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Abstract

Cyclic oxidation behavior at 750-850°C was investigated for Ti42Al1.5Mn3Nb0.1B and
Ti42A11.5Mn3Nb0.1B0.2C0.2Si alloy by using scanning electron microscopy, electron probe
microanalysis, electron backscatter diffraction and X-ray diffraction analysis. The kinetic curves
for both alloys roughly followed a parabolic law, with the oxidation rate constants reduced by
nearly five times compared to that of Ti42AI5Mnl1W alloy at 800°C. Well-protected oxide films
were generated on both alloys at all experimental temperatures, without cracking or spalling of the
oxide layer. The addition of Nb inhibited the growth of TiO, and promoted the selective oxidation
of Al to form a dense and protective Al,O3 layer. What is more, the addition of trace Si further
promoted the oxidation resistance of the alloy, prompting the alloy to generate a denser alumina
layer, which further inhibited the internal diffusion of O and reduced the oxidation mass gain, the
effect of which was more significant at higher temperatures.

Key words B-y-TiAl; Cyclic oxidation; Microstructure; Mn, Nb, Si alloying
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1. Introduction

Intermetallic titanium aluminide alloys represent a novel class of innovative structural
materials for applications up to 800°C with attractive properties of high specific yield strength
and stiffness, as well as superior creep resistance up to high temperatures [1-3]. In contrast to
other high temperature materials, titanium aluminides stand out with the unique combination of
low density (3.9-4.2 g/cm?) and excellent properties, which ideally fits the requirements for
advanced propulsion systems of aircraft and automobile engine parts, making it a lightweight
alternative to conventional Ni-based superalloys [4,5]. However, the poor formability and
inadequate oxidation resistance above 800°C hinder the extensive application of TiAl-based
alloys.

In recent years, B-solidified y-TiAl alloys based on Ti-(42-44) Al (at. %) have drawn the
attention of researchers worldwide due to their excellent formability above 1100 °C [6].
Conventional y-based titanium aluminides solidify peritectically via the hexagonal a-phase exhibit
anisotropic microstructures as well as significant texture and segregation, while B-solidifying TiAl
alloys solidify via body-centered cubic B-phase exhibit isotropic equiaxed as well as texture-free
microstructure with modest micro-segregation [7]. A representative example is the Ti42Al5Mn
alloy developed by Tetsui et al. in 2002 [8], which exhibits excellent hot-deformation behavior
that allows low-cost forging under conventional conditions [9]. However, due to the relatively low
Al content, together with the addition of Mn, which is detrimental to oxidation resistance, the
high-temperature oxidation performance of Ti42A15Mn alloy is not ideal [10].

Various methods have been made to improve the oxidation resistance of TiAl alloys, among
which alloying is one of the most basic and extensive approaches [10-15]. According to the studies
[12,16,17], adding doping elements having higher valence than that of Ti can extensively improve
the oxidation resistance of TiAl alloys. Rutile TiO; is a non-stoichiometric compound, by the
addition of doping elements such as Nb, W, and Ta, the defect concentration in the oxide can be
reduced to maintain electro-neutrality, thus suppressing its formation and growth. Additionally,
other elements like Mo are found to be beneficial to the oxidation resistance via enhancing the
diffusivity of Al to the surface and promoting the formation of Al,O3 [18,19].

In order to design a new alloy that can withstand higher service temperatures, on the basis of

Ti42Al5Mn, some compositional adjustments were made. To enhance the oxidation resistance and
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high-temperature strength of the alloy [3], as well as to prevent possible Laves phase formation
[20], Mn was partially substituted with Nb. Boron is beneficial for heat treatments conducted at
high temperatures by forming stable borides, which can retard grain coarsening by pinning the
grain boundaries [21]. Therefore, for further grain refinement and grain size control, 0.1 at.% B
was added. Small additions of C and Si have been found to have a remarkable improvement in the
alloy's high-temperature strength and creep properties due to the solid solution hardening
mechanism [22,23] or precipitation strengthening effect of carbide and silicide precipitates [24,25].
What’s more, it has been found that adding Nb and Si simultaneously in the coating can
significantly improve its high-temperature oxidation resistance, the synergistic effect of both is
significantly preferable to that when added alone [26]. As a result, 0.2 at. % C and Si were added
to improve the mechanical properties of the alloy and to study their effect on oxidation resistance.
In light of the reasons above, two new alloys: Ti42Al1.5Mn3Nb0.1B and
Ti42A11.5Mn3Nb0.1B0.2C0.2Si, were derived from Ti42Al5Mn. Cyclic oxidation tests were

conducted for both alloys at 750°C, 800°C, and 850°C for 100 h.

2. Experimental procedures

The as-cast P-stabilized TiAl alloys used in this work: Ti42Al1.5Mn3Nb0.1B and
Ti42A11.5Mn3Nb0.1B0.2C0.2Si (hereinafter referred to as 0COSi and 0.2C0.2Si alloys,
respectively) were prepared by one-step vacuum induction melting (VIM) using titanium sponge
(99.9 wt.%), pure aluminum (99.9 wt.%), niobium (99.95 wt.%), and purified manganese (99
wt.%). The measured chemical composition is presented in Table 1. For oxidation tests,
specimens with the dimension of 10 mmx10 mmx5 mm were cut from the ingot by electrode
discharge machine. The surfaces of the specimens were then grounded with SiC papers to

1200-grit, ultrasonically cleaned with alcohol and acetone for 20 min, and finally dried in air.

Table 1 Chemical composition (at. %) of alloys used in this work

Alloys (at.%) Ti Al Mn Nb B C Si

0COSi Bal. 4153 156 292 0.09 - -

0.2C0.2Si1 Bal. 4231 1.63 3.00 0.09 0.185 0.127
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Cyclic oxidation tests were conducted at 750°C, 800°C, and 850°C in a KSL-1200X muffle
furnace. Each cycle consists of an oxidation time of 60 min and a cooling time of 40 min. During
oxidation, each specimen was put into a corundum crucible with cover. Any spallation of the oxide
scale was retained in the crucible. Mass changes of the specimens along with the crucibles were
documented every 10 cycles using a XS105 Dual Range electronic balance (0.1mg precision).
After each measure, the specimen with the crucible was put into the furnace to heat again. Two
samples were tested in identical conditions to verify the reproducibility of the data.

Microstructure morphologies of the two alloys were investigated by using electron probe
micro-analyzer in back scattering model (EPMA-BSE) and electron backscatter diffraction
(EBSD). The surface and cross-sectional microstructure of samples after oxidation were examined
by means of scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy
(EDS). Phase constitution of the oxide scales was identified by X-ray diffraction analysis (XRD)
with Cu Ka radiation. The specimens were scanned in a 26 range of 20°-90° with a speed of
8°/min. The elemental mapping of the samples after oxidation was determined by electron probe

microanalysis (EPMA, JXA-8530F).

3. Results
3.1 Microstructure of as-cast alloys

The initial microstructure of 0COSi and 0.2C0.2Si alloys are shown in Fig. 1. As can be
observed from the EBSD band contrast and grain orientation maps, both alloys exhibit a similar
nearly lamellar (NL) microstructure in the as-cast state with no significant difference in grain size
and orientation. The diameter of the lamellar (c2+y)-colonies are well below 50 pm which is much
smaller than that of Ti42Al5Mn alloy [27]. Due to the high cooling rate, the lamellar spacing is
too small to be resolved at the used magnification. SEM micrographs of both alloys also show
borides with either sharp, needle-like, or rather curved and ribbon-like shapes. These borides
precipitated before the —a reaction, inoculated o nucleation, and contributed to grain refinement
[28]. A small amount of black y phase and white B, phase can be observed around the lamellar
clusters, this is due to the fact that Nb and Mn, as B-stabilizing elements, promote the retention of

Bo-phase in the alloy. The presence of the B, phase distributed around the lamellar colonies inhibits
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the growth of the original a, clusters (a—o02+y), thus controlling the size of the lamellar clusters,
and played a role in grain refinement [29]. All these factors above contribute to the more refined

grains of 0C0Si and 0.2C0.2Si alloys.

Fig. 1 The initial microstructure of (a) 0C0Si alloy and (b) 0.2C0.2Si alloy

3.2 Oxidation Kinetics

Fig. 2(a) shows the oxidation weight gain curves of 0CO0Si and 0.2C0.2Si alloys after 100h
cyclic oxidation at 750°C, 800°C, and 850°C, respectively. It can be seen that the oxidation mass
gain of both alloys increases with increasing temperature, the mass gain of 0.2C0.2Si alloy is
smaller than that of 0CO0Si alloy at all temperatures, with the trend becoming more pronounced at
higher temperatures. As the knowledge of overall oxidation kinetics is crucial in studying the
high-temperature oxidation behavior of the subject alloys, in order to figure out what laws the
curves obey, the relationship between oxidation mass gain and oxidation time is fitted with
Equation (1) [30]:
AM™ =kp -t
(1
where AM represents weight gain per unit area (mg/cm?), n is the power exponent which
represents the value of oxidation reaction index, kj, is the oxidation reaction rate constant

(mg"/(cm?" - h)) and t is the oxidation time (h). Taking In-In plot of the mass gain versus time,

we can obtain:
1 1
InAM ==Int + = lnkp
n n

2)
Fig. 2(b) shows the results of the regression linear fitting on the data points of the InAM — Int

curves. The values of n and kj, can be calculated by Origin software based on equation (2), the

results of which are listed in Table 2.
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Fig. 2 (a) Variation of specific mass gain versus time at different temperatures and (b) their fitting

results

Table 2 Oxidation kinetic equation parameters of alloys after cyclic oxidation at 750 ‘C -850 C

Temperature ('C)  Alloys n k, (mg"/ (cm?" - h))
0COSi 1.62 0.41x 1073
750°C
0.2C0.2Si 1.37 0.64x 1073
0CO0Si 2.27 1.39 x 1073
800°C 0.2C0.2S1 2.17 1.02x 1073
Tid2AI5Mn1IW O 142 5.15x 1073
0CO0S1 1.82 13.06 x 1073
850C
0.2C0.2S1 1.77 9.80 x 1073

The kinetic curve follows a liner law when n=1 while follows a parabolic law when n=2 [12],
the former suggests that the mass gain is proportional to time, which usually implies poor
oxidation resistance, while the latter indicates that the oxidation process is mainly controlled by
ion diffusion, implying a good oxidation resistance of the oxide layer. According to the results in
Fig. 2 and Table 2, at 750°C, the oxidation kinetic curves of 0COSi alloy and 0.2C0.2Si alloy
follow a pseudo-parabolic law, while the curves of both alloys at 800°C and 850°C roughly
follow the parabolic law. The fitting results indicate that the oxidation process of the two alloys is
diffusion-driven during the cyclic-oxidation experiment at high temperatures. The oxidation
reaction rate constants of the two alloys constantly increased with increasing temperature. At

750 C, the oxidation mass gain of the two alloys was small, and the oxidation reaction rate
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constants were similar. Compared to 750°C, the oxidation reaction rate constant for both alloys
almost doubled at 800°C and increased by order of magnitude at 850°C. It is known that a smaller
oxidation reaction rate constant reflects a better oxidation resistance of the alloy [31]. In the
present study, the k,, value for 0.2C0.2Si alloy was significantly smaller than that of 0COSi alloy
at 800°C and 850°C which allows us to conclude that under the oxidation conditions used in this
work, 0.2C0.2Si alloy had a better oxidation resistance. These fitting results are also in good
agreement with the kinetic curve results. In this regard, it is reasonable to infer that the addition of
trace C, Si elements slightly improved the oxidation resistance of the alloy. In addition, cyclic
oxidation mass gain of as-cast Ti42A15Mn1W alloy at 800°C [10] is also added for comparison. It
can be found that under the same experimental conditions, compared to Ti42A15Mn1W, the power
exponent of 0COSi and 0.2C0.2Si alloy are bigger and the value of the oxidation reaction rate
constants are smaller, indicating an improved cyclic oxidation behavior for the new alloys.
3.3 XRD Analysis

Fig. 3 shows the XRD spectra of 0C0Si and 0.2C0.2Si alloy after 100 h of cyclic oxidation at
750~850°C. The oxidation surfaces of the two alloys at 750°C, 800°C, and 850°C are mainly
composed of TiO, and AlO;, the mixture of which can usually be observed during
high-temperature oxidation due to their similar growth dynamics [12]. At 750°C, because of the
small oxide scale thickness, strong peaks of y-TiAl can be observed. With the increase of cyclic
oxidation temperature, the peak intensity of TiO, and Al,O3 became stronger. In addition, for both
alloys, small peaks of TiN and Ti»AIN can also be found at all experiment temperatures. The high
similarity of phase composition in these two alloys indicates that the addition of trace C and Si

does not change the main phase composition of the oxide scale at different temperatures.

Fig. 3 XRD patterns of (a) 0C0Si and (b) 0.2C0.2Si alloy after cyclic oxidation at 750 °C-850 °C
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3.4 Oxide Morphology and composition analysis
3.4.1  Surface Morphology

The surface morphology of 0CO0Si and 0.2C0.2Si alloys after cyclic oxidation at 750°C for
100 h is shown in Fig. 4. As can be seen, a complete oxide layer has been formed on both alloys,
with abrasion marks remaining. TiO; particles on the outermost layer are small and do not
completely cover the outer surface; beneath this layer is a mixed layer consisting of TiO, and
Al>Os visible from the outer surface. No spallation can be observed, indicating a strong adhesion
between the oxide scale and matrix. Fig. 5 and Fig. 6 show the surface morphologies of the alloys
after 100 h cyclic oxidation at 800°C and 850°C, respectively. As can be seen, with the cyclic
oxidation temperature increasing to 800°C, the abrasion marks on the outer surface have become
less visible. As it shows from the magnified image, TiO» particles with crystal structure on the
surface have become more significant, mixed with irregularly shaped AlLOs particles. After 100 h
of cyclic oxidation at 850°C, no traces of abrasion marks can be observed on the surface, the
coarsening and growth of TiO; particles on the surface have become more obvious with the
surface of the outermost layer mainly covered by TiO,, and the proportion of Al,O3 has decreased
significantly. It is worth mentioning that after 100 h of cyclic oxidation at 800°C and 850°C, both
alloys still suffered no cracking or spalling of the oxide film, which proves their superior

high-temperature oxidation properties.

Atomic% § Atomic%
O 69.18 0 62.54
Al 12.96 0 ~ Al 15.44
Ti 16.80 * ; Ti 21.09

0.36 = 0.32

. ' ol .
Skl : : SN ik L D P

Fig. 4 Surface morphologies of the alloys after cyclic oxidation at 750°C: (a) 0C0Si and (b)

0.2C0.2Si1
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Atomic%
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: Ti 14.60
A Mn 0.35

Fig. 5 Surface morphologies of the alloys after cyclic oxidation at 800°C: (a)(b) 0C0Si and (c)(d)

0.2C0.281

\Ti0,+ALO, ~ Atomic?% S AD

A ,/

Fig. 6 Surface morphologies of the alloys after cyclic oxidation at 850°C: (a)(b) 0C0Si and (c)(d)
0.2C0.2Si
3.4.2  Cross-section Morphology

The cross-sectional morphology of the oxide layers of 0C0Si and 0.2C0.2Si alloys after 100 h
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of cyclic oxidation at 800°C and 850°C are shown in Fig. 7 and Fig. 8, respectively. With the
increase of temperature, the average thickness of the oxide scale for 0C0OSi and 0.2C0.2Si alloy
increased from 3.1 pum and 2.1 um to 7.6 um and 6.5 pm, respectively. The oxide scale of both
alloys showed a similar layered structure, as shown in Fig. 8, with the order of
TiO2/Al,03/TiOx+minor Al,O3 from outside to inside. After cyclic oxidation at 850°C, a small
amount of oxide nodules appeared in the oxide layer of 0COSi alloy, except for this, the oxide
layer of both alloys was relatively flat in general and kept a good bonding with the substrate,

without any visible cracking or peeling.

Fig. 7 Cross-sectional morphologies of the alloys after oxidation at 800°C: (a) 0C0Si and (b)

0.2C0.2S1

Fig. 8 Cross-sectional morphologies of the alloys after oxidation at 850°C: (a) 0C0Si and (b)
0.2C0.2Si
The cross-sectional back-scattering EPMA image and elemental mappings of the two alloys
after 100 h of cyclic oxidation in air at 750°C, 800°C, and 850°C are shown in Fig. 9, Fig. 10, and
Fig. 11, respectively. At 750°C, the oxide scales formed on both alloys shared a similar structure;
the layered structure could still be distinguished despite the small thickness. Combined with the
previous SEM results, it can be revealed that the outer surface of the oxide layer is a mixture of

Al,O3 and TiO», beneath it is a dense Al,O3 layer, which shows a dark gray contrast in the images;
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the innermost layer is mainly composed of TiO», which shows a light gray contrast. In the area of
the metallic substrate, enrichment of N, Nb, and Mn elements can be observed; the former is
caused by the internal diffusion of N elements, whereas the enrichment of Nb and Mn is due to the
slower diffusion rate of these elements compared to that of Ti and Al during the oxidation process.
As a result, they did not diffuse simultaneously with Al and Ti outward but stayed in the substrate.
A similar phenomenon can be found in some other Nb, Cr, Mo containing alloys [10,32,33]. As
the cyclic oxidation temperature increased to 800 °C, the thickness of the oxide film increased
significantly, with the layered structure becoming more obvious. The outermost layer is a
discontinuous TiO; layer; beneath it is a dense Al,O3 layer, while the innermost layer is still a
TiOs-rich layer. In both alloys, the enrichment of N, Nb, and Mn elements at the metallic substrate
between the oxide layer and the matrix became more pronounced than that at 750°C, with a higher
degree for 0COSi alloy than 0.2C0.2Si alloy. This is probably due to the denser and more
protective oxide film generated by the 0.2C0.2Si alloy, which better inhibits element diffusion. At
the same time, enrichment of Al in the matrix next to the oxide layer is found in the elemental
mappings, and the Al-rich layer becomes thicker along with the thickening of the oxide layer.

At 850°C, oxide scales of 0C0Si and 0.2C0.2Si alloys showed some variations after 100 h of
cyclic oxidation. The main difference is that in 0CO0Si alloy, some oxide nodules are distributed at
intervals in the oxide layer, which can be found by the elemental mappings to be oxides of Ti and
Mn at the outer part and a mixture of Al,O3 and TiO; in the substrate side. The rest of the oxide
layer of 0COSi alloy is similar to that of 0.2C0.2Si alloy in terms of composition, which both
shared the multilayer structure of TiO2/Al,O3/TiO2+ALO3. For the 0.2C0.2Si alloy, no enrichment
of C/Si elements was observed in the substrate and oxide layer, probably due to the low addition.
The enrichment of Si elements in the elemental mappings in Fig. 10(b) is due to the residue of

SiO; polishing paste.
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Fig. 9 EPMA back-scattering image and elemental mappings of the cross-section of (a) 0C0Si and

(b) 0.2C0.2Si alloys after 100h cyclic oxidation at 750°C

Fig. 10 EPMA back-scattering image and elemental mappings of the cross-section of (a) 0C0Si

and (b) 0.2C0.2Si alloys after 100h cyclic oxidation at 800°C
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Fig. 11 EPMA back-scattering image and elemental mappings of the cross-section of (a) 0C0Si
and (b) 0.2C0.2Si alloys after 100h cyclic oxidation at 850°C

4. Discussion

The present work tested the cyclic oxidation properties of two new Mn-containing alloys
derived from Ti42A15Mn at 750°C, 800°C, and 850°C for 100 h. Based on the above experimental
results, it can be found that both alloys exhibited excellent high-temperature oxidation resistance
at all experiment temperatures, the cyclic-oxidation resistance at 800°C is even better than that of
Ti42A15Mnl1W alloy. The improved oxidation resistance is mainly attributed to the partial
substitution of Mn by Nb in the alloy, which affects ion diffusion and grain refinement by adding
B. The addition of trace Si elements may also play a role; these factors will be discussed
separately in the following.
4.1 Influence of Nb, Mn

During the oxidation of TiAl at high temperatures, diffusion in the oxide layer exists mainly in
two directions, the external diffusion of metal cations and the internal diffusion of O, N, and other
anions [32]. Due to the relatively close thermodynamic Gibbs energy of TiO; and AlO; over a
wide temperature range, oxidation of both tends to occur simultaneously [34,35]. Meanwhile,
since the diffusion rate of Ti is much higher than that of Al at high temperatures [36,37], the
growth rate of TiO; is much faster, finally resulting in the layered structure of oxide layers. The
inability to form a single dense and protective Al,Oj3 layer leads to the lack of high-temperature
oxidation resistance of binary TiAl alloys [16].

Niobium is effective in improving the high-temperature oxidation resistance of TiAl alloys
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[14,38,39], whose main reaction mechanism can be explained by the doping effect. TiO, is the
non-metal deficiency n-type oxide, and within it, oxygen vacancies are considered the main defect.
It grows mainly by a vacancy mechanism that relies on oxygen diffusion through oxide scales.
Therefore, in order to maintain the electroneutrality in the oxide, a doping element with a higher
valence than titanium, such as Nb>", is expected to reduce the oxygen vacancy concentration and
thus inhibit the growth of TiO;. As observed from the EPMA results in Fig. 11, Nb evenly
distributed in the inner TiO layer inhibited its growth and gave the Al element sufficient time to
oxidize to form Al,O;3. This is why after cyclic oxidation at 750°C and 800°C, the TiO» formed on
the outmost layer did not completely cover the alloy surface, and no coarse TiO, columnar crystals
were observed. In addition, Nb elements have also been found to modify the activity of Ti and Al,
reducing the critical content of Al elements required for the formation of external dense alumina
scales [38]. In the present study, Al content in the alloy (42 at.%) is far below the necessary
content required (60-70 at.%) for the formation of a protective aluminum scale in binary TiAl
alloys [40] and lower than that of conventional y-TiAl alloys. However, compared to Ti42AI5Mn,
which generated a thick TiO»/AlbO; mixed layer and suffered severe spallation during the
cyclic-oxidation at 800°C [10], the addition of Nb contributes to forming a continuous and dense
AlO3 layer in 0COSi alloy at all cyclic oxidation temperatures, which hindered the inward
diffusion of O during the oxidation process and greatly improved its high-temperature oxidation
resistance.

Concerning Mn, despite its great benefits in grain size and plasticity improvement of the
alloys [41], many studies have reported its detrimental effects on high-temperature oxidation
resistance [42,43]. Oxidation of Mn was found in some Mn-containing alloys, such as Ti48A12Mn
and Ti48A12Mn1Mo [30], where the presence of Mn was found in the oxide scale. Haanappel et al.
[44] have found that Mn is generally located in the outer part of the oxide scale and oxide cracks
and concluded that the formation of Mn oxide had a detrimental effect on the protectivity of the
alumina-rich scale, which is harmful to the oxygen resistance of the alloy. In Ti42A15Mn alloy, it
was also found that during the oxidation process, Mn will diffuse outward and oxidize to Mn,Os3,
doping with TiO, at the outmost layer, which will make the oxide scale easy to spall off and
damage the high-temperature oxidation resistance of the alloy [10]. However, despite the reduced

Mn content in 0COSi alloy, after 100 h of cyclic oxidation at 850°C, external diffusion and
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oxidation of Mn were still found locally at the oxide nodules (as shown in Fig. 11). Nevertheless,
as seen from the experimental results, presumably due to the low Mn content in the alloy, the
oxide film still maintained good integrity without any peeling. The schematic diagram of the oxide
layer of 0COSi alloy at high temperatures is shown in Fig. 12(a).
4.2 Effect of microstructure

The refined microstructure by adding B and the B-stabilizing elements Nb/Mn in appropriate
amounts may also contribute to the improved high-temperature cyclic oxidation resistance of
0COSi alloy. During cyclic oxidation, thermal and growth stresses in the oxide layer are the
leading causes for cracking and spallation. Due to the difference in the coefficient of thermal
expansion between the oxide layer and the substrate, large temperature variations that exist during
the heating and cooling process during cyclic oxidation will cause thermal stresses, which can
easily lead to cracking. Typically, during the cooling process, compressive stresses exist in the
oxide layer and tensile stresses in the substrate, which can be released through creep behavior and
cracking/spalling of the oxide layer. Tian et al. [45] found that the resistance to spallation of TiAl
alloys with NL structure obtained by heat treatment was significantly higher than that of the alloys
containing more B-phase. Compared to Ti42AI5Mn, smaller grain sizes are obtained due to B
addition. Mn has a stronger [-stabilizing effect than Nb [46]; with an appropriate partial
substitution of Mn by Nb, the residual Bo-phase at room temperature is minimized while ensuring
that the alloy is still solidified via B-phase. As a result, NL structures with fine lamellar sizes were
obtained for the alloy. The fine lamellar structure can facilitate the release of stresses between the
oxide layer and the substrate, thus strengthening the bond between them [47]. This partly explains
why 0CO0Si alloy did not exhibit any spallation at all cyclic oxidation temperatures in the present
study.
4.3 Improvement effect of trace Si

The improved oxidation resistance 0.2C0.2Si alloy than that of 0C0Si alloy at all experiment
temperatures, especially at 850°C, was mainly attributed to the addition of trace amounts of Si. It
was reported that the addition of Si consistently improves the oxidation resistance of TiAl alloys
[43,48,49]. Si has a great affinity with Ti and low solubility in the y phase at both room and
elevated temperatures; therefore, the formation of silicide precipitates like TisSi3 is commonly

observed in Si-containing alloys [50]. These silicide precipitates usually locate below the oxide
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layer in the early stage of oxidation and provide a barrier to oxygen but are then oxidized to form
SiO; in the scale [49]. Moreover, Si is also reported to increase the diffusion coefficient of Al to
promote the formation of a protective AlO; layer [51,52]. Therefore, in the present study,
although no silicide formation was observed below the oxide layer probably due to the low
content of Si (0.127 at.%) addition in the alloy, its high affinity with Ti may, in turn, increase the
activity of Al and favored the selective oxidation of Al. The synergistic effect of Si and Nb further
accelerates the formation of the protective Al,O; layer resulting in a smaller mass gain for the
0.2C0.2Si alloy. Similar findings have been found in studies that adding Nb and Si simultaneously
in the coating can significantly improve its high-temperature oxidation resistance. The synergistic
effect is significantly preferable than added alone [26]. The flatter oxide film with a denser and
more protective Al-rich oxide layer at high temperatures (850°C) better inhibits the internal
diffusion of O and eliminates the oxide nodules that existed locally in the 0COSi alloy. In this way,
the outward diffusion of Mn was also inhibited, without Mn oxides in the outermost layer, thus
reducing the risk of spallation. These factors above finally led to a further improvement of the
high-temperature cyclic oxidation resistance of the 0.2C0.2Si alloy, the schematic diagram of
which is shown in Fig. 12(b).

Although an alloy with better oxidation resistance was obtained by the addition of trace Si, in
this study, the presence of the Si-rich phase was not detected by SEM-EDS and EPMA due to the
low added content and limited by the detection accuracy. Further research needs to be conducted

to clarify its mechanism.

Fig. 12 Schematic diagram of the mechanism for (a) 0COSi alloy and (b) 0.2C0.2Si alloy after
cyclic oxidation
5. Conclusions

(1) Cyclic-oxidation at 750°C, 800°C, and 850°C for 100 h was conducted for two new Mn,

Nb containing alloys with NL structure and fine lamellar sizes derived from Ti42A15Mn. Both
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alloys exhibited improved cyclic-oxidation behavior with a much lower oxidation reaction rate
constant than Ti42A15Mn1W alloy and suffered no spallation of the oxide scale at all experiment
temperatures.

(2) Partially substitution of Mn with Nb significantly reduced the oxidation of Mn and
increased the alloy’s spallation resistance. The addition of Nb inhibited the growth of TiO, and
promoted the selective oxidation of Al to form a dense and protective Al,Os3 layer during the
oxidation process, which effectively inhibits the internal diffusion of O, thereby significantly
reducing the oxidation mass gain, improving the high-temperature oxidation resistance of the
alloy.

(3) The fine lamellar structure facilitated the release of thermal and growth stresses in the
oxide layer during cyclic-oxidation, strengthening the bond between the oxide scale and the
substrate, which partly contributes to the fine spallation resistance of the alloy.

(4) The addition of trace Si elements played a role in the selective oxidation of Al and further
accelerated the formation of the protective AlO3; layer under the synergistic effect with Nb,

resulting in a further improvement in high-temperature oxidation resistance of the 0.2C0.2Si alloy.
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