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The oxidation behavior of four Ti-Al-Nb ternary alloys with different microstructures were
investigated at 1000◦C using interrupted oxidation test in air. Alloys with single-phase
γ -TiAl, two-phase γ -TiAl + α2-Ti3Al, multi-phase γ -TiAl + α2-Ti3Al + Nb2Al and two-phase
α2-Ti3Al + Nb2Al were prepared. The oxidation resistance of the Ti-Al-Nb ternary alloy at
high temperature was found to be better than that of the binary Ti-Al alloy. Among the four
Ti-Al-Nb ternary alloys, the γ + α2 two-phase alloy has the best oxidation resistance. The
presence of Nb-enriched phase such as Nb2Al and Nb3Al decrease the oxidation resistance
at elevated temperature presumably due to the formation of Nb2O5, which would
accelerate the exfoliation of oxide. C© 2004 Kluwer Academic Publishers

1. Introduction
The TiAl intermetallic compound is an attractive ma-
terial for high-temperature structural applications be-
cause of its low density, high melting point and high
specific strength at elevated temperature [1–3]. How-
ever, application of the alloy is restricted by its inferior
ductility and deformability at room temperature, and
poor oxidation resistance at high temperature [3, 4].
Alloying and surface treatment could improve the high
temperature oxidation resistance of the TiAl alloy [5–
15]. Shida and Anada classified alloying elements for
TiAl alloy into three types; that is favorable elements
such as Nb, Mo, W, Si, C and B, neutral elements and
harmful elements [5]. Nb has been considered to be
the most effective alloying element to improve the ox-
idation resistance of TiAl [16–18]. Thus far, the effect
of alloying on the oxidation resistance of single-phase
TiAl alloy has been well documented [1, 5, 19]. It also
has been reported that the oxidation rate for a duplex
microstructure is higher than that for a lamellar mi-
crostructure by comparing the same composition with
different microstructure [20–23]. However, very few
studies had been conducted to investigate the effect of
morphology and microstructure on the oxidation resis-
tance of TiAl [24].

The aim of present study is to systematically examine
the oxidation resistance of Ti-Al-Nb ternary alloys as a
heat-resistant alloy. The alloys were designed to have
single-phase, two-phase and multi-phase microstruc-
tures by adjusting the composition of Ti, Al and Nb
in Nb-Ti-Al ternary system. The effect of alloy com-
position and microstructure on oxidation resistance at
1000◦C in static air was studied.

2. Experimental procedures
2.1. Alloy preparation
According to Ti-Al-Nb ternary phase diagrams [25, 26],
the composition of the alloys used in this study was
chosen as Ti-47.5 at%Al-5 at%Nb, Ti-42.8 at%Al-14.2
at%Nb, Ti-40 at%Al-20 at%Nb and Ti-30 at%Al-40
at%Nb (hereafter designated as alloy 1, alloy 2, alloy
3 and alloy 4). The main purpose of the composition
design was to prepare the Ti-Al-Nb ternary alloys with
single-phase, two-phase and multi-phase microstruc-
ture. A binary TiAl alloy near stoichiometry composi-
tion was also prepared for comparison. High purity Ti
(99.9% pure), Al (99.9% pure) and Nb (99.9% pure)
were used as the raw materials. All alloys, each about
25 g, were prepared by arc-melting using a tungsten
electrode under argon. All the ingots were homoge-
nized at 1200◦C for 5 h in vacuum and cooled down
to room temperature in the furnace. Specimens with
dimensions of 8.0 mm × 4.0 mm × 2.0 mm were ma-
chined from the ingot. The specimens were all polished
with up to 600# SiC paper and cleaned with acetone and
ethanol before the isothermal oxidation experiment.

2.2. Experimental procedures
The interrupted isothermal oxidation experiment was
carried out at 1000◦C in air. The specimens were laid
obliquely in a quartz crucible to ensure that the six
sides of the alloy had full contact with the air. Three
specimens of each alloy were used for oxidation ex-
periment in order to get the average mass change. The
specimens were periodically removed from the furnace,
air cooled, weighed, and returned to the furnace for
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Figure 1 Micrographs of alloy 2 (a) and alloy 3 (b) after annealing at 1200◦C for 5 h.

every 10 h. The total oxidation exposure was set to be
100 h. The mass gain was weighted by an electronic bal-
ance with accuracy at 0.1 mg. The microstructure of the
specimen before and after the oxidation test were de-
termined by X-ray diffraction (XRD) and microscopy.
Scanning electron microscopy (SEM) equipped with
an energy dispersive X-ray analysis system (EDS) was
used to study the morphology of oxide scale. The ele-
mental distribution across the oxide scale was analyzed
by electron probe microanalysis (EPMA).

3. Results
3.1. Microstructures
Fig. 1 shows the representative micrographs of alloy 2
with lamellar structure and alloy 3 with mixed struc-
ture, respectively. Fig. 2 shows the XRD patterns of
annealed alloy 1, 2 and 3, respectively. Based on mi-
crostructure observation and analyses of the results of
XRD and EPMA, the microstructure of the four alloys
annealed at 1200◦C for 5 h were identified to be single-
phase γ -TiAl for alloy 1, two-phase γ -TiAl+α2-Ti3Al
for alloy 2, multi-phase γ -TiAl+α2-Ti3Al + Nb2Al for
alloy 3 and two-phase α2-Ti3Al + Nb2Al for alloy 4,
respectively. The phase contents of the microstructures
of alloy 2, 3 and 4 are in agreement with the Nb-Ti-Al
ternary phase diagram reported by Qu etc. [25], and that
for alloy 1 is in agreement with Ding and Hao’s paper
[26]. We have referred to many Ti-Al-Nb ternary phase
diagrams available in the literature. However, most of
the Ti-Al-Nb ternary phase diagrams available are very
different. The Ti-Al-Nb diagram needs further system-
atic investigation.

3.2. Oxidation kinetics
Fig. 3 shows the oxidation kinetic curves of the four
alloys at tested 1000◦C. The mass gains of the four al-
loys after interrupted oxidation test at 1000◦C for 100 h
were all less than 8 mg/cm2. In particular, the γ + α2
two-phase alloy (alloy 2) showed the best oxidation re-
sistance with a mass gain of only about 2.5 mg/cm2.
The mass gains of a binary TiAl alloy used in this study
was found to be 69 mg/cm2 at 1000◦C for 100 h. The re-
sults suggest that the oxidation resistance of Ti-Al-Nb
ternary alloys were superior to that of the Ti-Al binary

alloys at 1000◦C. Shida and Anada reported that the
mass gains of Ti-Al binary alloys oxidized at 800◦C for
100 h was about 1–3 mg/cm2 [8, 27–30].

After oxidation test at 1000◦C for 100 h, the outer
layer of all specimens were all grayish-white. Also,
some spalled-off oxide scales were found in the cru-
cible. However, it should be noted that the time to spal-
lation and the amount of spalled-off oxides for these
four alloys were different. Alloy 2 had the least amount
of spalled-off oxide scale, while alloy 4 had the most.
The spallation of oxide scale occurred after oxidation
at 1000◦C for 30 h for alloy 1 and 4. The spallation did
not occur for alloy 2 until after 90 h of oxidation test.

The variation of the oxidation mass gain with time
shown in Fig. 3 could be expressed with Equation 1:

�Mn = knt (1)

where �M represents the oxide mass gain (mg/cm2), n
is the power exponent, kn is the oxidation reaction rate
constant (mg · cm−2 · h−1), and t is the oxidation time
(h). From Equation 1, the power exponent n and the
oxidation reaction rate constant kn could be determined
by the fitted linear regression line of log (�M) on log
(t). The results of each alloy are shown in Table I.

Based on the results listed in Table I, it appears that
the rate constant of alloy 1, 3 and 4 was close to 1, and
their kinetic curves followed the linear law. However,
the rate constant of alloy 2 was higher than 2, and its
curve followed the parabolic law. Combining the above
kinetic results and observation, it could be concluded
that during the oxidation process, alloy 1, 3 and 4 con-
tinued to oxidize due to their inability to form a stable
protective oxide scale, while alloy 2 formed a protective
oxide scale, inhibiting the oxidation to some extent.

TABLE I Kinetic parameters of interrupted oxidation of the alloy at
1000◦C

n kn

Alloy 1 1.3 0.076
Alloy 2 2.2 0.078
Alloy 3 1.0 0.052
Alloy 4 1.0 0.079
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Figure 2 XRD profiles of alloy 1 (a), alloy 2 (b), and alloy 3 (c) after annealing at 1200◦C for 5 h.

3.3. Microstructure and compositional
analysis of oxide scale

The microstructure and composition across the oxide
scale for these four alloys were analyzed using X-ray
diffraction, SEM/EDS and EPMA. The results are sum-
marized the following sections.

3.3.1. Ti-Al-Nb single-phase alloy
Fig. 4a shows the surface SEM micrograph of alloy 1
oxidized at 1000◦C for 100 h. The surface morphology
exhibited a nodular/granular structure. Fig. 5a shows
the cross-section SEM micrograph of alloy 1. The thick-
ness of oxide scale was found to be about 10 µm, and
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Figure 3 Kinetic curves of interrupted oxidation of Ti-Al-Nb ternary
alloy at 1000◦C.

it stratified into two layers: the external scale and the
internal scale which was close to matrix. The EPMA
spectra of alloy 1 across the oxide scale is shown in
Fig. 6. It revealed that inner scale contained Ti, Al
and Nb, where the concentration of Ti was relatively
small.

According to these results of EDS, EPMA anal-
ysis and X-ray diffraction, it is evident that the
inner scale was a mixed oxide of Al2O3 and
TiO2, and the outer scale was mainly composed of
TiO2.

Figure 4 Surface SEM morphologies of the alloy oxidized at 1000◦C for 100 h: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3 and (d) Alloy 4.

3.3.2. Ti-Al-Nb two-phase and multi-phase
alloys

The surface morphology of a two-phase γ +α2 alloy (al-
loy 2) after oxidation test at 1000◦C for 100 h is shown
in Fig. 4b. The nodule on the oxide scale was very fine.
Fig. 5b shows the cross-section SEM micrograph of al-
loy 2. Both of EDS and EPMA analysis showed that the
oxide scale contained little Ti and Nb. X-ray diffraction
result as shown in Fig. 7a also indicated that the oxide
scale primarily consisted of Al2O3 and a minor amount
of TiO2. Alloy 2 had the best oxidation resistance in this
study, which may be due to the formation of a stable
protective Al2O3 scale.

The surface morphology of a γ + α2 + Nb2Al alloy
(alloy 3) is shown in Fig. 4c. The oxide scale of alloy
3 was composed of a multi-layered scale and the thick-
ness of about 20 µm as shown in Fig. 5c. EDS analysis
and X-ray diffraction results as shown in Fig. 7b veri-
fied that the oxide scale is composed of a mixed oxide
of Al2O3, TiO2 and Nb2O5. The alloy exhibited appar-
ent spallation of oxide scale from the substrate. The
presence of Nb2O5 would promote the exfoliation of
oxide scale.

The surface morphology of a two-phase α2 + Nb2Al
alloy (alloy 4) is shown in Fig. 4d. The nodule on the
oxide scale was very coarse and porous. EDS analysis
and X-ray diffraction also indicated the oxide scale was
composed of Al2O3, TiO2 and Nb2O5. Fig. 5d shows
the cross-section SEM micrograph of alloy. The outer
oxide scale also exfoliated completely.
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Figure 5 Cross-section micrograph of the alloys: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3, and (d) Alloy 4.

Figure 6 Cross-section micrograph and its EPMA spectra of alloy 1: (a) O profile, (b) Al, (c) Ti, and (d) Nb.
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Figure 7 XRD profiles of the oxide scale of alloy 2 (a) and alloy 3 (b) after oxidized at 1000◦C for 100 h.

4. Discussion
The above results clearly show that the oxidation be-
havior of Ti-Al-Nb alloys is superior to that of the bi-
nary Ti-Al alloy. In generally, the free energy of for-
mation of TiO2 and Al2O3 in Ti-Al binary system is
very close. At the same time, the activity of Al shows
negative deviation, so the selective oxidation of Al is
difficult to take place at high temperature [6]. As a re-
sult, the alloy forms a mixed oxide of Al2O3 and TiO2,
rather than the protective oxide of Al2O3. The struc-
ture of TiO2 is porous and, thus, is the fast diffusion
channel of oxygen. At high temperature TiO2 is less
protective than Al2O3 even if the TiO2 were not porous
due to the higher concentration of point defects. Also
the adhesion of the Al2O3 + TiO2 mixed oxides to
the substrate is poor, which result in poor oxidation
resistance of the binary Ti-Al alloy. Adding a small
amount of Nb in the alloy could increase the activity
of Al, suppress the growth of TiO2, promote the for-
mation of protective oxide scale of Al2O3, and thus
reduce the oxidation rate of the alloy. The addition
of Mo or Sb to Ti-Al binary alloys has similar effect
[14, 15].

The above results also show that the oxidation behav-
ior of Ti-Al-Nb alloys is influenced by the microstruc-
ture and alloy composition. In the single-phase alloy
(alloy 1), the non-protective oxide of TiO2 dominated
the outer oxide scale. Therefore, the formation of the

inner oxide scale and the stability of Al2O3 in the in-
ner oxide scale should control the oxidation rate. The
γ +α2 two-phase alloy (alloy 2) has the best oxidation
resistance in this study. According to several previous
studies in Ti-Al binary alloys, the oxidation resistance
improves with aluminum content, so the oxidation re-
sistance of α2 is generally inferior to that of γ [8, 27–
30]. However, in this study of Ti-Al-Nb ternary system,
the oxidation resistance of γ +α2 two-phase alloy was
found to be better than γ single-phase alloy. The im-
provement of oxidation resistance may be attributed
to the higher amount of Nb present in both γ and α2
phases.

Table II shows the results of EPMA elemental analy-
sis for both alloys 1 and 2 after annealing. The Nb con-
centration in alloy 1 was detected to be around 5.1 at%.
In the alloy 2, the Nb in the γ and α2 phases were
found to be 13.3 at% and 19.4 at%, respectively. Nb
has been considered to be the most effective element

TABLE I I The results of EPMA analysis for alloy 1 and 2 after an-
nealing (at%)

Ti Al Nb

Alloy 1 γ phase 47.7 47.1 5.1
Alloy 2 γ phase 38.0 48.7 13.3

α2 phase 49.2 31.4 19.4
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to improve the oxidation resistance of TiAl [16–18].
As a result, the oxidation resistance of γ -phase in al-
loy 2 is expected to be better than that of alloy 1 be-
cause of its higher Nb concentration. Similarly, oxida-
tion resistance of the α2 phase in Ti-Al-Nb ternary alloy
should be better than that of α2 phase in Ti-Al binary
[16–18].

It is also obvious that the Nb2O5 emerged in both al-
loy 3 and alloy 4 when the Nb content in the Ti-Al-Nb
alloy is over 20 at%, resulting in the spallation of ox-
ide scale. The spallation of oxide scale of alloys 3 and
4 must be related to the Nb-enriched phase of Nb2Al.
The poor oxidation resistance of Nb-based alloy and
Nb-containing intermetallics such as Nb3Al and Nb2Al
are mainly attributed to the weak adhesion between ma-
trix and Nb2O5 formed even at 900◦C [31]. The results
obtained from this study can be used for optimizing
the alloy composition and microstructure of oxidation-
resistant Ti-Al-Nb ternary alloy.

5. Conclusion
On the basis of the above investigation on the oxida-
tion behavior of Ti-Al-Nb ternary alloys, the following
conclusions were obtained:

(1) The oxidation resistance of the Ti-Al-Nb ternary
alloy at high temperature is better than that of the Ti-Al
binary alloy.

(2) Among the four Ti-Al-Nb ternary alloys investi-
gated in this study, the two-phase γ + α2 alloy has the
best oxidation resistance because higher Nb concentra-
tion in both phases.

(3) The presence of a Nb-enriched phase, such as
Nb2Al and Nb3Al, appears to decrease the oxidation
resistance at elevated temperature presumably due to
formation of Nb2O5 which would promote the spalla-
tion of the oxide scale.
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