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Abstract: The effect of complex alloying on the phase composition and oxidation resistance of intermetallic alloys
based on the Ti,AINb phase has been studied. The following experimental alloys (in at.%) were investigated:
Ti-22A1-25Nb-0.15B, Ti-22A1-21Nb-5.5(Zr, Mo, Ta, Sn, Hf)-0.35i-0.15B, Ti-25Al-21Nb-5.5(Zr, Mo, Ta, Sn, Hf)-0.3Si-0.15B,
Ti-23.5A1-23Nb-4(Zr, Mo, Ta, Hf)-0.3Si and Ti-23Al1-25.5Nb-2.5(Zr, Mo0)-0.3Si. The first alloy was used as a reference alloy.
The complex alloys were alloyed with metallic elements having a high melting point and/or a higher atomic radius in order
to improve oxidation and creep resistance, and to provide solid solution strengthening in a wide temperature range. The
ratio between Al content and (-stabilization (in Mo-equivalent) of the alloying elements varied around the ratio value
corresponding to the ternary Ti-22A1-25Nb alloy. As-cast alloys were annealed at 900°C followed by furnace cooling in order
to thermodynamically equilibrate the as-cast ingots. The alloys based on Ti-22Al, Ti-23Al and Ti-23.5Al consisted mostly
of two basic phases, O(Ti,AINb) and /B2, whereas the complex alloy based on Ti-25Al was near completely single-phase
and contained only insignificant amount of the /B2 phase. The volume fraction of the /B2 phase in the alloys containing
22-23.5Al was in the range of 17.6-27.5%. Microalloying with boron led to formation of borides but did not refine the
as-cast microstructure. DSC analysis showed that for all alloys, the equilibrium phase transformation sequence is as follows:
L B/B2—B/B2+a,(Ti,Al) > B/B2 +a, (Ti,Al) + O(Ti,AINb) - O(Ti,AINb) + /B2. The oxidation behavior was evaluated
for the annealed conditions of the alloys at 700°C/600 h. The oxidation resistance increased due to complex alloying, with an
increase in the aluminum content and with a decrease in the /B2 phase content. The highest oxidation resistance showed
the alloys based on Ti-25 and 23.5Al. In these alloys, the mass gain after oxidation at 700°C/600 h was around 0.5 mg/cm?.
Potential advantages of the complex alloying of O-Ti,AINb based alloys are discussed.
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1. Introduction

The orthorhombic Ti AINb phase was discovered by
Banerjee in a Ti-25at.% Al-12.5at.% Nb alloy in 1988 [1].
This gave rise to the development of O-Ti, AINb alloys
based on the intermetallic compound Ti AINb ([2,3].
Ti,AINb-based alloys, known as O-phase based alloys, have
superior high-temperature capability compared to titanium
alloys and can potentially be used at operating temperatures
up to 700°C instead of nickel-based superalloys [2-5]. Due
to lower density (typically 5.2-5.4 g/cm?®), the O-Ti,AINb
based alloys can reduce weight by nearly 40% without
compromising mechanical strength compared to nickel-
based superalloys.

Based on the varying ratios of Ti, Al and Nb, ternary
O-Ti,AINb based alloys with some degree of conventionality

can be classified into two generations [3,6]. The first-
generation O-Ti,AINb based alloys contain less than 25 at.%
of Nb and consist of /B2, a,(Ti,Al) and O(Ti,AINb) phase,
such as Ti-22A1-23Nb [7,8]. The a,(Ti,Al) phase is brittle
and the presence of this phase can significantly compromise
the ductility of Ti,AINb-based alloys [9,10]. The second-
generation O-Ti,AINb based alloys contain not less than
about 25 at.% of Nb and predominantly consist of O(Ti,A)Nb
and (/B2 phase, such as Ti-22Al-25Nb and Ti-22A1-27Nb
[11-14]. Both phases, O-Ti,AINb and /B2, have enough
slip systems and the second-generation O-Ti, AINb based
alloys typically exhibit appreciably better room-temperature
ductility and fracture toughness than y-TiAl based alloys.
At the same time, O-Ti,AINb based alloys are significantly
inferior to y-TiAl based alloys in terms of creep and oxidation
resistance and, as is believed, cannot replace y-TiAl alloys, for
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example, as a material for low pressure turbine (LPT) blades.
However, is everything really so hopeless for O-Ti,AINb
based alloys compared to the y-TiAl based alloys?

It is known that the ternary Ti-(22-25)Al-(25-27)Nb
(at.%) alloys of the second-generation are alloyed with
elements such as Mo, W, V, Zr, Ta, Si in order to enhance
strength, creep and oxidation resistance [4,15-19]. In so
doing, to preserve the two-phase O + /B2 composition, the
ratio between Al content (a-stabilization) and p-stabilization
of the alloying elements apparently must be near the
same as in the ternary Ti-(22-25)Al-(25-27)Nb alloys.
However, this idea was not realized in the case of complex
alloying of the O-Ti AINb based alloy. Besides, despite
decades of development, it seems that the choice of alloying
elements has not been optimized taking into account their
physical and chemical properties. The complex alloying
can be apparently aimed at simultaneously enhancement of
oxidation resistance, strength and creep resistance without
significant compromising the room-temperature ductility.
It is worth noting that two-phase O(Ti,AINb) +{/B2 alloys
can demonstrate a very high ductility (§ =22.7-25% at room
temperature) after forging [20,21] or selective laser melting
[22]. In both cases, this was due to a fine-grained structure,
which was reached via recrystallization in the first case and
extremely rapid cooling in the second case. Meanwhile,
this suggests that complex alloying combined with forging
or selective laser melting followed by heat treatment can
provide quite acceptable room temperature ductility and
higher strength and creep/oxidation resistance compared
to the ternary Ti-(22-25)Al-(25-27)Nb alloys. In other
words, acceptable ductility and enhanced high-temperature
properties can result from a tailored microstructure and
complex alloying, respectively. Thus, complex alloying
is expected to bring the properties of O-Ti,AINb based
alloys closer to those of y-TiAl alloys. To achieve this goal,
the following approaches to alloying second-generation
O-Ti,AINb based alloys were proposed in the present work:

i) in the designed alloy, the ratio of the Al content and the
[-stabilization effect due to alloying must be approximately
the same as in ternary Ti-(22-25)Al-(25-27)Nb alloys.
As mentioned, this is required to maintain the two-phase
O + /B2 composition and thus to ensure acceptable ductility;

ii) it is desirable that the alloying elements have a high
melting point and/or a larger atomic radius compared to Nb,
Ti, and Al. The first is favorable for creep/oxidation resistance
through slowing diffusivity, while the latter enhances strength
and creep resistance via solid solution strengthening;

iii) the alloying elements must have good solubility in
the intermetallic phases O(Ti,AINb) and /B2 excluding the
formation of additional phases;

iv) a higher aluminum content (within the above-
mentioned range) is preferable for increasing oxidation
resistance [16];

v) microalloying with boron seems to be useful for
refining the as-cast structure [23];

vi) microalloying with silicon is desirable for dispersion
strengthening and oxidation resistance.

Table 1 shows the most appropriate alloying elements
according to the proposed approaches. It is known that Zr,
Mo, W, Ta and Hf, which are being d-elements, substitute

Table 1. Characteristics of elements most suitable for alloying
O-Ti,AIND based alloys.

Chemical | Atomic |The melting [-stabilizing effect
element |radius,nm | point,°C | (Mo-equivalent) [30,31]

Ti 0.147 - -

Al 0.143 - -

Nb 0.146 2477 0.3

Zr 0.160 1855 near neutral
Mo 0.139 2623 1

w 0.137 3422 0.5

Ta 0.149 3017 0.25

Hf 0.159 2233 near neutral
Sn 0.162 232 near neutral

for Ti and Nb sites also belonging to the d-block of chemical
elements, and Sn being a p-element substitutes for Al
belonging to the same p-block of chemical elements. Zr, Hf
and Sn have larger atomic radii than Ti and Nb that should
be favorable for solid solution strengthening. Mo, W, Ta and
Hf have higher melting points that should increase the creep
and oxidation resistance. In particular, Zr, Mo and Si were
shown to be beneficial for improving oxidation resistance of
O-Ti,AIND based alloys [4,24]. Note also that Zr, Ta, Hf and
Sn had a strong positive influence on creep and oxidation
resistance in the case of y-TiAl based alloys [25-29].

In the present work, Mo having a lower density than W
was taken as a strong B-stabilizer. Zr, Ta, Hf and Sn or some of
these elements were used as near-neutral (Zr, Hf, Sn) or weak
(Ta) B-stabilizing alloying elements. Strictly speaking, Zr and
Hf are weak (-stabilizing elements but their p-stabilizing
effect is insignificant and therefore was not taken into account.

The purpose of the present work was to design the
complex alloyed O-Ti,AINb based alloys following the
proposed approaches for potential using as a blade material
at operating temperatures up to 700°C. The ratio of the Al
content and the P-stabilization varied depending on the
alloying but remained in the same range as in the ternary
alloys Ti-(22-25)Al-(25-27)Nb. This study focused on the
phase composition and oxidation resistance of the new alloys.
It should be emphasized that insufficient oxidation resistance
is one of the main obstacles to the practical use of O-Ti,AINb
based alloys. Potential advantages of the complex alloying of
O(Ti,AINb) based alloys as applied to low pressure turbine
blades are discussed.

2. Materials and experimental

Five O-Ti,AINb based alloys were taken as starting materials:
1) Ti-22A1-25Nb-0.15B (the reference alloy),
2) Ti-22A1-21Nb-5.5(Zr, Mo, Ta, Sn, Hf)-0.3Si-0.15B,
3) Ti-25Al1-21Nb-5.5(Zr, Mo, Ta, Sn, Hf)-0.3Si-0.15B,
4) Ti-23.5A1-23Nb-4(Zr, Mo, Ta, Hf)-0.3Si and
5) Ti-23Al1-25.5Nb-2.5 (Zr, Mo)-0.3Si (at.%)
(hereinafter, the alloys are designated as O-Ref, O-22, O-25,
0-23.5 and O-23 alloy, respectively). Table 2 shows the
alloy compositions in at.% and wt.%, as well as the alloy
designations in the text.

The alloy ingots with an approximate size of &J45 mm x
x16 mm were prepared by arc-melting in a Ti-gettered argon
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Table 2. Alloy compositions and their designation in the text.

Alloy composition in at.% Alloy composition in wt.% Designation in the text
Ti-22AI1-25Nb-0.15B Ti-10.9A1-42.64Nb-0.03B O-Ref
Ti-22A1-21Nb-5.5(Zr, Mo, Ta, Sn, Hf)-0.3Si-0.15B | Ti-10.48A1-34.44Nb-11.78(Zr, Mo, Ta, Sn, Hf)-0.03B-0.15Si 0-22
Ti-25A1-21Nb-5.5(Zr, Mo, Ta, Sn, Hf)-0.3Si-0.15B | Ti-12.04A1-34.82Nb-11.91(Zr, Mo, Ta, Sn, Hf)-0.03B-0.15Si 0-25
Ti-23.5A1-23Nb-4(Zr, Mo, Ta, Hf)-0.3Si Ti-11.25A1-37.9Nb-8.92(Zr, Mo, Ta, Hf)-0.15Si 0-23.5
Ti-23Al1-25.5Nb-2.5(Zr, Mo)-0.3Si Ti-11.16A1-42.6Nb-4.2(Zr, Mo)-0.15Si 0-23

atmosphere. Only high purity starting elements were used.
To ensure homogeneity of composition, the ingots were
repeatedly turned over and remelted. Energy-dispersive X-Ray
spectroscopy (EDS) confirmed the nominal compositions
of ingots. The alloy compositions were also controlled by
weighing the initial elements before casting and the resulting
ingot. The mass loss was always not more than 0.1%.

Table 3 shows the Al content, the (-stabilization (in
Mo-equivalent) and the ratio of Al content (Al-equivalent)
to Mo-equivalent calculated for the studied alloys. Zr and Sn
were not taken into account for the Al-equivalent (because
these elements are near neutral and their influence on the
Al-equivalent is insignificant). Mo-equivalent was calculated
by the following equation [30,31]:

[Mo]eq=%Mo+%Ta/4+%Nb/3.3+%W/2+%V/l.4+ 1)
+%Cr/0.6 + %Mn/0.6 + %Fe/0.4 + %Ni/0.8

where all concentrations are given in wt.%. The ratio of Al

content and P-stabilization of the alloying elements varied

around the ratio value corresponding to the reference alloy

(Table 3).

To roughly estimate the effect of alloying on the cast
structure, the macrostructures were prepared from the as-cast
alloys. To do it, the cross sections of ingots were ground and
etched using the etchant 15%HNO,+5%HF +80% distilled
water. To achieve thermodynamic equilibrium, the as-cast
alloys were annealed at a temperature of 900°C (2 h) followed
by slow furnace cooling.

Microstructure examination was carried out by scanning
electron microscopy (SEM) in the back-scattering electron
(BSE) mode in a Tescan Mira-3 microscope equipped with
EDS. Before study, the specimen surfaces were mechanically
and electrolytically polished. BSE images were used to
evaluate the volume fraction of the B/B2 phase after annealing
at 900°C (2 h). To do it, the contrast was increased in the BSE
images, thus highlighting the /B2 phase.

The cast and annealed alloys were investigated by
differential scanning calorimetry (DSC). DSC runs were

Table 3. Al content, B-stabilization due to alloying and the ratio of
the Al content and (-stabilization for the O-Ti,AINb based alloys
under study.

Alloy Al content, B-stabilization | The Al/Mo-eq
wt.% (Mo-equivalent) ratio
O-Ref 10.9 12.92 0.84
0-22 10.48 12.93 0.81
0-25 12.04 13.07 0.92
0-23.5 11.25 13.99 0.8
0-23 11.16 14.98 0.74

performed with a heating rate of 20°C/min under pure Ar
using a heat flux calorimeter Jupiter STA 449 F1 Netzsch.
To identify the phase composition of the alloys, X-ray
diffraction (XRD) analysis was carried out for the annealed
alloys at room temperature using a DRON-4 diffractometer
and Cu-K_ radiation. The software product X'Pert
HighScore Plus was used to indicate the phase compositions
of the alloys.

Five samples (one sample per alloy) with a size of
20 mmx 12 mmx1mm were cut by spark cutting from
the ingots after annealing at 900°C (2 h). All surfaces of the
samples were ground down to a 4000 grit using SiC paper.
Before oxidation experiment, the samples were cleaned with
ethanol, washed with distilled water and dried in air. The
samples were isothermally exposed in a furnace at 700°C for
600 h with periodic inspection and weighing on an analytical
balance with an accuracy of 107 g. The oxide spallation was
not observed during oxidation and only an increase in mass
of the samples occurred, which was detected by periodic
weighing of the samples.

The dependences of the mass gain AM=Am/S
(in mg/cm?), where Am is the increase in weight and § is the
surface area, and the mass gain rate on time were obtained.
The mass gain per unit area (AM = Am/S) is usually described
by the following power-law equation [4]:

(AM)"=kxt (2)

n is the power exponent, k is the oxidation rate constant
(in mg"xcm"xh™) and t is the oxidation time. For the
obtained dependencies of AM(t), regression analysis was
carried out using Eq. (2) and the software product SigmaPlot
12.5. The fitting curves and calculated equations based on
Eq. (2) were plotted and the n and k values were defined.

3. Results and discussion

Figure 1 shows the macrostructures of the alloys in the as-cast
conditions. One can see that the coarser macrostructure
was obtained in the reference alloy, while slightly finer
macrostructures were reached in the O-22, 0-25, 0-23.5 and
0-23 alloy. This means that complex alloying reduces the
prior B grain size. It is interesting that despite doping with
boron, the macrostructures of the reference alloy, the O-22
and O-25 alloy were coarse-grained. The prior P grain size
reached up to 5-7 mm in the reference alloy, up to 1-2 mm
in O-22 and O-25, and up to 2-2.5 mm in O-23.5 and O-23
(Fig. 1). Thus, the macrostructures were coarse-grained
regardless of boron microalloying. This indicates that borides
formed during melting and freezing were not effective in
reducing the prior  grain size. It should be noted that in the
case of B-solidifying y-TiAl based alloys microalloying with
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Fig. 1. (Color online) Macrostructures of ingots in as-cast conditions:
O-Ref (a), O-22 (b), O-25 (c), 0-23.5 (d), O-23 (e).

0.1-0.2 at.% boron proved to be very effective in refining
the cast structure [28,29,32]. The preservation of a large
size of the prior B grains in the O-Ti,AIND based alloys can
be explained by the high crystallization temperature and
incomplete transformation of the p phase during freezing
and cooling of ingots.

Figure 2 shows the XRD patterns obtained for the alloys
in the cast and annealed conditions. For alloys containing
22-23.5Al and having the Al/Mo-eq ratio of 0.74-0.84,
the peaks of the O(Ti,AINb) and /B2 phases were detected,
whereas for the alloy containing 25Al and having the
Al/Mo-eq ratio of 0.92 only peaks corresponding to the
O(Ti,AINb) phase were detected. It should be emphasized
that in all alloys, the peaks of the a,(Ti,Al) phase were not
detected.
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Fig. 2. XRD patterns obtained for the alloys in the cast and annealed
conditions.

Figure 3 represents the BSE images of alloys in the cast
and annealed conditions. The alloys containing 22-23.5 Al
have a typical two-phase structure consisting of O(Ti,AINb)
and /B2 phase, whereas the alloy containing 25 Al looks
as near completely single-phase alloy. Apparently, the O-25
alloy contained only a very small amount of the /B2 phase
(having a light contrast), which was not detected by XRD
analysis.

Table 4 indicates the phase compositions of the alloys in
the cast and annealed conditions. The volume fraction of the
B/B2 phase in the alloys containing 22 - 23.5 Al varied in the
range of 17.6-27.5%. Among alloys containing 22 -23.5 Al
the highest content of the 3/B2 phase was observed in the
O-Ref alloy (27.5%) and the lowest content (17.6%) in the
0-22 alloy. It is interesting that the volume fraction of the
/B2 phase not exactly correlated with the Al/Mo-eq ratio.
Apparently, the phase composition of the O-Ti,AINb based
alloys also depends on the heat treatment conditions and Nb
content [15,33].

Figure 4 shows the heat flow curves obtained as a result
of DSC measurements of alloys in the cast and annealed
conditions. The obtained DSC traces were very similar for
all two-phase alloys based on Ti-(22-23.5)Al despite some
differences in the Al/Mo-eq ratio. The DSC curve obtained
for the O-25 alloy turned out to be different. This can be
explained by the almost single-phase composition due to
the significantly higher Al/Mo-eq ratio. For all alloys, the
equilibrium phase transformation sequence is as follows:
L—> B/B2— B/B2+a,(Ti,Al) > B/B2+a,(Ti,Al)+O(Ti,AINb)—>
- O(Ti,AIND) + /B2.

It should be noted that the ordering of the B phase
(B— B2) was observed in all alloys during annealing at 900°C
(2 h) followed by furnace cooling. This was revealed through
DSC measurements of alloys in the as-cast conditions (not
presented here), which showed exothermic effect at around

443



Imayev et al. / Letters on Materials 15 (4), 2025 pp. 440-448

)
Fig. 3. BSE images of the alloys in the cast and annealed conditions:
O-Ref (a,b), 0-22 (c,d), O-25 (e,f), O-23.5 (g,h), O-23 (i,j).
In (a,c,e g i), the areas are indicated from which the images
(b,d,f,h,j) were obtained at a higher magnification.

700°C. Annealing of cast alloys at 900°C led to disappearance
of this exothermic effect caused by ordering of the  phase.
Note that this is consistent with the pseudo-binary phase
diagram based on Ti-22Al-xNb [3,34]. In the temperature
range of 1160-1300°C, both exothermic and endothermic
phenomenon were observed, which is most likely associated
with the ordering of the p and disordering of the B2 phase,
respectively.

According to [34,35], the ordered B2 phase with a space
group of Pm3m can transform to the disordered  phase with
Im3m space group at higher temperatures, as well as tend to

Table 4. The phase compositions of the alloys in the cast and annealed
conditions.

The volume fractions of
Alloy O(Ti,AIND) / B/B2, % The Al/Mo-eq ratio
O-Ref 72.5/27.5 0.84
0-22 82.4/17.6 0.81
0-25 >99 /<1 0.92
0-23.5 80.5/19.5 0.8
0-23 79.3/20.7 0.74
0-51texo

e @
[

Heat flow, mW/mg
=1
=)

-0.1
02
=2 0—u
031 oas 2
-_—0-235
04 o0
0.5

600 700 800 900 1000 1200 1300

Temperature, °C

1100

Fig. 4. (Color online) Heat flow curves obtained as a result of DSC
measurements of the alloys in the cast and annealed conditions.

decompose into disordered p phase below 750°C. Our DSC
measurements suggest that rapid cooling of ingots led to the
formation of disordered B phase, while annealing of as-cast
ingots at 900°C (that corresponds to the two- or three-phase
region, see below Table 5) followed by slow furnace cooling
resulted in ordering of the P phase. In other words, rapid
cooling is a possible reason for the disordering of the B2 phase
below 750°C. DSC measurements also revealed that at higher
temperatures both disordering of the B2 phase, causing an
endothermic effect, and ordering of the B phase, causing an
exothermic effect, can occur. The latter statement, however,
requires further experimental confirmation.

Table 5 indicates the temperature ranges corresponding
to the various phase regions. The a,— /B2 transformation
is apparently accompanied by a very weak thermal effect,
and further quenching experiments followed by XRD
measurements are required to verify the determined
temperature ranges (in particular, the p-transus).
Nevertheless, the obtained temperature ranges are more
or less consistent with currently available literature data,
in particular with pseudo-binary phase diagrams based on
Ti-22A1-xNb and Ti-25A1-xNb [3,15,33, 34,36, 37].

Figure 5 displays the mass gain curves drawn as fitting
curves based on Eq. (2) and corresponding to the calculation
equations obtained for samples of the O-TiAINb based
alloys isothermally exposed in air at 700°C for 600 hours. The
mass gain after 600 h of holding increased for alloy samples
in the following sequence: O-25, 0-23.5, O-23, O-22 and
O-Ref. This indicates that oxidation resistance increases
primarily with increasing Al content, which is consistent
with [16]. Owing to a higher Al content, the O-23.5 and
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Fig. 5. (Color online) The mass gain curves drawn using regression analysis (a) and the time dependencies of the mass gain rate (b) obtained
for samples of the O-Ti,AINb based alloys isothermally exposed in air at 700°C/600 h.

Table 5. Temperature ranges corresponding to different phase
regions in the alloys under study.

The alloy and temperature range,
°C
O-Ref: <913.1°C
0-22: <908.5°C
0-25:<959°C
0-23.5: <899°C
0-23: <898.2°C
O-Ref: 913.1-997.5°C
0-22:908.5-995.4°C
0-25:959-989.3°C
0-23.5:899.0-966.9°C
0-23: 898.2-967.5°C
O-Ref: 997.5-1083.4°C
0-22:995.4-1031.6°C
0-25:989.3-1130°C
0-23.5:966.9-1077.1°C
0-23:967.5-1033.7°C
O-Ref: >1083.4°C
0-22:>1031.6°C
0-25:>1130°C
0-23.5: >1077.1°C
0-23:>1033.7°C

Phase region

O(Ti, AIND) + p/B2

B/B2 +a,(Ti,Al) + O(Ti,AINb)

B/B2 +a,(Ti,Al)

B/B2

0-23 alloy showed higher oxidation resistance than the
0O-22 alloy. The fact that the O-23.5Al alloy demonstrated
higher oxidation resistance than the O-23Al alloy suggests
that complex alloying (including Ta, Hf) contributed to the
increase in oxidation resistance despite the higher Nb content
in the O-23 alloy compared to the O-23.5 alloy (25.5 against
23 at.%). Note that Nb is known to bring a beneficial effect
on the oxidation resistance in TiAl based alloy by inhibiting
the oxygen diffusion and reducing rutile growth rate [38,39].
However, [B-stabilizing effect of Nb should be apparently
also taken into account in the case of the O-Ti,AINb based
alloys. Most likely that the higher /B2 content decreased the
oxidation resistance. It is one of the reasons, why the reference
alloy showed the worst oxidation resistance among the alloys

under study despite a higher Nb content (25 at.%). Another
reason of lower oxidation resistance of the O-Ref alloy is the
lack of complex alloying. Note that borides formed during
melting and freezing apparently had no noticeable effect on
oxidation resistance.

Thus, complex alloying has a complex influence on the
phase composition and oxidation resistance. As follows from
the results obtained, the main factors affecting the oxidation
resistance of the O-Ti,AINb based alloys are the following:
i) increasing the Al content significantly improves oxidation
resistance, which can be associated with the formation
of protective ALO,. This is consistent with [16]; ii) the
orthorhombic phase based on Ti,AINb has a higher oxidation
resistance than the /B2 phase [3]; iii) complex alloying,
particularly with refractory metals such Ta, Mo and Hf, results
in an increase in oxidation resistance through most likely
slowing down diffusivity and an increase in microstructural
stability. At the same time, further investigations of oxidation
products depending on alloying are required to clarify this
issue.

Figure 5b shows the time dependencies of the rate of
mass gain. In all alloys, with increasing holding time, the
rate of mass gain gradually decreased and became weakly
dependent on time. This indicates that oxidation products
formed during exposure gradually reduced the penetration
of oxygen and nitrogen into the material. One can conclude
that theoretical curves based on Eq. (2) agreed well with
the experimental mass gain curves. Thus, the oxidation
kinetics of the studied alloys obeys quasi-parabolic laws
with different values of n and k. The power exponents and
oxidation rate constants of the alloys are listed in Table 6.
For comparison, these parameters are also given for the
Ti-(23-24)Al-(21-22)Nb-(1.5-2)Mo-(1-1.5)Zr-(0.2-0.3)Si
alloy [4]. A higher value of n and a lower value of k indicate
slower oxidation kinetics.

In Table 6, the predicted mass gain values after 1000 h
(according to the calculated quasi-parabolic laws) are also
shown. As after 600 h of holding, the mass gain increased for
alloy samples in the following sequence: O-25, 0-23.5, O-23,
0-22 and O-Ref. It is worth noting that all alloys under study
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Table 6. The power exponent #, the oxidation rate constant k, and predicted mass gain after exposure at 700°C/1000 h obtained for the

O-Ti,AIND based alloys based on Eq. (2).

Alloy n k (mg"xcm™"xh™) Predicted mass gain after 1000 h, mg/cm?

O-Ref 2.42 8.8x10™ 0.95

0-22 2.6 6.6x10™ 0.853

0-25 2.58 2.8x10™* 0.613

0-23.5 2.39 4.6x10™ 0.726

0-23 2.25 6.5x10™ 0.826
Ti-(23-24)Al-(21-22)Nb- 2 1.6x107 1.3* (700°C/1000 h)
(1.5-2)Mo-(1-1.5)Zr-(0.2-0.3)Si [4] 2 42x10™ 0.67* (650°C/1000 h)

* These are experimental results, which were taken from ref. [4].

showed higher oxidation resistance compared to that of the
Ti-(23-24)Al-(21-22)Nb-(1.5-2)Mo-(1-1.5)Zr-(0.2-0.3)Si
alloy after exposure at 700°C/1000 h [4]. One can see that
the oxidation resistance of the O-25 and O-23.5 alloys
after holding at 700°C/1000°C was very close to that of the
Ti-(23-24)Al-(21-22)Nb-(1.5-2)Mo-(1-1.5)Zr-(0.2-0.3)Si
alloy after holding at 650°C/1000 h. This means that the
approaches proposed in the introduction allowed us to
improve the oxidation resistance by about 50°C.

Thus, the O-Ti,AINb based alloys under study can be
considered as oxidation-resistant materials (obeying the
quasi-parabolic law with different values of n and k), in
which diffusion-controlled scale growth occurred when
held at 700°C. From the viewpoint of a benchmark value
assumed for evaluation of the oxidation resistance of TiAl
alloys [40], the samples of all alloys under study showed
acceptable oxidation resistance (less than 1 mg/cm? after
1000 h exposure at 700°C). It is clear that the O-25 alloy
is unlikely to be considered for practical applications due
to its low O(Ti,AINb) phase content and presumably low
ductility. However, the O-23.5 and O-23 alloys, containing
about 20 vol.% of the /B2 phase, can certainly be considered
as promising candidates for practical applications at
temperatures up to 700°C without surface treatment or
protective coating against oxidation. In particular, the O-23.5
and O-23 alloys can be used as materials for manufacturing
of LPT blades for gas turbine engines. As mentioned in
the introduction, complex alloying is to improve oxidation
and creep resistance, while strength and ductility will be
achieved through careful microstructural control. It seems
that the latter can be reached through selective laser melting
or hot forging providing microstructure refinement due to
extremely rapid cooling [22] or dynamic recrystallization
[20,21], followed by solid solution heat treatment and ageing.

Thus, the idea of complex alloying taking into account the
physical and chemical properties of the alloying elements, as
well as the Al/Mo-eq ratio turned out to be very productive.
Further investigations are to show, whether the complex
alloyed alloy, such as O-23.5 or O-23, have improved strength,
creep resistance at temperatures up to 700°C and acceptable
ductility for practical use as a structural material.

4. Conclusions

The present work was devoted to the study of complex alloys
based on O-Ti,AINb. Using complex alloying, we tried bring

the properties of O-Ti,AIND based alloys closer to those of
y-TiAl alloys. The following main conclusions can be drawn:

—To reach a higher high-temperature capability in
O-Ti,AINb based alloys the following alloy designing
approaches are proposed: i) when alloying O-Ti,AINb
based alloys, the physicochemical properties of the alloying
elements must be taken into account. In particular, it is
desirable for the alloying elements to have a high melting
point and/or a larger atomic radius than Nb, Ti, and Al. The
first is favorable for creep/oxidation resistance, while the
latter expectedly enhances strength and creep resistance;
ii) to maintain the desirable two-phase composition
O+p/B2 (in order to maintain acceptable ductility), the
ratio of the Al content and the [-stabilization effect due
to alloying should be approximately the same as in the
ternary Ti-22A1-25Nb alloy; iii) a higher aluminum content
and microalloying with Si are preferable for increasing
oxidation resistance.

— The obtained results showed that a higher Al content
(23-23.5 at.%) and complex alloying with such elements
as Zr, Mo, Ta, Hf and microalloying with Si significantly
improves the oxidation resistance at 700°C, while
ensuring the desirable two-phase O+{3/B2 composition.
In particular, the mass gain obtained for sample of the
Ti-23.5A1-23Nb-4(Zr, Mo, Ta, Hf)-0.35i(0-23.5) alloy after
holding at 700°C/600 h was less than 0.6 mg/cm?

— The oxidation kinetics of the alloys during oxidation
at 700°C/600 h obeyed the calculated quasi-parabolic laws.
The mass gain values based on the quasi-parabolic laws were
predicted after oxidation at 700°C/1000 h. For all the alloys
studied, the mass gain after 1000 h of exposure was less than
a benchmark value (1 mg/cm? after 1000 h holding) assumed
for assessing the oxidation resistance. Particularly, for the
Ti-23.5A1-23Nb-4(Zr, Mo, Ta, Hf)-0.3Si alloy this value was
estimated as 0.726 mg/cm®.

— Microalloying with boron was found to be not effective
in microstructural refinement of as-cast ingots. This can be
ascribed to high crystallization temperature and incomplete
transformation of the  phase during freezing and cooling of
ingots.

— Based on the experiments conducted, the designed new
two-phase alloys based on O-Ti,AINb, containing 22 -23.5Al,
in particular, the Ti-23.5A1-23Nb-4(Zr, Mo, Ta, Hf)-0.3Si
alloy, can be considered for application as a structural
material with operating temperature of up to 700°C without
surface treatment or protective coating against oxidation.
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