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Today the electric current activated sintering (ECAS) technique is commonly preferred as it has many
advantages such as microstructure control, reduction of process time, rapidly heating rate and sintered
parts with full density. Two-phased (a2-Ti3Alþg-TiAl) TiAl alloys have drawn considerable interest for
automotive, aerospace and gas turbine industry applications because of their low density and superior
high-temperature properties. The study aims to investigate the effect of the alloying elements (Cr, Mn,
Mo) on the oxidation resistance of TiAl based intermetallics produced by ECAS under the cyclic condition.
The cycle oxidation behavior of two-phased intermetallics in air at 700, 800 and 900 �C for 180 h was
studied. The phase composition, microstructure, surface morphology and cross-sectional microstructure
of the specimens were examined using SEM, EDS and XRD. According to the XRD and EDS results, the
formed scale was composed mainly of TiO2 and Al2O3 phases. The cross-section SEM images show that
the oxide scales of the alloys featured strong adhesion of scale with a multi-layered structure. The scales
on the Mo-added alloys are thinner, compact and adherent and thus the scale-exfoliation resistance is
enhanced. The activation energy values calculated for the oxidation of specimens varied between 50 and
116 kJ mol�1. Considering the thermodynamic and kinetic factors, possible oxidation mechanism of
studied specimens was discussed.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

TiAl-based intermetallics are very interesting materials for
automotive, aerospace and gas turbine industry applications as
they have superior properties such as low density (3.9e4.2 g cm�3),
good creep resistance, high specific strength, high Young’s
modulus, high rigidity at high temperatures, high melting tem-
perature and good oxidation resistance. Moreover, TiAl based in-
termetallics have superior oxidation feature than conventional Ti
alloys. These intermetallics are also regarded as an alternative
material to Ni-based superalloys, which are used in turbine engines
and are about twice as dense. The replacement of nickel-based
materials of gas turbines with TiAl-based alloys will cause a
decrease in NOx emissions (80%), weight (20e30%), noise (50%),
and fuel consumption (20%) [1e9]. Although TiAl-based interme-
tallic alloys have great potential for structural application, the
problem of low ductility (1e2%) and fracture toughness
(10e25MPam1/2) at room temperature are major problems [9,10].
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Another factor limiting the application area is that these alloys do
not have good oxidation above 800 �C since the external layer of the
oxide scale is composed of TiO2 or TiO2 and Al2O3 rather than a
protective Al2O3 layer [11e13]. It was reported that the ternary and
quaternary alloying elements significantly affect the oxidation
resistance of TiAl intermetallics [10,11,14]. The Mn, V and Cr ele-
ments have the effect of decreasing the grain size of TiAl based
alloys and thus cause improvement in ductility. However, it has
been postulated that these elements decrease the oxidation resis-
tance of the alloys [11,12]. Alloying elements of Nb, Mo, W and Si
provide an important contribution to enhance the oxidation
resistance of these intermetallics [10,12,14,15]. Positive effects of
Mo and Nb are explained concerning doping effect. Additionally,
these elements increase the diffusion and thermodynamic activity
of Al [10]. The doping effect means the reduction of oxygen va-
cancies which provide oxygen diffusion in the rutile lattice by
alloying elements of higher valences than Ti, such as Nb andW, and
as a result of this, TiO2 growth is suppressed [10,12].

Powder metallurgy (PM), investment casting and ingot metal-
lurgy (IM) are the widespread processes used in the production of
TiAl parts. The powder metallurgy process overcomes most
ion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
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problems such as inhomogeneity, varying microstructure, center-
line porosity and density differences that occur in ingot metallurgy
[8]. The electric current activated sintering (ECAS) process is a
synthesizing technique in which the mechanical load is exerted
simultaneously with electric current passing through loose pow-
ders by being put in a die or a cold formed compact. In this method,
heat is generated as a result of electrical current passing through a
resistant material based on a joule effect. Furthermore, the ECAS
method has superior properties compared to conventional sinter-
ing methods such as hot pressing or pressureless sintering. This
method has many advantages, including lower processing tem-
perature, shorter sintering time, faster heating rate, the elimination
of the need of sintering aids, lesser sensitivity to the feature of the
starting powders and the synthesized materials with a density
close to theoretical one [16e18]. The oxidation studies of TiAl in-
termetallics fabricated by various methods, such as vacuum arc
melting [1,2,4,19,20], inductionmelting [10,12] and HIP [14,21] have
been found in the literature. However, it was determined that very
little work has been done on the oxidation of these materials pre-
pared by ECAS technique.

The cyclic oxidation test was preferred to simulate the condi-
tions in the gas turbine environment. The cyclic test is more
aggressive than isothermal test because of the thermal shocks. It is
known that a material can suffer from thermal contraction during
cooling while it exposures thermal expansion during heating [22].
This causes the thermal expansion mismatch between the matrix
and oxide scale, hence, the exfoliation of the oxide scale will cause
further oxidation of the alloy. The obtained findings in this study
can be expected to provide a reference for the investigate of TiAl
based alloys’ oxidation behavior.

2. Materials and methods

2.1. Materials preparation

The TiAl based intermetallics with a nominal composition of
(at.%) Tie48Al, Tie48Ale2Cr, Tie48Ale2Mn, Tie48Ale2Cre1Mo
and Tie48Ale2Mne1Mo were synthesized by ECAS process. The
powders included Ti (99.5%, size 40 mm), Al (99.5%, size 10 mm), Cr
(99.8%, size 5 mm) Mo (99.9%, size 3 mm) and Mn (99.6%, size
10 mm).

In order to obtain a homogenous powder mixture for milling the
powders, a stainless steel cylinder including stainless steel balls
was used. The weight ratio of balls to powders was 5:1, the rotation
speed of ball milling was 200 r/min and milling duration was 4 h. A
6 g powdermixturewas filled in a steel die (internal dia. of 20mm).
The mixed powders were pressed under a uniaxial 60MPa load in
the steel die for 1min. The compact was synthesized by application
of a working pressure of 80MPa at 4200 A for 35min in the air via
ECAS. The sintering pressure was kept through the process. As the
voltage could be set by a controller, the optimal temperature cycle
was provided during synthesizing. After synthesizing, the specimen
inside the steel die was removed using uniaxial pressure and then
air cooled. The flowchart of the experimental study was shown in
Fig. 1. The size of the specimen was 20mm in dia. and thickness of
4mm (Fig. 1).

2.2. Cyclic oxidation test

The original surface area of each specimen was identified with
the Solidworks before cyclic oxidation test, and then they were
weighed by a digital electronic balance with an accuracy of 10�5 g.
The oxidation tests were conducted in an electric resistance furnace
at 700, 800 and 900 �C with 15 cycles up to 180 h. Each cycle con-
sisted of heating the specimens to working temperature, holding it
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxida
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for 12 h in the furnace, the specimens were removed from it and
finally it was air cooled. For each cycle, the weight changes of the
specimens were measured. The measured weights were recorded
after each cycle to assess the oxidation kinetics of the specimens.
Furthermore, two measurements were carried out for each cycle,
averaged and then recorded. Afterwards the specimens were again
replaced to the furnace for exposure. The procedure was repeated
up to the end of the cycle oxidation study.

2.3. Characterization

Prior to the SEM observation, the synthesized specimens were
prepared by the classic metallographic method. The relative den-
sities of the synthesized specimens were found by the Archimedes’
technique. The microhardness of the specimens was determined by
a microhardness tester equipped with a Vickers diamond pyramid
indenter. For each specimen, 5 measurements were performed
using the application of a load of 100 g for a dwell time of 10 s and
then was recorded the average of five measurements. In order to
examine the microstructures of the synthesized specimens, they
were etched with Kroll’s reagent.

The present phases of the specimens after the oxidation were
identified by XRD (RIGAKU) analysis with Cu Ka radiation. The XRD
data scanning angle 2-theta range from 10� to 90� with a step size
of 0.02�. For imaging and analyzing the surface morphology of
oxidation products and the cross-sectional microstructure of the
oxidized specimens were employed by SEM (JEOL) and also energy-
dispersive spectroscopy (EDS) was used for microanalysis.

3. Results and discussion

3.1. Initial microstructure

The chemical reactions that may take place between Ti and Al
during sintering process are given below:

Ti þ 3Al ¼ TiAl3 (1)

4Ti þ TiAl3 ¼ 2TiAl þ Ti3Al (2)

In the first step, Ti and Al form the TiAl3 phase, the intermediate
product, by reacting below themelting temperature of Al (~600 �C).
As illustrated in Fig. 2, at all temperatures, TiAl3 has the lowest free
energy compared to TiAl and Ti3Al intermetallic phases. For
instance, at 750 K, the difference in the Gibbs free energy of for-
mation of TiAl3 in comparison with TiAl and Ti3Al was 10� 103 and
7� 103 Jmol�1, respectively (Fig. 2). The free energy of formation of
other intermetallic compounds in the TieAl system can be found in
Ref. [23]. Therefore, the first intermetallic phase to be formed
during sintering will be TiAl3. In addition, the higher diffusion rate
of Al in TiAl3 than other intermetallic phasesmakes this phasemore
stable at low temperatures [24]. Moreover, Al melts during sinter-
ing and this increases the diffusion rate [25]. It should be noted that
the Reaction 1 is highly exothermic, which can cause some local
superheating [24]. In the second step (Reaction 2), TiAl and Ti3Al
phases are formed as a result of the reaction between Ti (remain-
ing) and TiAl3 at high temperatures. When the above reactions
were induced, TiAl3 intermediate phase layer formed along the Ti/
Al phase boundary and a TiAl intermediate phase layer formed
along the Ti/TiAl3 phase boundary [26].

In our study, the formation of TiAl and Ti3Al phases with respect
to the Reactions (1e2) was confirmed by XRD analysis (Fig. 3). This
suggests that the phase development sequence in the TieAl system
was not changed by the application of electric current during the
ECAS process. It was observed that it is consistent with the reports
tion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
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Fig. 1. The flowchart of the experimental study and sizes of synthesized specimens.

Fig. 2. Gibbs free energy of formation of the TiAl intermetallic phases as a function of
temperature [25].
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in Ref. [26]. Considering the fact that TiAl3 phase could not be
detected by XRD, this indicates that the applied current and sin-
tering time were sufficient during ECAS.

Tamburini et al. [27] investigated the electric current influence
on the growth kinetics of the product phase in MoeSi system. They
observed a significant increase in the rate of growth when applying
the electric current. It was reported that growth kinetics of the
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxidat
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intermetallic phases were increased by the applied current [26].
However, the current direction had no effect on the diffusion ki-
netics of the reaction [27]. It was found that the applied current
promoted the nucleation of the product phases and increased the
growth kinetics and reactivity in solidesolid interfacial reactions
[26e28].

As shown in Fig. 3, the intermetallic alloys consist of a2-Ti3Al and
g-TiAl phases. It was seen from the XRD analyzes that the alloying
elements did not change the phase composition. However, the el-
ements Cr and Mn shifted the TiAl phase to larger 2q values (see
inset in Fig. 3), suggesting a decrease in TiAl lattice constant. Since
Cr (0.185 nm) and Mn (0.179 nm) have smaller atomic radii than Ti
(0.200 nm), the substitution of the atoms of these elements by the
Ti atom causes lattice shrinkage. It can be expressed by Bragg law;
nl¼ 2dsin(q), when l is constant, as the lattice constant decreases,
the lattice spacing d decreases, leading to an increase in diffraction
angle (q). Although there was no significant difference between the
Mo (0.201 nm) and Ti atomic radii, the peak position of the TiAl
phase inMo-added intermetallic shifted to smaller 2q values and an
enlargement occurred in the TiAl lattice.

It was reported by Liu et al. that a two-phase (gþa2) micro-
structure was obtained by sintering the material having composi-
tion of at.% Tie48Al using vacuum heat treatment for 2 h at 1200 �C
[25]. In another study, Couret et al. [29] sintered Tie47Ale2Cre2Nb
and Tie44Ale2Cre2Nbe1B alloys in a temperature range of
1100e1250 �C using the spark plasma sintering (SPS) method and
they reported that two-phase (gþa2) duplex and lamellar micro-
structures occurred during the process. Considering the cost of SPS
ion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
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Fig. 3. XRD patterns of TiAl based alloys prepared by ECAS.
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technology, materials consisting of the same phases (gþa2) were
produced in this study by the ECAS method with lower cost. SEM
images of TiAl-based intermetallics synthesized by ECAS are shown
in Fig. 4. EDS analysis was performed to identify different phase
regions in microstructures. The chemical compositions (at. %) of
spots displayed in Fig. 4 are listed in Table 1.

It wasmonitored from the SEM images of Tie48Al, Tie48Ale2Cr
and Tie48Ale2Mn intermetallic that the microstructures have
consisted of two different phase regions as light and dark color.
However, in specimens with Mo additions, a bright phase was
detected in addition to these phases. According to the EDS analysis
results in Table 1, the dark phase (spots 2, 4, 6, 9, 11) was identified
as g-TiAl, the light phase (spots 1, 3, 7, 8, 12) was identified as a2-
Ti3Al and the bright phase (spots 5 and 10) was identified as Mo-
rich g-TiAl.

The densities of the specimens determined on the basis of
Archimedes’ method are listed in Table 2. The relative densities
obtained by dividing the measured density values to the calculated
theoretical density values give information about the porosity
amount of the specimens. Depending on the material composition,
the densities of g-TiAl and a2-Ti3Al phases vary between 3.7-3.9
and 4.1e4.7 g cm�3, respectively [30]. Since the specimens syn-
thesized in this study were composed of g-TiAl and a2-Ti3Al phases,
the densities measured were also observed to be in the range of the
density values of these two phases. It was also found that the
relative densities of Mo-added specimens were lower compared to
other specimens.

In TiAl based intermetallic produced by powder metallurgy
method, the large difference between Ti and Al diffusion rate causes
Kirkendall effect during sintering [25,31]. When pressure is not
applied during the sintering process, swelling and surface cracking
occur in the material due to the formation of Kirkendall pores [31].
It should be noted that no swelling or surface cracking is observed
in the specimens since the pressure is applied simultaneously with
electric current during ECAS. The microhardness values of the
specimens are listed in Table 3. As shown in Table 2, the additions of
Cr, Mn and Mo caused some increase in the hardness of the spec-
imens. Similar results were observed by other authors [32,33].

3.2. Analysis of weight change measurements

Materials should be resistant not only to high temperatures but
also to conditions requiring periodically activation and
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxida
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deactivation. Therefore, cyclic oxidation testing is applied to
determine and/or improve the properties of materials operating at
high temperatures. The weight change per surface unit area was
obtained by dividing the weight difference of the specimens
weighed before and after oxidation (m2-m1) with the surface area
of the specimen. Weight changes are the sum of the weight gain
caused by the formation of oxides and the weight loss caused by
exfoliation [34]. Therefore, the weight changes are positive or
negative values. Oxidation behavior of the specimens was evalu-
ated as following:

DW¼ðm2�m1Þ
A

(3)

Where DW is the weight change per unit area (mg cm�2), m1 is the
initial weight (mg), m2 is the weight after each cycle (mg), A is the
total surface area of the specimens (cm2). The calculated equations
and correlation coefficients for weight change curves are shown in
Table 4.

The oxidation behavior of the intermetallics at 700, 800, and
900 �C can be seen from the weight change plot with respect to
time (Fig. 5(aec)). Fig. 5(aec) shows that increasing oxidation
temperature and time accelerated the weight change, indicating
the temperature and time have a significant effect on the oxidation
rate of the materials. It can be seen from Fig. 4 (a) that the weight
change of Tie48Al after 180 h of oxidation at 700 �C is approxi-
mately 3.7mg cm�2. In this temperature, the weight change of the
specimen with at.% 2Cr addition was found to be about 2.5 times
higher than the base specimen. It has been reported inmany papers
that the addition of Cr at low concentration (<at.% 4) increases the
oxidation rate of TiAl-based intermetallic [17,35e37]. Therefore at.%
2Cr addition is thought to cause an increase in the weight change of
the specimens. The harmful effect of Cr can be attributed to the
doping effect, which would cause an increase in the concentration
of O2� vacancies, which are responsible for oxygen diffusion and
thus the growth rate of the TiO2 [38]. At 700 �C, it was observed that
the weight change of Tie48Ale2Mn compared to that of Tie48Al
was about two times. However, it can be seen from Fig. 5 (a) that the
weight change of the specimen with at.% 2Mn addition
(~8mg cm�2) at the same temperature is less than that of the
specimen with at.% 2Cr addition (~10mg cm�2). Mn is also known
to have a reducing effect on the oxidation resistance of TiAl-based
intermetallic [5,35]. However, in this study, it is thought that the
tion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
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Fig. 4. SEM images of the microstructures of synthesized TiAl-based intermetallics. Insets show higher magnification of the marked area.

Table 1
Chemical compositions (at. %) of spots shown in Fig. 4.

Spot Ti Al Cr Mn Mo

1 71.6 28.4 e e e

2 44.7 55.3 e e e

3 67.9 30.8 1.3 e e

4 39.7 58.1 2.2 e e

5 48.9 41.2 2.4 e 7.5
6 40.4 56.9 1.8 e 0.9
7 54.3 43.5 1.6 e 0.6
8 72.9 24.8 e 2.3 e

9 39.7 58.5 e 1.8 e

10 40.8 51.9 e 1.1 6.2
11 44.5 53.5 e 1.9 0.8
12 57.9 39.5 e 2.2 0.4
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oxidation behavior of specimens is more sensitive to Cr element.
The results are consistent with those observed by Kekare and
Aswath [36]. These authors investigated the oxidation behavior of
at.% Tie48Al-1.5Cr and Tie48Al-1.4Mn alloys at 704 �C and re-
ported that the Mn-added alloy exhibited superior oxidation
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxidat
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resistance compared to the other. When the addition of Mo is
concerned, it can be seen that a decrease in the weight change of
the specimens occurs. For example, the weight changes of
Tie48Ale2Cre1Mo and Tie48Ale2Cr after oxidation at 700 �C
were 9.8 and 3.6mg cm�2, respectively.

In their oxidation test at 800e1000 �C, Anada and Shida [39]
investigated the effect of Mo added to at.% Tie48Al alloy in different
amounts (up to at.% 2.4) on the oxidation resistance of the alloy and
found that weight change decreased with the increase of Mo
addition. Additionally, it was reported that the relative effective-
ness of added alloying elements followed the order: Mo>Nb> Si
[40]. The role of Mo in improving the oxidation resistance of TiAl-
based intermetallic can be explained by the Wagner-Hauffe rule
[41,42]. As a result of the substitution of a cation with higher
valence electron than Ti (such as Moþ6,Wþ6,Nbþ5) with Tiþ4 in the
TiO2 lattice, the oxygen vacancies concentration decreases and the
growth of TiO2 is prevented.

As shown in Fig. 5(b and c), as the diffusion rate of anions and
cations increases due to the increase in oxidation temperature, the
weight changes in the specimens increase as well. It was reported
ion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
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Table 2
Densities of specimens prepared by ECAS.

Specimens Measured density (g cm�3) Theoretical density (g cm�3) Relative density (%)

Tie48Al 3.82 3.88 98.4
Tie48Ale2Cr 3.90 3.97 98.2
Tie48Ale2Cre1Mo 3.98 4.10 97
Tie48Ale2Mn 3.87 3.95 98
Tie48Ale2Mne1Mo 4.01 4.12 97.3

Table 3
Micro-hardness values of the specimens.

Specimens Micro-hardness (Hv0.1)

Tie48Al 344± 18
Tie48Ale2Cr 352± 14
Tie48Ale2Cre1Mo 368± 25
Tie48Ale2Mn 347± 17
Tie48Ale2Mne1Mo 359± 21
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that the addition of Cr is the most harmful element to the oxidation
resistance of at.% Tie48Al alloy at 800 �C but this effect decreases as
the amount of Cr increases [37]. It can be seen from Fig. 5 (b) that
Tie48Ale2Cr exhibits the poorest oxidation resistance at 800 �C. At
all oxidation temperatures, Tie48Ale2Cre1Mo and
Tie48Ale2Mne1Mo exhibited similar oxidation behavior. In the
paper [21], the oxidation properties of at.% Tie48Ale2Cre2Nb and
Tie48Ale2Mne2Nb alloys were investigated and the latter alloy
was found to have relatively superior oxidation resistance. Appar-
ently, Mnwas amore effective alloying element in comparison to Cr
in terms of oxidation resistance at 700e900 �C.

In addition, a rapid weight change occurred in the specimens
during the first 24 h of oxidation at 700, 800 and 900 �C. Due to the
high affinity of Ti and Al to oxygen, it is believed that the nucleation
and growth of oxides on the surface of the specimens at the initial
stage of oxidation occur rapidly. On the other hand, the fact that no
oxide film yet formed on the free surface, can cause oxidation re-
actions to occur fastly. However, after 72 h of oxidation, a significant
decrease in the oxidation rate of the specimens, especially in the
Mo-added ones, was observed. This phenomenon can be attributed
to two reasons: the first is that an alumina-rich layer is formed in
the oxide scale, which is consistent with the cross-sectional SEM
images of the oxide scale. Secondly, as oxidation proceeds, the
diffusion distance of species increases due to the increase in oxide
scale thickness. Therefore, depending on the nature of parabolic
kinetics, the rate of oxidation is initially high but decreases with
time.

The power law equation was used to determine what laws the
weight change curves obey [42]:

�
D
W
A

�n

¼ knt (4)

Where kn is the rate constant, t is the oxidation time and n is the
power exponent. As shown in Fig. 6, in order to identify oxidation
Table 4
Statistical parameters for oxidized TiAl based specimens obtained by regression analysis

Materials 700 �C

DW R2

Tie48Al 0.9096 t0.280 0.99 1
Tie48Ale2Cr 1.0187 t0.4550 0.98 0
Tie48Ale2Cre1Mo 0.2497 t0.5241 0.99 1
Tie48Ale2Mn 1.8966 t0.9830 0.97 5
Tie48Ale2Mne1Mo 0.2524 t0.4927 0.96 2
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kinetics, a linear regression was performed on a double logarithm
plot of the weight change data versus oxidation time. Determina-
tion of the kinetic rate equation is based on the parameter n (1/R),
which is the inverse of the slope obtained from the linear regres-
sion in Fig. 6. After n values were determined, oxidation rate con-
stants (kn) are obtained by regression analysis of theweight change
per surface area versus time. Calculated values of n and kn for the
oxidized specimens are listed in Table 5. These n values of 1, 2, and
3, corresponding to linear, parabolic, and cubic kinetics, respec-
tively. In the current study, the oxidation of specimens nearly fol-
lowed parabolic kinetics (nz 2) at the investigated temperatures.
However, oxidation kinetics of Tie48Al and Tie48Ale2Cr follows a
linear rate law at 900 �C for 180 h. In the linear kinetics, the
oxidation rate is constant with time as shown in Fig. 5 (c). A linear
kinetic curve shows that formed oxide scale is non-protective due
to the presence of pores and micro cracks in the oxide scale [43]. It
can be seen that the kn values of the specimens increase with the
increase in oxidation temperature. This means that a higher
oxidation rate constant value reflects a higher oxidation rate. At the
same time, the addition of Mo reduced the oxidation rate constants
of the samples, i.e. retarded the oxidation. For example, at 800 �C,
the oxidation rate constants of Tie48Ale2Cr and
Tie48Ale2Cre1Mo were 0.9328 and 0.3164 mgn cm�2n h�1,
respectively. This suggests that Mo has a beneficial influence on
enhancing the oxidation resistance of the specimens.

The oxidation rate constant (kn) is a function of temperature and
it was estimated by the Arrhenius Eq. [17]:

kn ¼ko exp
��Q
RT

�
(5)

Where ko is the frequency factor, Q is the activation energy, R is the
gas constant (8.314 J/mol K) and T is the temperature (K). Activation
energy for oxidation is calculated by plotting the natural logarithm
of the rate constant (Ln (kn)) versus the inverse of the temperature
(1/T). Linear regression is performed and the slope is multiplied by
the gas constant to obtain the activation energy for oxidation.

As presented in Fig. 7, the specimen with higher activation en-
ergy has a steeper slope. The calculated activation energy values for
the oxidation of the studied specimens were 91 kJmol�1 (Tie48Al),
50 kJmol�1 (Tie48Ale2Cr), 116 kJmol�1 (Tie48Ale2Cre1Mo),
59 kJmol�1 (Tie48Ale2Mn), 114 kJmol�1 (Tie48Ale2Mne1Mo).
The higher activation energy for oxidation shows that oxygen
atoms diffusemore difficult in the specimens. The activation energy
values of several TiAl based alloys with various alloying elements
of weight changes vs. time plot from Fig. 5

800 �C 900 �C

DW R2 DW R2

.4515 t0.2694 0.99 0.2179 t1.0029 0.99

.7304 t0.5516 0.98 0.3706 t0.9309 0.99

.4460 t0.3020 0.98 2.6223 t0.2555 0.99

.4462 t0.1299 0.98 0.9222 t0.5827 0.99

.0341 t0.1954 0.97 6.3920 t0.090 0.98

tion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
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Fig. 5. Plots of weight change vs. oxidation time for TiAl-based intermetallics, (a)
700 �C, (b) 800 �C and (c) 900 �C.
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reported in the literature are as follows [44]: 138 kJmol�1

(Tie48Ale2Cre2Nb), 114 kJmol�1 (Tie48Ale2Cre2Nb-0.5W),
146 kJmol�1 (Tie48Ale2Cre2Nbe1W). When the activation en-
ergy values of the investigated alloys are compared with those
reported, this difference can be attributed to oxidation tempera-
ture, alloy composition, atmosphere type, surface finishing and
production method. It should be noted that both oxidation rate
constant (see Table 5) and activation energy considerably affected
by the alloying elements. As mentioned before, Cr has a deleterious
effect on the oxidation behavior of the TiAl based alloys, however,
in this study, the doping effect of Mo counterbalanced the delete-
rious effect due to Cr. It can be suggested that the kinetic param-
eters emphasize the positive role of Mo addition.
3.3. XRD analysis

To detect the phases present in the oxide scales after exposure,
the specimens were scanned by X-ray diffraction (XRD). Fig. 8(aec)
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxidat
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displays XRD analysis of the oxide scales formed on TiAl based
specimens after 180 h at 700e900 �C. XRD analysis reveals that
oxide scales have consisted of TiO2 and Al2O3 (corundum) phases at
all test temperatures after exposure of 180 h. The mixed structure
Al2O3 and TiO2 was formed on the surfaces as they have similar
Gibbs free energy [42]. Since the formed oxide scale was not thick
or uniform, the peaks of Ti3Al and TiAl phases in the matrix were
also detected at 700 �C. However, after exposure to 800 and 900 �C,
the Ti3Al was not observed in the XRD patterns. The reason is that
the Ti3Al oxidized to TiO2 with increasing temperature. This is
consistent with the reported results [17]. When exposure temper-
ature was increased, weak diffraction signals corresponding the
TiAl phase were detected in the XRD patterns. It was also observed
that the intensity of TiO2 increased. This revealed that the oxide
scale thickness increases with oxidation temperature.

3.4. Surface morphology of the oxidized specimens

The surface morphologies of the oxide scales after oxidation at
700 �C for 180 h are shown in Fig. 9 and the chemical composition
corresponding to the spots is listed in Table 6. EDS analysis indicates
that the formed oxide scales in the specimens consist of TiO2 and
Al2O3, which is in accordance with the XRD results shown in Fig. 8.
As can be seen from Fig. 9, the surfaces of the oxidized Tie48Al,
Tie48Ale2Cr and Tie48Ale2Cre1Mo specimens were composed
of dark (spot 1, 3 and 5) and grey (spot 2, 4 and 6) phase regions. It
was observed that the dark regions in the scales composed of oxide
clusters. It can be seen that the oxide clusters were a mixture of Ti
and Al oxides and they have more oxygen content than other
regions.

In the present study, with regard to the formed oxide cluster, it
may be suggested that due to the different Ti content of TiAl and
Ti3Al phases, the same oxidation rate cannot be induced in different
phase regions. According to the detailed SEM images, the oxide
clusters consisted of fine oxides with almost spherical-shaped
crystals. It can be clearly discerned that oxidation products
formed on the surfaces of Tie48Ale2Cr and Tie48Ale2Mn were
more than those of the other specimens. This is also supported by
theweight change curves of the specimens in Fig. 4 (a). However, as
seen in Fig. 9, the surface of the oxidized Tie48Ale2Mne1Mo
specimen was relatively smoother. Additionally, the presence of
grinding signs can be visible on the surfaces because the oxide scale
is not formed completely on the surface of the specimens after
exposure of 700 �C.

Fig. 10 shows the SEM images of specimens’ surfaces subjected
to oxidation at 800 �C for 180 h. It was reported that the oxide scale
formed on the surfaces of TiAl based intermetallics at high tem-
peratures. After the initial stage, the TiO2 forms the outer oxide
layer because faster growing TiO2 grains cover to Al2O3 grains [14].
From the SEM images of the surfaces (Fig. 10) and EDS analysis
(Table 7), it can be seen that analysis spots (except spot 5) corre-
sponded to large grained TiO2. The size of TiO2 grains formed on the
surface of Tie48Ale2Cr was larger compared to that of other
specimens. The reason for the formation of the relatively large-
grained TiO2 on the Tie48Ale2Cr can be attributed to the oxygen
vacancy concentration increased by doping effect of Cr, namely, Cr
showed a harmful effect on the oxidation resistance of the speci-
mens. However, as to the specimens with Mo addition, it was
observed in Fig. 10 that formed TiO2 grains were smaller. It is
considered that Mo is an effective element in terms of oxidation
resistance. As a result, the further oxidation of the specimens was
prevented by addition of Mo alloying element. This result is
consistent with reports in Ref. [46]. The higher magnification of
marked areas (Fig. 10) shows that titanium oxide grains formed on
the surfaces seem to be polyhedron structure. Additionally, as can
ion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
016/j.jallcom.2019.152818



Fig. 6. Log-log plots of the weight change versus time for TiAl-based intermetallics at 700, 800 and 900 �C for 180 h.

Table 5
Calculated values of n and oxidation rate constants (kn, mgn cm�2n h�1) for the
oxidized specimens at 700e900 �C.

Materials 700 �C 800 �C 900 �C

n kn n kn n kn

Tie48Al 2.22 0.1006 2.44 0.1708 1.08 0.7050
Tie48Ale2Cr 1.81 0.3256 1.92 0.9328 1.02 0.905
Tie48Ale2Cre1Mo 1.85 0.0643 2.27 0.3164 2.22 0.7272
Tie48Ale2Mn 2.17 0.5219 2.22 0.7216 1.92 1.8980
Tie48Ale2Mne1Mo 2.12 0.0691 2.27 0.2288 2.32 0.7566

Fig. 7. Calculation of the activation energies for the oxidation of TiAl based specimens.
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be seen from 7 (b) the higher peaks of the TiO2 suggest the rela-
tively thicker oxide scale.

Fig. 11 displays the SEM images of surfaces of the oxidized
specimens at 900 �C for 180 h and the EDS analysis results are listed
in Table 8. As oxidation temperature increases from 800 �C to
900 �C, it was observed that the specimen surface is completely
covered with randomly oriented TiO2 grains. The mean size of TiO2
grains for the best specimen and the worst specimen was approx.
3 mm and 15 mm, respectively, which was bigger than that of oxides
formed at 800 �C and the grains had a pillar-like structure. This
indicates that TiO2 grains incline to grow as the exposure temper-
ature increase. Differently, the oxide grains formed at the surface of
the Tie48Ale2Mne1Mo specimen appear to be close to the glob-
ular shape and were finer in comparison with the others. It was
reported that more plasticity of the oxide scale was guaranteed by
the fine structure and it enhances resistance to exfoliation of the
oxide scale [42]. It should be noted that the growth direction of the
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxida
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TiO2 grains is perpendicular to the surface at 800 �C, whereas the
grains tend to grow laterally at 900 �C. As shown in Fig. 5 (c), the
data of the weight change per unit area increased by the increase in
exposure temperature and this is also confirmed by the SEM sur-
face examinations of the oxidized specimens.

3.5. Cross-sectional morphology of the oxidized specimens

The cross-sectional microstructures of the TiAl based specimens
oxide scale formed at 800 �C and 900 �C for 180 h are depicted in
tion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
016/j.jallcom.2019.152818



Fig. 8. XRD patterns of the specimens after oxidation for 180 h: (a) 700 �C, (b) 800 �C
and (c) 900 �C.

Fig. 9. SEM surface morphologies of oxidized specimens at 700 �C for 180 h.
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Fig. 12 and EDS analysis results are listed in Table 9. As the oxide
scales formed on the specimens at 700 �C were quite thin, they
have not been presented. SEM images of the cross-sectional mi-
crostructures show that the multi-layered of oxide scale structure
formed on the specimens is similar to that of formed on the TiAl
alloys. The EDS analysis in Table 9 indicated that the oxide scale
consists of outer layer TiO2 (spots 1, 5, 8, 12, 15, 18, 22, 25, 29 and
32), an intermediate Al2O3 layer (spots 2, 6, 9, 13, 16, 19, 23, 26, 30
and 33) and an inner TiO2þAl2O3 mixed layer (spots 3, 7, 10, 14, 17,
20, 24, 27, 31 and 34). It was reported that the outer TiO2 layer was
grown by the outward diffusion of Ti ions and intermediate Al2O3
layer was grown by inward diffusion of oxygen and the outward
diffusion of Al ions [14,45]. Additionally, as Al2O3 is permeable for
both O and Ti ions, the inner mixed layer and the outer TiO2 layer
would continue to grow. Consequently, as it can be seen from Fig. 8,
inner TiO2þAl2O3 mixed layer and an outer TiO2 layer are respec-
tively formed on the beneath and above the Al2O3 layer.

When the oxide scale reaches a certain thickness, the rate of
oxidation is controlled via diffusion of O2� and metal ions (Ti4þ and
Al3þ) in TiO2 layer. The oxidation temperature increase accelerates
the diffusion of anions and cations and as a result of this oxide scale
grows faster than that of the 800 �C. It is noted that the plasticity
ability of the scale is lower when an alloy subjected to oxidation for
a longer time and formed oxide scale on the alloy reaches a critical
thickness. Additionally, there was a sublayer (spot 4, 11, 21, 28, 35)
consisting of an Al-depleted region and its composition corre-
sponded to a2-Ti3Al phase (at.% Al 22e39).

It was observed that the presence of oxide scales with varied
thickness formed on the specimens. Therefore, the mean oxide
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxidat
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scale thickness was measured by taking the average of thickness of
three different regions in the cross-sectional SEM images. When
considering the thicknesses of the oxide scales formed on speci-
mens with or without Mo addition, the oxide growth in
Tie48Ale2Cre1Mo and Tie48Ale2Mne1Mo are suppressed in
comparison with other specimens. For example, exposed to the
same oxidation conditions at 900 �C, thicknesses of the oxide scales
formed on Tie48Ale2Mn and Tie48Ale2Mne1Mo specimens
were respectively 75.8± 3 mm and 36.3± 1 mm. It can be concluded
that the influence of Mo on the oxidation behavior of specimens is
really important. However, since oxidation kinetics of Tie48Al (n
value of 1.08) and Tie48Ale2Cr (n value of 1.02) follows a linear
ion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
016/j.jallcom.2019.152818



Table 6
The chemical composition of the oxide scales formed at 700 �C.

Spot Element (at.%)

Ti Al Cr Mn Mo O

1 19.4 16.1 e e e 64.5
2 23.5 28.3 e e e 48.2
3 24.8 13.2 0.3 e e 59.7
4 28.8 31.8 0.6 e e 38.8
5 28.4 17.4 0.2 e 0.2 53.8
6 24.2 29.2 0.4 e 0.3 45.9
7 21.5 18.1 e 0.3 e 60.1
8 20.1 16.7 e 0.9 0.7 61.6

Fig. 10. SEM surface morphologies of oxidized specimens at 800 �C for 180 h.

Table 7
The chemical composition of the oxide scales formed at 800 �C.

Spot Element (at.%)

Ti Al Cr Mn Mo O

1 29.1 0.4 e e e 70.5
2 26.9 0.7 0.1 e e 72.3
3 29.1 0.2 0.1 e 0.1 70.5
4 27.6 0.9 e 0.2 e 71.3
5 16.4 28.5 e 0.9 e 54.2
6 25.3 0.7 e 0.3 0.6 73.1
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rate law at 900 �C, the quite thick oxide scales formed on the sur-
faces of the specimens were observed (Fig. 12). Due to the fact that
the Al2O3 layer was beneath the TiO2 layer in oxide scale, the
absence of a significant increase in Al2O3 peak intensity at 900 �C
can be attributed to the presence of thicker titanium oxide layer
compared to 800 �C.

Besides, there was a crack parallel to the interface in the oxide
scale formed on the Tie48Ale2Mn at 900 �C. It is considered that
the crack is produced during the heating and cooling process and is
stem from stress induced between the substrate and the oxide
scale. It is also found that curling deformation in oxide scale formed
on the same specimen at 800C. The reason for the formation of
curling deformation can be attributed to the release of developed
stress (compressive and tensile stresses).

EDS analysis indicates that there were accumulated Mo ele-
ments in the sublayers. Similar results were reported by other au-
thors [14]. The likely reasons are that Mo has bigger ion radii
(0.65 Å) compared to the other ions and is a slow diffuser in Ti al-
loys. It is worth noting that oxygen partial pressure varied through
the oxide scale thickness, namely, it is the lowest at the oxide/
substrate interface and the highest at the air/oxide interface. In this
regard, when the partial oxygen pressure required for the oxidation
of Mo is reached in the oxide scale, it will be oxidized to form its
stable oxide. It was observed that there were voids in the outer TiO2
layer formed on the Tie48Al and Tie48Ale2Cr at 900 �C (Fig. 12).
This observation was also obtained by Taniguchi et al. [47]. Ac-
cording to these authors, the voids were formed in consequence of
the initial growth of TiO2 crystals nearly perpendicular to the sur-
face and keeping their lateral growth till meeting each other. It is
important to highlight that voids deteriorate the adherence be-
tween the scale and substrate. Moreover, the diffusion rate of O2 is
rapid through the voids, resulting in further oxidation.

It is well known that the oxidation behaviors of TiAl alloys at
elevated temperatures mostly depend on the protective properties
of the oxide scale formed on their surfaces. Unfortunately, TiAl al-
loys do not form protective Al2O3 film while they form TiO2, which
has a porous morphology that does not form long term oxidation
protection [14]. In the current study, the oxidation of TiAl based
specimens resulted in an outer TiO2 layer, as seen in Fig. 11. It is
known that TiO2 is an n-type oxide showing non-stoichiometry
TiO2-x, where x could vary up to ~0.008 depending on tempera-
ture and oxygen partial pressure. The oxygen deficiency of TiO2 is
compensated with oxygen vacancies and titanium interstitials in
the lattice [48].

The formation of oxygen vacancies can be represented by using
the Kroger-Vink notation, as following:

OO ¼V€O
1
2
O2 þ 2ei (6)

Where OO is an oxygen anion on a normal site, V€O is an oxygen
vacancy, eı is an electron. The V€O is regarded as a major defect in
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxidation behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
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Fig. 11. SEM surface morphologies of oxidized specimens at 900 �C for 180 h.

Table 8
The chemical composition of the oxide scales formed at 900 �C.

Spot Element (at.%)

Ti Al Cr Mn Mo O

1 36.5 0.4 e e e 63.1
2 41.9 0.3 0.1 e e 57.7
3 25.6 0.9 0.2 e 0.1 73.2
4 32.1 0.2 e 0.5 e 67.2
5 29.6 0.2 e 0.4 0.1 69.7

Fig. 12. SEM images of the cross-sectional microstructures of oxide scale formed on
the specimens at 800 �C and 900 �C for 180 h.
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Table 9
The chemical composition of spots 1e35 shown in Fig. 12.

Spot Element (at.%)

Ti Al Cr Mn Mo O

1 25.7 2.6 e e e 71.7
2 8.1 39.7 e e e 52.1
3 19.5 21.3 e e e 59.2
4 60.3 32.1 e e e 7.6
5 29.1 0.7 e e e 70.2
6 1.9 46.1 e e e 52
7 16.7 22.7 e e e 60.6

8 33.1 0.7 0.2 e e 66
9 9.2 32.2 0.1 e e 58.5
10 15.3 24.7 0.2 e e 59.8
11 59.6 32.9 1.3 e e 6.2
12 27.6 0.3 0.1 e e 72
13 2.3 42.5 0.5 e e 54.7
14 14.6 28.4 0.9 e e 56.1

15 24.6 0.9 0.1 e 0.1 74.3
16 11.2 31.3 0.5 e 0.2 56.8
17 18.9 23.4 0.4 e 0.2 57.1
18 29.8 0.6 0.1 e 0.1 69.4
19 7.2 36.4 0.3 e 0.2 55.9
20 20.1 18.8 0.6 e 0.4 60.1
21 56 33.9 1.4 e 3.6 5.1

22 27.3 0.8 e 0.1 e 71.8
23 5.4 33.1 e 0.4 e 61.1
24 18.8 25.2 e 0.9 e 55.1
25 31.3 1.1 e 0.1 e 67.5
26 3.6 36.8 e 0.5 e 59.1
27 20.2 19.6 e 0.9 e 59.3
28 57.8 34.2 e 1.8 e 6.2

29 25.6 3.7 e 0.3 0.1 70.3
30 4.3 33.6 e 0.4 0.3 61.4
31 22.6 19.4 e 0.3 0.4 57.3
32 29.5 1.8 e 0.2 0.1 68.4
33 2.9 37.5 e 0.3 0.3 59
34 17.2 24.1 e 0.5 0.4 57.8
35 52.6 30.3 e 1.6 8.7 6.8
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TiO2. If the doped cations with higher valence than Ti occupy
normal Ti-sites, it is expected to inhibit the formation of oxygen
vacancies. Based on the above considerations, the electroneutrality
condition can be written as:

�
Me:Ti

�¼ðV€O

�þ ðei� (7)

where the Me:Ti denotes Me5þ cation on a normal Ti-site, V€o is an
oxygen vacancy, eı is an electron. The net charge on the left and
right hand sides of the reaction must be equal. Addition of Mo can
potentially form MoO3 with a cation of valence þ6. In addition, Mo
and Ti have similar ion radius. The incorporation of Mo6þ into the
TiO2 lattice would decrease concentration of oxygen vacancies by
the following defect reaction:

MoO3 þ V€O ¼ Mo::Ti þ 3OO (8)

MoO3 ¼Mo::Tiþ2OO þ 1
2
O2

�
g
�

þ 2e’ (9)

Mo::Ti is the Mo6þ ion occupying a normal Ti4þ site and carriesþ2
charge with respect to the TiO2 lattice. Two excess positive charges
must be compensated by formation of electrons with negative
charges (Eq. (9)) or annihilation of oxygen vacancies (Eq. (8)), which
are responsible for oxygen diffusion. This phenomenon can be
explained by the doping effect of Mo6þ ions. It is worth noting that
the outer TiO2 layer is formed by outward diffusion of Ti4þ ions and
inward diffusion of oxygen vacancies from an outer part of the
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxida
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oxide scale. As a result, it is considered that the doping of Mo in the
defect structure of TiO2 contributes to improvement of the oxida-
tion resistance. This result is consistent with the one reported by
Wu et al. [5].

In contrast, addition of Cr having lower valence than Ti in-
troduces oxygen vacancies and thus, the growth rate of TiO2 in-
creases. The reaction for the formation of oxygen vacancies is given
by:

Cr2O3 ¼Cr ı
Ti þ V€O þ 3OO (10)

Cr2O3 þ2e ı þ 1
2
O2

�
g
�

¼ Cr ı
Ti þ 4OO (11)

The dopant cation, Cr3þ, occupies a normal Ti4þ site and
carries �1 charge, 2 Cr l

Ti. This negative charge is compensated by
formation of oxygen vacancies (Eq. (10)) or annihilation of electrons
(Eq. (11)). Therefore, the increase in the concentration of oxygen
vacancy can lead to an increased oxidation rate of the alloys. It is
reasonable to conclude that the Cr has a harmful influence on the
oxidation behavior of TiAl alloys. However, in this study, the
detrimental effect of Cr seems to have been overshadowed by the
doping effect of Mo. It is worth noting that beneficial or detrimental
effects of alloying elements depend on several factors such as the
microstructure of alloy, chemical composition, exposure tempera-
tures and concentration of the dopants.

Ping et al. reported that the formation energy of oxygen vacancy
in TiO2 lattice is affected by the added alloying elements [41]. It was
proposed by these authors that the oxygen diffusion rate (D) is
proportional to the vacancy concentration and can be expressed in
the following equation:

D¼ACV г (12)

CV is the vacancy concentration, A is the crystal lattice related factor
and г is the successful jump frequency of the atom. The vacancy
concentration can be expressed by the following equation [41]:

CV¼B exp
�
DE
kBT

�
(13)

DE is the energy required for vacancy formation, kB is the Boltz-
mann constant and T is the temperature. Based on Eq. (13), the
oxygen vacancy concentration in TiO2 lattice can be reduced by
increasing the formation energy of oxygen vacancy. In this regard,
fast diffusion paths for O2 transport will be reduced and inhibited
further oxidation of TiAl. Their calculations suggest that Mo, Zr, Hf,
Nb, and W alloying elements increase the energy required for ox-
ygen vacancy formation in TiO2 lattice [41]. Therefore, Mo can be
regarded as an important alloying element in respect to oxidation
resistance of TiAl.

When thermodynamic and kinetic aspects of oxidation of TiAl
are considered, the probable chemical reactions occurring at a high
temperature in the oxidizing environment are:

1
2
TiðsÞ þO2ðgÞ ¼TiOðsÞ (14)

TiOðsÞ þ
1
2
O2ðgÞ ¼ TiO2ðsÞ (15)

2AlðsÞ þ
3
2
O2ðgÞ ¼ Al2O3ðsÞ (16)

Thermodynamic calculations yielded the affinity energy of
tion behavior of the Cr/Mn/Mo alloyed Tie48Alebased intermetallics
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Fig. 13. The minimum activities of Al and Ti required to form Al2O3 and TiO2 for
700e900 �C.
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Al2O3 formed by Al and oxygen is�30.00 eV, and that of TiO formed
by Ti and O is �28.27 eV. Due to the fact that affinity energy of TiO
and Al2O3 is very close, the selective oxidation of Al to form Al2O3 is
difficult. However, as the TiO is an unstable oxide, it will rapidly
oxidize to stable oxide TiO2 and thus it is usually occurred rather
than TiO. In addition, the affinity energy of TiO2 formed by Ti and O
is �54.99 eV [35]. One of the reasons for poor oxidation resistance
of TiAl alloys can be attributed to the above considerations. How-
ever, Al concentration plays a key role to form a continuous and
protective Al2O3 layer. It was reported that Al concentration
required to form an Al2O3 is at.% 60e70 for exposure in air [46]. The
minimum activities of Ti and Al in the materials should also be
considered. Details about the activity calculations can be found in
our previous study [17]. It can be seen from Fig. 13 that minimum
activities of Al and Ti are required to form their parent oxides.
Fig. 13 indicates that the favor the formation of TiO2. Moreover,
kinetic calculations in our previous study show that Ti diffusivity is
more than an order of magnitude bigger than Al diffusivity in the
TiAl for 800 �C [17].

As it can be seen from Fig. 11, the surfaces of the specimens were
covered by the titanium oxide layer which has rapid growth ki-
netics. In other words, it can be concluded that the cross-sectional
microstructures of oxide scales were supported by thermodynamic
and kinetic considerations.
4. Conclusions

In this study, electric current activated sintering (ECAS) tech-
nique, enabling the preparation of materials with superior prop-
erties compared to traditional sintering techniques, is used. The
cyclic oxidation behavior of TiAl based specimens produced by
ECAS method was investigated at 700, 800 and 900 �C for 180 h.

As a result of the experimental investigations, the following
conclusions can be drawn:

1. The produced TiAl-based specimens consist of a two-phase
(a2þg) microstructures, as desired. The relative density and
micro hardness values of the specimens ranged between %
98.4e97 and 344 ± 18e368 ± 25 Hv0.1, respectively.

2. Themorphology of the oxide scale formed on the specimens and
oxidation kinetics were significantly affected by oxidation
temperature and alloying elements. While all specimens nearly
followed parabolic oxidation kinetics at 700 and 800 �C, Tie48Al
Please cite this article as: Y. Garip, O. Ozdemir, A study of the cycle oxidat
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and Tie48Ale2Cr followed linear oxidation kinetics at 900 �C
(estimated n values of 1.08 and 1.02, respectively)

3. The oxidation products were Al2O3 (corundum) and TiO2 after
oxidation at 700e900 �C for 180 h. However, the increase in the
exposure temperature increases the intensity of TiO2 phase.

4. The growth rate of the outer TiO2 layer was suppressed by the
doping effect of Mo and the further oxidation of the specimens
was prevented.

5. Mnwas a more effective alloying element in comparison to Cr in
terms of oxidation resistance at 700e900 �C.

6. The composition and structure of the oxide scales formed on the
specimens were similar. After exposure at 800 and 900 �C, a
triple-layered oxide scale developed on the surfaces consisted of
TiO2þAl2O3/Al2O3/TiO2 from thematrix to surface. However, the
Al2O3 layer was more pronounced in specimens with Mo
alloying element. The critical thickness of the oxide scale was
not exceeded bymeans of Mo addition and as a result of this, the
resistance of cracking and exfoliating are enhanced

7. The activation energy values for the oxidation of the best
(Tie48Ale2Cre1Mo) and the worst (Tie48Ale2Cr) specimen
were 50 kJmol�1 and 116 kJmol�1, respectively.
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