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Abstract: Isothermal oxidation behaviors of Ti—45A1-2Fe—2Mo—1Cr intermetallics with different oxygen contents were studied
under the condition of 950 °C, 100 h in air, and the oxidation kinetic parameters were also evaluated. The results show that the
oxidation resistance of the TiAl intermetallics is negatively related to the oxygen content, and both the mass gain and thickness of
oxide scale increase with the oxygen content. The sub-surface microstructure of the oxide scales varies with the oxygen content. Z
phase is observed in the sub-surface area of the low-oxygen-content alloy, while the 7,(Al,FeTi) phase is found in the
medium-oxygen-content and the high-oxygen-content alloys. The deterioration of oxidation resistance is due to the enhanced internal
oxidation with the increase of oxygen content. It is possible to improve the oxidation resistance by controlling the oxygen content.
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1 Introduction

TiAl intermetallics are promising high temperature
structural materials due to their good high temperature
strength, creep resistance and low density [1-5].
However, the application of TiAl intermetallics is limited
by its brittleness [1,6], poor workability at elevated
temperature [1,4] and their inadequate oxidation
resistance above 850 °C [7]. The high temperature
oxidation behavior of TiAl intermetallics has been
extensively investigated, especially with respect to the
influence of alloying elements, for example, Nb [8,9],
W [10], Mo [9,10] and Si [10] elements were reported to
improve the high temperature oxidation resistance, due
to the presence of a continuous Al,O; layer and the
relatively massive precipitation of Al,O; in the vicinity
of the scale—metal interface. The growth of the rutile
scale is remarkably suppressed when Ti is substituted by
lat.%—10 at.% of Nb [8,9]. Compared with the elements
W and Mo, Si appears to be relatively more beneficial at

low temperatures (<700 °C) [10]. Mn is detrimental to
the oxidation resistance of TiAl intermetallics, because
TiO, doped with low valence cations (Mn®") results in an
increase of defect concentrations and promotes inward
diffusion of oxygen atoms [11].

The effects of interstitial atoms on high temperature
oxidation behavior of TiAl intermetallics were also
investigated. Oxygen and nitrogen are
interstitial atoms, which take up octahedral sites in y

common

phase (Lo structure). Nitrogen has both positive and
negative effects on the high temperature oxidation
resistance [12]. On one hand, a continuous TiN layer at
oxide—matrix interface is a barrier impeding the ingress
of oxygen into TiAl intermetallics and preventing the
internal oxidation [12]. On the other hand, TiN and
Ti,AIN particles in protective Al,O; layer disrupt its
continuity and promote the formation of a rapidly
growing mixture of TiO, and AL,Os.

The published data of oxygen are limited and
scattered. SHIDA and MIURA [10] found that oxygen is
a neutral element for TiAl intermetallics, and the mass
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gain doesn’t vary with the amount of oxygen addition.
KEKARE and ASWATH [13] found that after being
oxidized at 704 °C and 815 °C for 100 h, the alloys with
the oxygen content of 400x10° and 600x10™° show no
apparent difference in the oxidation behavior. When the
oxidation temperature increases to 982 °C, the increase
of oxygen content (from 400x10°° to 600x107°) results in
an obvious increase of mass gain. The apparent
difference in the oxidation behavior is attributed to the
presence of a larger number of cracks in oxides, which
provide easy paths for the penetration of oxygen. For
both studies, the oxygen contents are in a small range,
and the effect of dissolved oxygen on the oxidation
mechanism also has not been clarified.

In this work, the oxidation behavior of TiAl
intermetallics with different amounts of oxygen (between
900x10°% and 1100x10) was investigated. The effects
of oxygen content on the oxidation behavior and
microstructural evolution were discussed.

2 Experimental

2.1 Materials preparation

Pre-alloyed Ti—45A1-2Fe—2Mo—1Cr (at.%) powder
was fabricated by electrode induction gas atomization
(EIGA) method. The oxygen content of the pre-alloyed
power was about 780x107°°. The powder size (D50) was
around 75 pm. Three TiAl intermetallics with different
oxygen contents were prepared by powder metallurgy
(PM) method under the atmospheres with different
oxygen contents. The oxygen content was measured by
LECO-TCH 600 using the inert gas fusion technique.
The alloys with oxygen contents of 900x107, 980x107°
and 1100x10® were called as low-oxygen- content (LOC)
alloy, (MOC) alloy and
high-oxygen-content (HOC) alloy in the following,
respectively.

medium-oxygen-content

2.2 Isothermal oxidation

Isothermal oxidation specimens with the dimensions
of 10 mmx5 mmx1 mm were cut from the TiAl samples
with different oxygen contents. The surfaces were
ground down to 2000 SiC paper and then cleaned
ultrasonically in ethanol. During the oxidation process,
each specimen was placed in corundum crucible. The
experiments were performed in static air at 950 °C for
100 h. The specimens were put in a muffle furnace and
pre-heated to the test temperature. After being oxidized
for a certain time, the crucibles with the specimens were
taken out from the furnace, cooled in air for 15 min and
weighed using a balance with a resolution of 0.01 mg.
Then, the specimens were placed to the furnace again for
further oxidation. The mass gain was measured including
spalled oxide scales.

2.3 Microstructural characterization

After oxidation, the specimens were prepared by
conventional grinding and polishing techniques for
microstructural analyses. Microstructural observations
were carried out on a scanning electron microscope
(SEM: FEI Helios NanoLab G3 UC). Microchemical
information was obtained by electron probe micro
analysis (EPMA: JXA—8530F). X-ray diffraction was
used to identify oxidation products (XRD: Rigaku D/max
2500 18 kW). The volume fraction of phases in SEM
images was calculated through Image Proplus software.

3 Results

3.1 Initial materials

Figure 1 shows the XRD patterns of the LOC, MOC
and HOC alloys. All the alloys contain y phase and f
phase, and the y phase is the major phase, and the
phase is the minor phase. Figure 2 shows the SEM
images of the LOC, MOC and HOC alloys. In these
images, the y phase shows dark contrast, while the S
phase shows bright contrast. It is shown that all the
alloys are nearly fully dense, no apparent pores can be
found. The volume fractions of f phase in the LOC,
MOC and HOC alloys are 11%, 10% and 12%,
respectively.

3.2 Oxidation behavior
3.2.1 Oxidation kinetics

Figure 3 shows the mass gain during the oxidation
test at 950 °C for 100 h. It can be found that the LOC
alloy shows much less mass gain than other two alloys.
The mass gains of the LOC, MOC and HOC alloys
oxidized for 100 h are 4.42, 8.13 and 9.97 mg/cm’,
respectively. This clearly indicates that the oxidation
mass gain increases with the oxygen content. The mass
gain of the HOC alloy is about twice that of the LOC
alloy. For all the three alloys, a rapid oxidation was
observed during the initial exposure of 14 h. Then, the
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Fig. 1 XRD patterns of as-received LOC, MOC and HOC
alloys
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Fig. 2 SEM images of as-received materials: (a) LOC alloy;
(b) MOC alloy; (c) HOC alloy
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Fig. 3 Oxidation kinetics curves of LOC, MOC and HOC
alloys treated at 950 °C for 100 h

oxidation kinetics curve of the LOC alloy shows a nearly
parabolic behavior during the whole testing process. No
delamination or spallation is observed in the whole
oxidation process of the LOC alloy. The mass gain of the
MOC alloy increases slowly from 14 to 38 h and sharply
after 38 h. There is a slight increase of mass gain for the
HOC alloy from 14 to 24 h and a rapid increase after
24 h. When rapid increase of mass gain happens, severe
delamination and spallation are found in the MOC alloy
and the HOC alloy.

The velocity of mass gain can be calculated by the
following equation:

Am" =K 1 (1)

where Am is the mass gain per unit area (mg/cm?), n is
the power exponent, K, is the oxidation rate constant
(mg*/(cm**h)) and ¢ is the time.

The kinetic parameters for the oxidation of the LOC,
MOC and HOC alloys at 950 °C are summarized in
Table 1. It is shown that the rate constants of the
LOC, MOC and HOC alloys are 0.29, 0.75 and
1.51 mg%(cm*h), respectively. The power exponents of
the LOC, MOC and HOC alloys are 1.46, 0.35 and 0.33,
respectively. It is widely accepted that the smaller the
rate constant is, the better the oxidation resistance is.
Also, the larger the power exponent is, the better the
oxidation resistance is. When the power exponent is
lower than 1, the oxidation kinetics curve is linear, which
means that the alloy exhibits low oxidation resistance.
When the oxidation kinetics is linear, the oxidation
reaction rate is controlled by surface reaction or the
diffusion of oxygen [14]. The LOC alloy exhibits the
best oxidation resistance, while the HOC alloy exhibits
the worst oxidation resistance. It can be found that
oxidation resistance decreases with the oxygen content.

Table 1 Kinetic parameters for oxidation of LOC, MOC and
HOC alloys at 950 °C

Alloy K,/(mg*cm *h™") n

LOC 0.29 1.46
MOC 0.75 0.35
HOC 1.51 0.33

3.2.2 Microstructure of oxidized alloys

Figure 4 shows the X-ray diffraction patterns of the
LOC, MOC and HOC alloys after oxidation at 950 °C
for 100 h. For all the specimens, peaks of rutile (TiO,)
and corundum (Al,O;) can be identified. Rutile is the
major oxide and the corundum is the minor phase. In the
LOC alloy, Z phase could also be identified. Z phase is
an oxygen-rich phase with the stoichiometry of
TisoAl30Oy [15]. The products of the MOC alloy and the
HOC alloy are similar, in which no Z phase but a small
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Fig. 4 XRD patterns of oxide scales of oxidized LOC, MOC
and HOC alloys

amount of 7, phase is found. 7, phase is a ternary phase in
Ti—Al-Fe system, whose stoichiometry is ALFeTi [16].
Figure 5 shows the cross-sectional microstructures
of the oxidized LOC, MOC and HOC alloys. The
thickness of each layer in the oxidation scales of the
three TiAl alloys is summarized in Table 2. It is shown
that the thickness of oxide scales increases with the
oxygen content. The oxide thicknesses of the LOC,
MOC and HOC alloys are 16.2, 25.4 and 47.7 pm,
respectively. Four layers can be observed in the oxide
scales of the alloys (Figs. 5(a), (c) and (e)). The top layer
I is rich in TiO,, the layer II is rich in Al,Os3, the layer III
is a mixture of TiO, and Al,Os, while the layer IV is rich
in ALLOs. It is found that the layer II in the MOC and
HOC alloys are not as continuous as the LOC alloy.

Fig. 5 Cross-sectional microstructures of oxidized samples: (a, b) LOC alloy; (¢, d) MOC alloy; (e, f) HOC alloy



530 Kun ZHAO, et al/Trans. Nonferrous Met. Soc. China 29(2019) 526533

Table 2 Thickness of each layer in oxidation scales of LOC,
MOC and HOC alloys after oxidation tests

Thickness/um

Layer LoC MoC HOC
alloy alloy alloy

I (TiOy) 4.6 3.9 7.7

11 (A1,05) 2.3 2.3 3.9

I (TiO,+AlL,03) 8.5 17.7 34.6

IV (A1,05) 0.8 1.5 1.5
(g’i}dflifﬁif) 16.2 25.4 47.7
Intemal(ﬁ);ﬁ%l)on zone 92 192 36.2

V+VI (Sub-surface layer) 54 7.7 7.7

Layer II is the boundary of internal oxidation and external
oxidation. The mixture of TiO, and Al,Osin layer III is
the product of internal oxidation. Since the thickness of
layer III in the LOC alloy is lower than that of the other
alloys (Table 2). It is deduced that the LOC alloy
experiences less internal oxidation than the other alloys.
As shown in Fig. 5(b), the layer IV in the LOC alloy is
much thicker and more compact than that of the other
alloys, indicating a better protection for the substrate. In
addition, cracks can be found between the TiO, and
ALOjs interfaces in the HOC alloy (Fig. 5(¢)).

As shown in Table 2, the thickness of sub-surface
layers of the LOC, MOC and HOC alloys are 5.4, 7.7
and 7.7 um, respectively. The sub-surface layers have a
two-phase microstructure (Figs. 5(b), (d) and (f)). In the
LOC alloy, the EDS result of the dark grey phase (area V,
Fig. 5(b)) shows that the stoichiometric ratio of Ti:Al:O
is 5:3:2, which may correspond to Z-TisoAl30Op
phase [15]. The results are in agreement with the XRD
results in Fig. 4. Area VI (Fig. 5(b)) showing bright
contrast can be identified as £ phase, due to its high
content of Fe. In the MOC and HOC alloys, the Z phase
is not found in the sub-surface zone according to the
EDS results. In the dark phases, which is marked by V in
Figs. 5(d) and (f), the stoichiometric ratio of Ti to Al is
almost 1:1 and Fe element is more than 15 at.%.
According to Fe—Al-Ti ternary phase diagram (Fig. 6) [17],
it can be identified as 7, phase. The 7, phase is a ternary
phase with Mny;Thg type (D8a) structure [18]. The bright
phase, marked as VI in Figs. 5(d) and (f), is § phase.
Therefore, the sub-surface areas of the MOC and HOC
alloys are composed of 7, phase and f phase, while that
of the LOC alloy is composed of Z and f phases.

High magnification images show that medium grey
phase forms in the substrate during oxidation, which is
marked by VII in Figs. 5(b), (d) and (f). EDS results
show that the VII areas are rich in Fe and Cr (Table 3),
which is similar with the area V in the MOC and the

HOC alloys. Fe content in the VII area is more than
10 at.%, which is much higher than its solubility in § and
y phases [16], therefore, it can be identified as 7, phase.
The 7, phase is located in the triple junction of the £ and y
phases.

%2 x(A1)/%

Fig. 6 Fe—Ti—Al isothermal section at 1000 °C [19]

Surface analysis results of the oxidized LOC, MOC
and HOC alloys are shown in Fig. 7. Known from Fig. 7,
the surfaces of all the alloys are covered with a mixture
of randomly oriented TiO, grains. The shape and size of
TiO, grain on the three alloys vary with the oxygen
content. The morphology of TiO, grains on the LOC and
MOC alloys are pillar and platy (Figs. 7(a) and (b)).
However, the TiO, grains on the HOC specimen grow
and connect with each other, so that the shape of a certain
number of grains cannot be recognized (Fig. 7(c)). The
average grain sizes of the TiO, on the oxidized LOC,
MOC and HOC alloys are 1.3, 2.0 and 2.5 pm,
respectively. The grain size of the HOC alloy is bigger
than the other alloys, which means that both internal and
external oxidation of the HOC alloy is more severe than
the other alloys, which is in agreement with the results of
mass gain.

4 Discussion

There are five steps in the process of high
temperature oxidation of TiAl alloys [14]. The first one
is the contact of oxygen molecule and metal surface, and
the second step is the physical adsorption of oxygen
caused by van-der-Waals force. In the third step, the
decomposition of oxygen molecule and chemical
adsorption of oxygen atoms are involved, and then, the
oxygen atoms dissolve in the TiAl substrate, and TiO,
nucleates in the area where oxygen is over-saturated.
Simultaneously, mixture of Al,O; and TiO, precipitates
as the product of internal oxidation. In the fourth step,
crystal whiskers of TiO, grow and connect with each
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Table 3 Chemical compositions of each layer in oxidation scales of LOC, MOC and HOC alloys after oxidation tests

Element content/at.%

Alloy Area Phase
Al Fe Mo Cr o Ti
v 26. 7+0.1 3.440.1 2.0+1.8 0.8+0.3 17.4£1.0 Bal.
VI 36.6£0.5 13.9+1.4 2.0+1.3 4.9+0.1 1.8+£0.4 Bal.
LOC alloy VII 38.4+0.8 13.3+0.3 1.7+1.4 4.7+0.1 1.7+0.2 Bal. 7
VIII 45.0+1.4 1.1+0.2 1.4+0.6 0.8+0.1 3.8+0.5 Bal. y
IX 43.6+2.5 1.3+0.4 2.2+0.6 1.0+0.4 3.6+0.3 Bal. p
A% 38.5+0.2 16.6+0.3 2.0+0.3 5.0+0.2 1.540.1 Bal. 7,
VI 32.5+0.5 4.0+1.1 10.7+1.5 2.5+0.2 4.240.2 Bal. B
MOC alloy VII 41.8+1.1 10.9+1.5 0.8+0.1 2.9+0.7 2.840.1 Bal. 7
VIII 46.1+0.8 0.9+0.1 1.7+0.9 0.7+0.3 3.7+0.3 Bal. y
X 44.2+0.6 1.2+0.1 2.24+0.5 0.8+0.1 3.6£0.4 Bal. p
v 37.7£0.3 18.7£1.2 1.5+0.3 4.8+0.4 1.8+0.4 Bal. 7,
VI 32.1£1.6 5.7+1.7 11.7£2.3 2.4+0.4 3.0+0.9 Bal. p
HOC alloy VII 38.5+0.5 16.8+0.1 0.7+0.1 5.0£0. 1 1.5+0.2 Bal. 7
VIII 46.1£0.3 0.940.1 1.0+0.2 0.7+0.1 3.4+0.6 Bal. ¥
X 32.0+0.1 3.0+0.1 10.6+0.5 2.6+0.1 3.6+0.5 Bal. p
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Fig. 7 Surface morphologies of oxidized samples: (a) LOC alloy; (b) MOC alloy; (¢c) HOC alloy

other, thus an oxide film forms. At the same time, AL,O3
and TiO, grow in island mode. Finally, oxides grow by
mass transfer through oxygen vacancy and Ti ions.

For the present Ti—45A1-2Fe—2Mo—1Cr alloy with
low oxygen content (LOC alloy), oxide scales grow
homogeneously, and dense continuous Al,O; film (layers
II and IV) forms below and above the mixture of Al,O;
and TiO, (layer III). In this case, the Al,O; layer is
protective, serving as a barrier for internal and external
diffusion of atoms. For the alloys with higher oxygen
content of 980x10°® (MOC alloy) and 1046x10° (HOC
alloy), the Al,O; films are less compact and continuous,
which don’t show good protective effect. Also, the oxide
scale cracks and oxygen atoms enter through the oxide
scales of the HOC alloy. Thus, severe spallation of the
oxide scales occurs.

Diffusion is involved in the high temperature
oxidation of the TiAl alloys: one is the internal diffusion

of oxygen atoms, and the other is the external diffusion
of metal atoms simultaneously. It is deduced that the
outer scale of TiO; results from external diffusion of the
metal atoms, especially the Ti atoms. Similarly, the inner
scale of mixed AL,O5 and TiO, is the product of internal
diffusion. When dissolved oxygen content increases from
980x107% to 1100x10°°, mass gain increases from 8.13 to
9.97 mg/cm’. The internal oxidation zone consists of
layer III (mixture of TiO, and Al,O;) and layer IV
(AlL,O;). The thickness of the internal oxidation zone
increases with the dissolved oxygen content. Known
from Table 2, the internal oxidation zones of the oxidized
LOC, MOC and HOC alloys are as deep as 9.23, 19.23
and 36.16 um, respectively. Internal oxidation usually
proceeds according to a parabolic rate law expressed in
the equation below [19]:

Y @)
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where & is the thickness of the internal oxidation zone
(layer III) at time ¢, D, is the diffusion coefficient of
oxygen in the TiAl alloy, and y is a dimensionless
kinetics parameter. The value of y is inversely related to
the atomic concentration of Al in the bulk alloy, Ngl,
and the interdiffusion coefficient in the TiAl alloy, Drjaj,
but it is directly related to the solubility of oxygen on the
alloy surface, N(S) . Thus, & tends to decrease with
increasing Ngl and decreasing N(S)DO . Supposing that
the diffusion coefficients of oxygen are all the same for
the three alloys, the higher the initial oxygen content of
TiAl alloy is, the higher the final oxygen content of TiAl
alloy is. Thus, the varying thickness of internal oxidation
zone with oxygen contents could be explained.

It is reported that the oxidation of the TiAl alloys is
related to the microstructure, especially for the
multi-phase  alloy. In the present work, the
Ti—45A1-2Fe—2Mo—1Cr alloys contain mostly the y
phase and a small amount of £ phase. The solubility of
Fe is approximately 2.5 at.% in y phase and varies little
with temperature [16]. The S and y phases are not
thermo-dynamically stable due to phase transformation
at 950 °C. According to RAGHAVAN [16], 7, forms from
the reaction between y and f phases. Known from Fig. 6,
there is a (7,+f+TiAl) three-phase field at 1000 °C. 7,
phase with chemical composition of AlLFeTi has the
Mny;Thy type (D8a) cubic structure. PALM et al [17]
made a detailed study of the homogeneity range and the
lattice parameter variations of the 7, phase. At 1000 °C,
two separate composition islands with Ti ranges of
21-31.5 at% and 37.5-44 at.% exist [17]. The
composition of 7, in this work is in agreement with the
latter range. The formation of 7, phase may have an
effect on the oxidation behavior of the present TiAl alloy;
however, further study needs to be done to clarify the
mechanism.

In conclusion, the mass gain of the TiAl alloys
increases with the oxygen content. The dense protective
ALOj; layer at scale—alloy interface is beneficial for the
oxidation resistance of the LOC alloy. The increase of
oxygen content promotes the internal oxidation. It is
possible to improve the oxidation resistance of the TiAl
alloys by controlling dissolved oxygen content.

5 Conclusions

(1) The oxidation resistance of the TiAl alloys is
negatively related to the oxygen content, both the mass
gain and thickness of oxide scale increase with the
oxygen content. The oxidation rate constant increases
with the oxygen content, while the power exponent
decreases with the oxygen content.

(2) The sub-surface microstructure of the oxide
scales varies with the oxygen content. Z phase is

observed in the sub-surface area of in the LOC alloy,
while the 7, (Al,FeTi) phase is found in the MOC and the
HOC alloys.

(3) The deterioration of oxidation resistance is due
to the enhanced internal oxidation with increase of
oxygen content. It is possible to improve the oxidation
resistance of the TiAl alloys by controlling dissolved
oxygen content.
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