to the 
reduction of TiO2 growth rate and thus enhancement of oxidation 
resistance of TiAl. The addition of mo causes the solubility of 
TiO2 to decrease and this result gives rise to the outward growth 

of the oxide scale. Furthermore, protective alumina created 
during oxidation of mo is defect-free and offers the superior 
oxidation resistance [46]. Shida and Anada [47] showed that the 
oxygen solubility in Ti-34.5Al (% 0.9) was higher compared to 
Ti-34.5Al-4mo (% 0.55) and highlighted the effect of mo that 
reduces internal oxidation of substrate.

in the case of Nb addition, the results obtained by varma 
et al. [48] show that the weight change of Ti-44Al alloy signifi-
cantly decreased by the addition of 4% Nb, whereas the additions 
of 8 and 11% Nb offer only a small further benefit. Additionally, 
it was reported the even 2% Nb addition to Ti-48Al-2Cr alloy 
plays a crucial role in the oxidation behavior of the alloy [49]. 
As it was mentioned before, critical Al concentration to form 
protective and continuous Al2O3 external layer on the TiAl 
surface is over at.% 50. Nb addition enhances the activity in 
favor of the Al (aAl) in the alloy so that the compact alumina 
layer can be generated even when the Al content is less than 
at.% 50 [7,10].

it is worth noting that there are also sublayers (points 4 
and 9) in Fig. 9 which are located between oxide scale and sub-
strate. in these regions, the concentration of mo and Nb is about 
13 and 10 (at.%), respectively, as proved by the edS analysis. 
The reason for this situation can be attributed to the ionic radius 
of mo (0.65 Å) and Nb (0.69 Å) that have larger compared to 
Ti (0.60 Å) and Al (0.53 Å). On the other hand, the Nb and mo 
addition elements are located in groups 5 and 6 of the periodic 
table, respectively. Taking the thermodynamic behaviors of these 
additions during oxidation into account, the Gibbs energy of 
formation of Nb2O5 and moO3 oxides for 1 mol of O2 at 900°C 
is found approximately –556 and –304 kJ/mol, respectively. 
However, for the same conditions, the Gibbs energy of TiO2 and 
Al2O3 formation is –732 and –869 kJ/mol, respectively. it can be 
seen that the latter oxides have higher thermodynamic stability. 
Accordingly, it is highly possible that the concentration of Nb 
and mo is higher at the oxide scale/substrate interface.

4.6. nArx prediction model results

in the case of modeling the oxidation behavior of materials 
using ANN, not only saves the time required for experimental 
studies but also eliminates the various errors that may occur on 
a laboratory scale.

The NArX model with 2-20-10-2-2 structure used in this 
study was allowed to optimize the oxidation properties of the 
alloys based on input and output data. Fig. 10 shows that the 
structure used to involve 2 neurons in the input layer, 20 neurons 
in the first hidden layer, 10 neurons in the second hidden layer 
and 2 neurons in the output layer.

The trained network was then used to reveal between the 
experimental data and predicted data relation. Fig. 11 shows 
the comparison of the experimental data with the predicted data 
obtained using NArX model for TiAlmo and TiAlNb alloys 
after 360 h of oxidation at 900°C. it can be clearly seen that the 
predicted values are consistent with the ones obtained by experi-
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mental study. As it was mentioned in the experimental part of this 
study, 80, 10 and 10 (in percentage,%) of total data were used 
to training data, testing data and validation data, respectively. 
The mSe% (mean squared error) values obtained for each alloy 
using equation 2 and the results of NArX model training are 
listed in Table 6. The graphs of the NArX model training results 
were obtained but are not included in this study. According to 
Table 6, the mSe (%) values are small and the validation and 
the testing results also showed that the r values are very close 
to one, which indicates a good fit.

Fig. 11. plots of comparison between predicted values with the experi-
mental values for the oxidized alloys at 900°C

The analyses of the NArX neural network response were 
plotted in the form of linear regression analysis between the 
model predictions and the experimental results. Fig. 12 shows 
that a linear relationship is obtained between the predicted results 
and experimental results.

TABLe 6

The obtained NArX model results

Alloy data target value mse (%) r

TiAlmo
Training 25 (80%) 6.7815e-04 0.99998

validation 3 (10%) 0.4853 0.99941
Testing 3 (10%) 0.6924 0.99906

TiAlNb
Training 25 (80%) 0.0012 0.99985

validation 3 (10%) 0.6343 0.99980
Testing 3 (10%) 2.2258 0.99910

The obtained correlation coefficient (r) values are 0.9907 
and 0.9923 for TiAlmo and TiAlNb alloys, respectively. This 
allows us to consider that the proposed NArX model presents 
a high degree of accuracy.

Fig. 10. NArX model in artificial neural network toolbox

Fig. 12. The performance of NArX neural network for training values, 
comparing the model prediction and experimental results
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An error histogram analysis was performed to further 
confirm the performance of the NArX neural network. The 
resulted plot (Fig. 13) is a representation of how error sizes are 
distributed. For the involved data set, the error of NArX model 
prediction was found to be within ±3%. Based on the obtained 
result, it can be said that a high degree of reliance on the accuracy 
of the NArX model.

5. conclusions

in the present study, the cyclic oxidation behavior of at.% 
Ti-44Al-3mo and Ti-44Al-3Nb alloys sintered by electrical 
resistance sintering (erS) technique was investigated at 900°C 
for 360 h. After 360 h of oxidation at 900°C, the occurred 
weight changes on the alloys were predicted using a nonlinear 
autoregressive neural network (NArX). According to the results 
obtained from this study, the following conclusions can be made:
1. erS sintered Ti-44Al-3mo and Ti-44Al-3Nb (at.%) alloys 

are composed of γ-TiAl and α2-Ti3Al phases, as purposed.
2. After being oxidized at 900°C for 360 h, the total weight 

change of TiAlmo and TiAlNb alloys was approx. 8.3 and 
7.55 mg/cm2, respectively.

3. Oxidation kinetics of the TiAlmo obeys a nearly parabolic 
relationship, while that of the TiAlNb follows a rate law 
intermediate between parabolic and cubic relationship.

4. The oxidation products are composed of TiO2 and Al2O3 
oxides for both alloys. The oxide scale structure of alloys 
consisted of the following consecutive layers starting from 
the substrate: TiO2+Al2O3/Al2O3/TiO2. moreover, both 
oxide scales have a good adherent relationship with the 
substrate.

5. NArX model findings showed that weight change data 
can be effectively used for modelling and prediction. 
The model predictions were compared to the correspond-
ing experimental results and found that there is a linear 
relationship. The correlation coefficient (r) values are 
0.9907 and 0.9923 for TiAlmo and TiAlNb, respectively. 

This is an indication that the model used has a high per-
formance in the prediction of the oxidation behavior of  
the alloys.
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