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REACTIVITY OF A Ti—45.9A1-8Nb ALLOY IN AIR AT 700-900°C

Elzbieta Godlewska'", M. Mitoraj', F. Devred* and B. E. Nieuwenhuys®

1Faculty of Material Science and Ceramics, AGH-UST, Krakow, Poland
University of Leiden, The Netherlands

A Ti—45.9A1-8Nb (at%) alloy with a lamellar structure (y+o.,) was oxidised in air at 700, 800, 850 and 900°C in isothermal and
thermal cycling conditions. The reaction progress was followed by thermogravimetric measurements. In isothermal conditions the
oxidation kinetics followed approximately a parabolic rate law and the rate constants ranged from about 102 kg m™* s ' at 700°C
to 10717 kg2 m s at 900°C. The oxide scales were built of ALO; and TiO,, the former being the main component of the outermost
layer. The oxidation behaviour of Ti—45.9A1-8Nb was referred to a commercial titanium alloy, WT4 (Ti—6Al-1Mn), and selected

oxidation-resistant alloys.
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Introduction

Titanium aluminides are perceived as attractive struc-
tural materials because of their low density
(3.7-3.9 g cm ) and good mechanical properties at el-
evated temperatures (tensile strength and creep
strength) [1-4]. Among the intermetallic compounds
based on titanium and aluminium, only Ti;Al (a,) with
a hexagonal structure and TiAl (y) with a tetragonal
structure are extensively studied [5, 6]. The envisaged
applications of titanium aluminide alloys include com-
pressor blades [7, 8]. Replacing the conventional
nickel-base or iron-base superalloys by novel TiAl al-
loys might result in a 50% reduction of the components
mass. However, the use of these alloys is hindered by a
too low ductility at room temperature and still inade-
quate oxidation resistance at temperatures higher
than 800°C [9, 10]. The oxidation products of TiAl al-
loys are both rutile (TiO,) and corundum (Al,O;) be-
cause of similar activities of titanium and aluminium in
the alloy and similar affinity of both metals for oxygen.
Titania unlike alumina has high oxygen diffusivity and
poor protective properties [11, 12]. Some earlier stud-
ies indicate that approximately 60-70% of aluminium
is needed for a binary Ti—Al alloy to form a continuous
Al,O; scale in air [13, 14].

There are two major ways to increase the oxida-
tion resistance of TiAl, i.e. alloying and surface modi-
fication. A number of ternary [15-18] and quater-
nary [19, 20] additions are described in the literature.
Among those, an especially interesting one is nio-
bium [21-24]. The effect of niobium on the oxidation
behaviour of titanium aluminides is complex and not
yet fully understood. It is suggested that Nb replaces Ti
ions in TiO,, thus reducing the concentration of anion
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vacancies and the diffusivity of oxygen. Another possi-
ble effect is that niobium favours the formation of alu-
mina scale by increasing the thermodynamic activity of
aluminium relative to titanium. Niobium is also known
to improve mechanical properties of the TiAl alloys,
such as ductility and room-temperature toughness [25].

Many different methods of improving the oxida-
tion resistance of TiAl alloys by surface modification
are reported in the literature. Especially interesting ones
are the following: pack cementation [26—29], magnetron
sputtering [30-33] and ion implantation [34-37].

The purpose of this work was to assess the reac-
tivity of Ti—45.9A1-8Nb alloy in air in the tempera-
ture range 700-900°C.

Experimental

The Ti—45.9A1-8Nb ingots, produced by horizontal
centrifugal casting and HIP-ing, were cut into
disks, 16 mm in diameter and 0.8—1.0 mm in thickness,
ground with emery papers up to 1200 grit number, and
finally washed with distilled water and acetone. The
reference specimens of Ti—6Al-1Mn, in a form of
half-discs, 17 mm in diameter and 1.0-1.5 mm in
thickness, were given a similar surface finish.

The isothermal oxidation tests were carried out
at 700, 800 and 900°C in laboratory air with average
humidity of 35%. The mass changes were continu-
ously recorded by means of a thermobalance
(MK2 Vacuum Head CI Electronics Ltd.) with an ac-
curacy of 10° g.

The cyclic oxidation tests were conducted in the
temperature range 700-850°C. Long (20-h) and short
(1-h) cycles were used. Each cycle comprised rapid

Akadémiai Kiado, Budapest, Hungary
Springer, Dordrecht, The Netherlands



GODLEWSKA et al.

heating to the test temperature, maintaining at the
temperature for 1 or 20 h and rapid cooling to the
room temperature. In the long-cycle tests, the mass
changes were measured after every cycle. In the
short-cycle tests, the mass changes were measured
once a day. The accuracy of mass change measure-
ments was 10~ g. During the cyclic oxidation tests,
the specimens were kept in alumina crucibles in order
to collect oxides lost by spallation.

After oxidation the scales were examined by
means of optical microscopy (OM) and scanning elec-
tron microscopy (Nova Nano SEM 200). Phase and
chemical compositions of the oxidation products were
analysed by X-ray diffraction (Seifert XRD7), energy
dispersive X-ray spectroscopy (EDS) and X-ray photo-
electron spectroscopy (XPS). Cross-sections of the se-
lected samples were examined by SEM using second-
ary electron images and backscattered electron im-
ages (SEI and BEI) as well as by transmission electron
microscopy (TEM-PHILIPS CM 20-200 kV TWIN).

Results and discussion
Isothermal oxidation kinetics

The isothermal kinetic curves at 700, 800 and 900°C
are presented in Fig. 1. The parabolic plot was used be-
cause it was expected that the scale growth on the
Ti—45.9A1-8Nb alloy would be controlled by diffu-
sion. Actually, oxidation of the Ti—45.9A1-8Nb alloy
followed approximately a parabolic rate law after some
initial period, where relatively high mass gains were
recorded. The early stages probably involved adsorp-
tion and diffusion of gases, as well as nucleation and
growth of oxide grains on alloy surface. In order to
compare the oxidation kinetics of the investigated ma-
terial with some scaling resistant alloys, the parabolic
rate constants of oxidation were calculated. The lowest
rate constant, at the 700°C, was about
(3.7120.07)» 10 " kg m™* s™', at 800 and 900°C the rate
constants  were  higher and amounted to
(1.981£0.002) 10" and (3.28+0.02)} 10" kg’ m™* 5!,
respectively.

Figure 2 shows the parabolic rate constants (k)
of the Ti—45.9AI-8Nb alloy in comparison with some
alumina formers, such as NiAl, FeAl and Ni-base
superalloy. As can be seen, at 700°C, the value of kp
calculated for the Ti—45.9A1-8Nb alloy is close to the
growth rates of Al,O; on highly oxidation-resistant
materials at 900°C.

The activation energy of the Ti—45.9AI-8Nb alloy
oxidation was about 200 kJ mol ™, i.e. comparable with
that of pure titanium oxidation (180-230 kJ mol ™).
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Fig. 1 Oxidation kinetics of the Ti—45.9A1-8Nb alloy in air
at 700, 800 and 900°C in a parabolic plot
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Fig. 2 Temperature dependence of the parabolic rate constant
of oxidation for the Ti—45.9A1-8Nb alloy and several
highly oxidation resistant materials: [38] — NiAl,

[39] — FeAl and [40] — Ni-base superalloy DS951

Cyclic oxidation kinetics

Thermal cycling oxidation tests were used to simulate
real corrosion environments. These tests allow the as-
sessment of scale adherence and its susceptibility to
cracking or spallation under the influence of thermal
stresses.

Mass changes of the Ti—45.9A1-8Nb specimens
during 1-h cycle tests at four different temperatures
are shown in Fig. 3. In general, the specimen mass in-
creased with time and temperature of oxidation. The
slight mass losses, visible on the plot, were not related
with scale decoherence but probably with handling of
the specimens — no spalled oxides were collected in
alumina crucibles.
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Fig. 3 Mass changes of the Ti—45.9A1-8Nb

alloy in cyclic ox-

idation tests at four different temperatures: 700, 800,

830 and 850°C (1-h cycles)

In Fig. 4 mass variations of the Ti—45.9A1-8Nb
and the Ti—6Al-1Mn alloys are compared during oxi-
dation at 700°C. The Ti—45.9A1-8Nb alloy maintained
excellent oxidation resistance for at least 1000 h. Af-
ter 300 h the measured mass change of Ti-6Al-1Mn
(4.3 mg cm?) was about 40 times higher than that of
Ti—45.9A1-8Nb (0.10 mg cm ). The differences visi-
bly increased at 800°C (Fig. 5). After 240 h of oxida-
tion, Ti-6Al-1Mn showed a 60 times higher mass gain
relative to Ti—45.9AI-8Nb and intensive scale spalla-
tion (Fig. 6).

Scale morphology

Figure 7 presents SEM micrographs of the specimen
surface and cross-section after 20, 80 and 340 h of ox-
idation in air (20-h cycle). The scale is built of small
equiaxed grains (Fig. 7a), which get coarser with
time. There is no evidence of scale cracking or
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Fig. 4 a— Mass changes of Ti—45.9A1-8Nb during oxidation in air at 700°C (1-h cycles and isothermal conditions) compared with
gross mass changes of Ti-6Al-1Mn (1-h cycles); b — area of graph (a) at a higher magnification
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Fig. 5 a— Mass changes of the Ti—45.9A1-8Nb alloy during oxidation in air at 800°C (1-h cycles, 20-h cycles and isothermal conditions)
compared with gross mass changes of the Ti—-6Al-1Mn alloy (20-h cycles); b — area of graph (a) at a higher magnification
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Fig. 6 Samples of a — Ti-6Al-1Mn and b — Ti—45.9A1-8Nb after
240 h of cyclic oxidation (20-h cycles) in air at 800°C

Fig. 7 SEM micrographs of a — scale surfaces and b — cross-sec-
tions after 20, 80 and 340 h of cyclic oxidation of the
Ti—45.9A1-8Nb alloy in air at 800°C (20-h cycles)

spallation. As can be seen in Fig. 7b, scale thickness
increases with oxidation time.

Figure 8 shows SEM micrographs of the scale
surfaces after 120 h of isothermal oxidation at 700,
800 and 900°C. Differences in grain size and shape
are clearly visible. As follows from Figs 7 and 8§, the
grain size of the scale increased with time and temper-
ature of oxidation.

Excellent scale adherence is evidenced in Fig. 9,
presenting a micrograph of a fractured specimen after
the oxidation test at 850°C. A lamellar structure of the
Ti—45.9A1-8Nb alloy is also revealed.

Composition of the scale

Chemical composition of the scale was analysed by
several methods. In Fig. 10A, the X-ray element maps
from a cross-section of the Ti—45.9A1-8Nb sample
oxidised in air for 140 h at 850°C show that alu-
minium as well as oxygen are the main elements pres-
ent on the scale surface. The X-ray element distribu-
tion (Fig. 10B_b) along the line marked in Fig. 10B_a
confirms the presence of aluminium and oxygen in
the outermost layer of the scale. This may indicate
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Fig. 8 SEM micrographs of scale surface after 120 h of iso-
thermal oxidation of the Ti—45.9A1-8Nb alloy at 700,
800 and 900°C

Fig. 9 SEM micrograph of the fractured Ti—45.9A1-8Nb spec-
imen oxidised in air at 850°C for 120 h

that Al and O are components of one phase, i.e. alu-
minium oxide (Al,O3).

The XPS analysis was performed with an
ESCALAB MKII (VG scientific) system equipped
with a dual anode X-ray source (Mg/Al) and a spheri-
cal analyzer. The instrument was set at a constant ana-
lyzer pass energy of 50 eV and Al-K, = radiation
with a photon energy of 1486.6 eV was used for exci-
tation. Spectra were recorded of the Ti 2p, Al 2s,
Al 2p, O Is and C 1s photoelectron lines with a step
size 0of 0.1 eV. The spectra shown in Fig. 11 were cor-
rected for satellites caused by the non-monochromatic
nature of the incident X-ray source. The carbon C 1s
peak (285 eV) was used as internal reference in order
to correct for the shift in binding energy due to charg-
ing of the sample. The surface composition in Fig. 11
was determined from the integrated intensity of the
Ti 2p, Al 2p photoelectron lines by adopting the ele-
mental sensitivity factors [41, 42]. The CasaXPS soft-
ware was used to deconvolute the recorded spectra.
The accuracy of +2 at% was defined by repeating
both measurement and curve fitting. According to the
XPS analysis (Fig. 11), aluminium oxide AlOj; is
probably formed at the early stages of oxidation. In
the oxidised sample, only TiO, is present: the
Ti 2p3/2 peak at 458 eV with a doublet separation
around 5.5 eV, is characteristic of TiO,. In the
non-oxidised sample, TiO, is still the main Ti com-
pound present at the surface, but, clearly, another
peak is also present at lower binding energy. It is dif-
ficult to discriminate between TiO, Ti,03 and metallic
Ti that all have binding energies around 453-454 eV
in the Ti 2p3/2 area. The doublet separation (6.1 eV
for metallic Ti, 5.5 eV for Ti oxides) should permit to
identify the peak but the overlap with TiO, peak
makes it difficult. Only aluminium oxide is present in
the oxidised sample (Al,O; at 74 eV). In the non-oxi-
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Fig. 10 A — BEI and X-ray element maps from the cross-sec-
tion of the Ti—45.9A1-8Nb sample after 140 h of iso-
thermal oxidation in air at 850°C; B_a — SEM
micrograph of scale cross-section after 300 h of cyclic
oxidation in air at 800°C; B_b — X-ray element distri-
bution along the line marked in B_a
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Fig. 11 XPS analysis of Ti—45.9A1-8Nb samples: oxidised for
85 min in air at 800°C and non-oxidised
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dised sample, metallic aluminium is also observed
(71 eV). This metallic aluminium contribution might
be attributed to aluminium from the alloy underneath,
the outer oxide layer being rather thin without any ox-
idation treatment. Quantitatively, after oxidation, the
main phase present in the near surface area is Al,Os.
The ratio of aluminium oxide to titanium oxide on the
surface after 85 min oxidation is 95:5 and it remains
almost constant (around 90:10) after an oxidation
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Fig. 12 TEM image of the scale formed on the
Ti—45.9A1-8Nb alloy after 300 h of cyclic oxidation in
air at 800°C (20-h cycles)

time of about 40 h, independently of the test type
(isothermal or cyclic oxidation).

The X-ray diffraction pattern of the oxide scale
formed on Ti—45.9A1-8Nb during 300 h of cyclic oxi-
dation in air at 800°C (20-h cycles) shows peaks re-
lated mainly to rutile (TiO;) and corundum (Al,O;)
and traces of TiN and Ti50.

Beneath the Al,O3/TiO, layer, there is a mixed
inner layer containing all alloy components and oxy-
gen (Fig. 12). Near the alloy/scale interface, there are
niobium-rich precipitates (bright spots in BEI
Fig. 10A and dark spots in TEM image — Fig. 12).

The TEM image (Fig. 12) shows that the al-
loy/scale interface is slightly undulated, which proba-
bly indicates stress generation in the system during
thermal cycling (alloy/scale CTE mismatch).

The structure of the oxide scale formed on the
Ti—45.9A1-8Nb alloy is complex. According to the in-
vestigations carried out so far, it can be stated that alu-
minium oxide appears on the alloy surface at the early
stages of oxidation. The aluminium depleted zone of
the alloy underneath oxidises to titanium dioxide
doped with niobium. One of possible scenarios of scale
evolution is that titanium dioxide, which is not stable
in contact with the alloy, decomposes, giving rise to
the inner scale layer with non-uniform composition.
This hypothesis requires, however, further studies.

Conclusions

+ Oxidation of the Ti—45.9AI-8Nb alloy, after some
initial period, followed approximately a parabolic
rate law. The initial stages of the reaction probably
involved adsorption and diffusion of gases, as well
as nucleation and growth of oxide grains.

 The parabolic rate constant of oxidation calculated
for the Ti—45.9A1-8Nb alloy at 700°C was compa-
rable with the growth rate of Al,O3 at 900°C on alu-
mina formers (NiAl, FeAl, Ni-based superalloy).

* The two—phase (y+a,) Ti—45.9A1-8Nb alloy had
much better oxidation resistance than the near-o
Ti—6Al-1Mn alloy.
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At 700°C the Ti—45.9A1-8Nb alloy showed very
good cyclic-oxidation resistance for at least
1000 cycles (1-h cycles).

Despite some mass fluctuations in cyclic oxidation
tests, the scale surfaces were uniform without the
symptoms of cracking and spallation. Thin and ad-
herent oxide scales formed on the Ti—45.9A1-8Nb
alloy were composed of three main layers: the out-
ermost very thin layer of Al,Os, the subjacent layer
of TiO, doped with niobium and the mixed inner
layer containing all alloy components and oxygen.
Niobium-rich precipitates as well as aluminium ox-
ide precipitates embedded in a titanium-rich matrix
were present near the alloy/scale interface.

The alloy/scale interface was sound and slightly
undulated. Deformation of the alloy was probably
related to stresses generated in the system upon
scale growth and thermal cycling.

The positive influence of niobium on the oxidation
behaviour of TiAl alloys might be related to the
modification of their mechanical and thermal prop-
erties as well as of the defect structure and transport
properties in the alloy/scale system.

Further studies are necessary to clarify the oxida-
tion mechanism of the ternary Ti—45.9AI-8Nb.
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