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The goal of the paper was to elucidate the effect of a TisSiz interlayer on
the high temperature oxidation resistance of the Al-Ti coatings. During
cyclic oxidation at 900 °C for 1000 1 h cycles, the coating system with a
TisSiz interlayer maintained the Al-rich phases of TiAlz and TiAl in the
Al-Ti top layer around 5-10 times longer compared to a coating without
intermediate barrier layer. Moreover, the substrate alloying elements (Nb
and Cr) are suggested to have a noticeably positive impact on the reduced
Al diffusion due to segregations at the grain boundaries in the TisSi3

interlayer.
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1. Introduction
Surface modifications are a feasible way to improve the oxidation resistance of
y-titanium aluminide (TiAl) alloys [1, 2]. So far, the service temperature of TiAl alloys

is limited to temperatures below 800 °C [3-5]. At higher temperatures, TiAl suffers
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from the formation of titanium oxides and nitrides, promoting high oxidation rates and
thus accelerating the failure of the component [3, 5-8]. To overcome this issue, the
formation of the fast-growing oxide of TiO2 needs to be inhibited and a dense and slow
growing oxide need to be formed instead, such as Al.O3 [9]. This can be achieved by
enrichment of the TiAl surface with Al [10] by, for instance, pack cementation
processes [11, 12] or overlaying coatings [13-15], that provide a good oxidation
protection to some extent. At longer oxidation times or higher temperatures these
coatings suffer from the depletion of Al due the formation of alumina as well as the
inward diffusion of Al into the substrate material [11, 13, 16]. Eventually, this leads to
the formation of non-protective oxides and nitrides. However, the addition of silicon to
Al-rich coatings shows an improvement in the oxidation resistance and provides a
decent protection for a longer time and/or at higher temperatures [17-31]. An overview
of the different Si containing coatings for TiAl as well as the development of various
TiAl-Si alloys is given by the recent review [32].

In the Al-Si based coatings, one of the preferentially formed silicides is TisSis.
Since TisSiz provides a homogeneity range [33], it could act as a Ti getter and reduce its
activity [20]. During the oxidation of the Al-rich TiAlz and TiAls phases, TisSiz could
therefore counteract the depletion of these phases by gettering the “released” Ti [21] or
hinder the outwards diffusion of Ti from the TiAl substrate to the coating [20]. In
addition, the formed TisSiz phase, often located at the grain boundaries, could serve as a
diffusion barrier for Al and therefore inhibit the diffusion of Al from the coating into the
substrate [21].

At temperatures below 600 °C, the properties of TisSiz as a diffusion barrier for
pure Al on a Si substrates were already investigated [34]. However, at higher

temperatures no systematical studies were published so far. Therefore, the present work



addresses this question by investigating the properties of the TisSiz phase as a diffusion
barrier for Al at 900 °C on titanium aluminide alloys. Therefore, magnetron sputtering
was used to deposit a TisSiz interlayer on different y-TiAl substrates followed by the
deposition of an 70AI-30Ti (in at.%) top layer. For comparison, an Al-Ti layer was
deposited without the TisSiz interlayer. These coating systems were studied by cyclic
oxidation tests at 900° C. The results obtained within this study provide insight into the
suitability as oxidation protection of these coating system on TiAl for future long-term

applications or at higher service temperatures.

2. Methods

Two different y-TiAl alloys were used as substrate materials: The Nb containing
TNB-V2 alloy (Ti: 46,8 at.%, Al: 45 at.%, Nb: 8 at.%, C: 0.2 at.%) and the Nb and Cr
containing TiAl48-2-2 alloy (Ti: 48 at%, Al: 48 at.%, Nb: 2 at.%, Cr: 2 at.%). The
material was supplied by GFE — GESELLSCHAFT FUR ELEKTROMETALLURGIE. Flat coin
samples with a diameter of 15 mm with a 2 mm borehole for hanging were produced by
electrical discharge machining (EDM). The thicknesses of the samples varied from
1 mm for the TNB-V2 substrate and 2 mm for the TiAl48-2-2 substrate. Vibratory
finishing was used for surface finishing of the TNB-V2 substrates. The TiAl48-2-2
alloy was grinded with SiC emery paper with a grit of 800. All specimens had a
roughness below Sa = 1.6 um and were cleaned ultrasonically in ethanol prior the
coating deposition process.

An industrial size IMPAX 100 HT system from SVS VACUUM COATING
TECHNOLOGY was utilized for the coating deposition by DC magnetron sputtering. The
sputter processes, starting with Argon plasma etching, took place under vacuum with an
argon flow of 300 sccm resulting in a pressure of 5.1x10° mbar. The elemental target

materials of Ti, Al, and Si with purity of >99,99% were supplied by EVOCHEM. The



deposition of the dual layer coating system was applied in a one-batch process.
Therefore, the samples were rotated in a two-fold rotation between the Ti and the Si
target for 75 minutes. Afterwards, the sputtering sources were turned off and the
samples were turned between the Ti and Al targets without venting of the sputter
chamber. The deposition time of the Al-Ti top layer was 4 h. As reference the single
layer coating of Al-Ti without TisSiz interlayer was deposited for 4 h and 24 minutes in
order to achieve a similar thickness as the dual layer coating system with the same
process conditions.

The coating microstructures in the as-deposited condition were analyzed using a
BRUKER D8 ADVANCED diffractometer with a copper X-ray tube in Bragg-Brentano-
geometry. Moreover, the phase development during high temperature exposure in
laboratory air were examined by high-temperature X-ray diffraction (HT-XRD) using
the same system equipped with a high temperature oven chamber HTK 1200N from
ANTON PAAR for in situ investigation. A heating rate of 45 K/min was set for the HT-
XRD analysis starting at room temperature up to 900 °C. During the heating one
measurement was performed every minute. When 900 °C was reached, every
15 minutes one measurement was performed.

Cyclic oxidation tests were performed in a self-constructed automatic test rig
which was calibrated and set to 900°C in laboratory air. One cycle consisted of a 60 min
period in the furnace and followed by a 10 min forced air cooling period in order to
reach temperatures below 50 °C. The weight gains of the single and dual layer coated
samples as well as of the bare TiAl alloys were measured with a ME 5-OCE scale from
SARTORIUS. In addition, XRD measurements were conducted after 10, 50, 100, 500 and

1000 cycles using the BRUKER D8 ADVANCED diffractometer.



The microstructural investigations were performed using scanning electron
microscopy (SEM) as well as scanning transmission electron microscopy (STEM). A
FEI Helios NanoLab 600i equipped with UltraDry energy-dispersive X-ray
spectroscopy (EDS) from THERMO FISHER SCIENTIFIC was used for SEM investigations
as well as for FIB lamella preparation. The high-resolution investigations of the
coatings were performed using Scanning Transmission Electron Microscope (STEM)
FEI TITAN 80-300 operating at 300 kV with Z-sensitive High Angle Annular Dark
Field (HAADF) and Annular Dark Field (ADF) detectors. Both systems allowed a

chemical analysis by energy-dispersive X-ray spectroscopy (EDS).

3. Results

3.1. Investigations of the coating microstructure after deposition by
magnetron sputtering and during heating-up period and the early stage of

isothermal oxidation at 900 °C

Figure la presents the cross-sectional SEM image of the dual layer system on
the TNB-V2 alloy in the as-deposited state. The dual coating of Al-Ti and Ti-Si, as well
as the single deposited Al-Ti layer exhibits an excellent adhesion on the TNB-V2 and
on TiAl48-2-2. The dual layer system shows a coating thickness of 11-12 um in total
whereby about 1.2 pm is related to the Ti-Si interlayer. Moreover, the presence of
elongated vertical pores in the Al-Ti top coating indicates a columnar growth during the
magnetron sputtering deposition process. The 10-11 um thick Al-Ti top layer of the
dual layer system reveals an average chemical composition of 70AI-30Ti (in at.%),
measured by EDS, and a two-phase microstructure with a bright and a dark phase. EDS
analysis of the Ti-Si interlayer showed a chemical composition of 62Ti-38Si at.%.
X-ray diffraction measurement (Figure 1b) revealed the presence of a crystalline

microstructure of the Al-Ti top layer consisting of the metastable tetragonal TisAli1



phase (darker color phase in the SEM micrograph) and the tetragonal TiAlz (brighter
color phase in the SEM micrograph) phase. The reflexes of the TisSis phase from the
interlayer could not be detected by using Bragg-Brentano geometry due to the coating
thickness of the top layer. The TiAls reflexes are not clearly distinguishable from the
TisAly reflexes in XRD. Therefore, the formation of the metastable TisAli1 as well as
the TiAlsz phase were confirmed by TEM. Figure 1c shows a bright field TEM image of
the fine-grained microstructure (< 500 nm) of the Al-Ti top layer. The dark field TEM
image of the same region is presented in Figure 1d which shows the grains that were

analyzed by selected area electron diffraction (SAED) in Figure 1c.
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Figure 1: SEM micrograph of the Al-Ti/Ti-Si dual layer coated TNB-V2 alloy (a) with the corresponding
diffractogram (b) as well as the TEM images of the Al-Ti top layer in bright field (c) and dark field (d)
with the diffraction pattern (e)

The Ti-Si interlayer possesses a columnar morphology (Figure 2a). For a more detailed
analysis, high resolution TEM investigations were performed. The bright field image in

Figure 2b presents a fine microstructure with nanometric grain sizes. Due to the



nanometric grain size the diffraction pattern was created using Fast Fourier
Transformation (FFT) of a HRTEM image (Figure 2c). These patterns revealed that
besides crystalline areas (I and Il) also some amorphous regions (lll) were present.

At the coating-substrate interface some oxide particles are visible which are remnants

from electrical discharge machining and could not be removed by the vibratory polishing

process.

Figure 2: SEM micrograph of the Ti-Si interlayer (a) and HRTEM images of the Ti-Si interlayer (b) with
a magnified area (c) and the Inverse Fast Fourier Transformation (IFFT) along with the corresponding

diffraction patterns created by Fast Fourier Transformation (1, I1, 111)

The phase transformations during the heating-up period up to 900°C in
laboratory air were analyzed by in situ HT-XRD. Sections of the received X-ray

diffractograms (from 40° to 48° 26 in Bragg-Brentano geometry) of each single and



double layer coated TNB-V2 and Ti48-2-2 alloys are presented in Figure 3. The
transformation of the tetragonal TisAli; and tetragonal TiAls phases to the tetragonal
TiAlz phase in the Al-Ti top layer started at around 660 °C as indicated by the
appearance of the peak at around 45°. The low temperature polymorph of the tetragonal
TiAlz phase, further referred to as TiAls (1), started forming at about 750 °C. This was
recognizable due to the peak drifting of the TisAl11 phase at 43.2° and 46.3° to higher
diffraction angles which is in contrast with the peak shift to lower diffraction angles by
the thermal expansion of the lattice. However, in samples with additionally deposited
TisSiz interlayer a third phase formed in the Al-Ti top layer at even higher temperatures

(=775 °C) which was identified as the high temperature polymorph of TiAls, further

referred to as TiAlz (h).
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Figure 3: HT-XRD results of the heating process to 900 °C with a heating rate of 45 K/min. The
temperature was measured at the beginning of each 1 minute XRD measurement. During the
measurement the heating was continiued. a) Ti-Si/Al-Ti dual-layer on TNB-V2 substrate, b) single Al-Ti
layer on TNB-V2 substrate, ¢) Ti-Si/Al-Ti dual-layer on TiAl48-2-2 substrate, d) single Al-Ti layer on
TiAl48-2-2 substrate



Figure 4 presents a section of the XRD scans from 21° to 27° 26 in Bragg-
Brentano geometry over a total time of 50 h at 900 °C. Within the first 15 minutes of
exposure at the constant temperature of 900 °C, the TiAls (I) phase disappeared in both
of the Al-Ti single layer coated samples and therefore is not visible in the XRD scans
(Figure 4b, d). In contrast, the TiAlz (h) phase was present for 8.25 h in the Al-Ti top
layer of the dual-layer coated TNB-V2 sample (Figure 4a) and 14.85 h for the
TiAl48-2-2 sample (Figure 4c). During this time period, no TiAlz (l) formed indicating
a direct transition of the TiAlz (h) phase to the TiAl, phase. On the TNB-V2 substrate
the TiAlz (h) phase disappeared faster. In the single layer coated TNB-V2 substrate, the
TiAlz phase transformed to the tetragonal y-TiAl phase within 35 h. In contrast, the
TiAlz phase is still present after 50 h of oxidation in the samples with additionally
deposited Ti-Si interlayer. After 25 h of oxidation, y-TiAl phase already started to form
in the single layered TiAl48-2-2 sample. With regard to the oxidation behavior, all
coated samples formed the protective a-Al203 phase, which is typical for high Al
containing TiAl phases, such as TiAl, and TiAls. There was no evidence in the

HT-XRD measurements for the formation of TiO..
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Figure 4: HT-XRD results of the oxidation process to 900 °C. A full scan was performed every

15 minutes and the beginning time is plotted on the ordinate. a) Ti-Si/Al-Ti dual-layer on TNB-V2



substrate, b) single Al-Ti layer on TNB-V2 substrate, c) Ti-Si/Al-Ti dual-layer on TiAl48-2-2 substrate,
d) single Al-Ti layer on TiAl48-2-2 substrate

The cross-sectional microstructures of the samples oxidized during the 50 h HT-
XRD experiment are presented in Figure 5 along with EDS line scans. All coated TiAl
samples provide a 0.3-0.5 um thick thermally grown oxide (TGO), consisting of
a-Al>O3, formed as a continuous and dense layer. The Al content in the Al-Ti top layer
is significantly decreased from 60 to about 45 at.% due to the rapid inwards diffusion of
Al into the substrate material on the single layer coated TNB-V2 and Ti48-2-2 alloy.
The dual layer coated TiAl alloys with the additionally deposited TisSis interlayer
exhibit a homogenous Al content of about 60 at.% in the Al-Ti top layer. The Al
inwards diffusion was thereby significantly reduced by the TisSis phase at the
coating/substrate interfaces. The Al content of 60 at.% indicates that the present phase is
TiAl2 whereas a lower Al content of roughly 45 at.% represents y-TiAl phase. The Ti-Si
interlayer is still stable on both dual layer coated TiAl alloys after 50 h of exposure to
900 °C. The thickness of the interlayer (approx. 1.2 um) remained unchanged.
However, the morphology changed from initial columnar structure to a dense layer
enclosing oxide intrusions. The dark oxide precipitates of alumina at the
coating/substrate interface are most likely remnants of the EDM sample preparation as
already seen in the as-deposited condition in Figure 1.

Above and below the TisSis interlayer, small bright precipitates less than 100 nm
in diameter were formed, but could not be clearly identified by SEM. In the TNB-V2
sample, the number of precipitates above and below the interlayer seems to be
comparable. In contrast, in the TiAl48-2-2 sample a higher number of precipitates were
present above the interlayer. Therefore, detailed TEM investigations were performed

and are presented in the section 3.2.
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Figure 5: SEM cross sections of different samples after 50 h of oxidation during the HT-XRD
measurement with the associated EDX line scans in at.%. a) Al-Ti/Ti-Si dual-layer on TNB-V2 substrate,
b) single Al-Ti layer on TNB-V2 substrate, ¢) Al-Ti/Ti-Si dual-layer on TiAl48-2-2 substrate, d) single
Al-Ti layer on TiAl48-2-2 substrate.

3.2. Oxide formation, microstructure and diffusion processes after short time

exposure of 10 cycles to 900°C
The single as well as the dual layer coated TNB-V2 and TiAl-48-2-2 alloy were
cyclic oxidation tested at 900°C in laboratory air without any post-heat treatment. After
10 cycles of exposure, the dual layer coated TNB-V2 and Ti48-2-2 alloys formed a
plate-like oxide (see SEM top view images in Figure 6a and c), whereas on the single
layer coated TiAl samples only very isolated plate-like oxides were visible (Figure
6b, d). Instead of the plate-like oxides, a dense and smoother oxide layer formed on the

single layered samples. Gauthier et al. [11] observed in their study a plate-like oxide



formation on pure TiAls coatings that was found to be the 6-Al.O3 oxide. In comparison
to TiAls, TiAl> formed a-Al203 oxide during oxidation at 900°C [11]. In XRD, no
0-Al>03 was identified which could be the result of its too small dimensions. However,
the SEM top view images in Figure 6 clearly showed the different morphology of the
formed oxides. Moreover, it has been found that in the case of Ni-base superalloys the
plate- or whisker-like morphology doesn’t necessarily indicate the presence of transient
alumina polymorphs since a transformation to the stable a-Al>O3 could have already

took place [35].

Figure 6: Top view SEM images of coatings after 10 cycles of oxidation at 900°C: a) dual layer coated

TNB-V2, b) single layer coated TNB-V2 alloy, c) dual layer coated Ti48-2-2 alloy, d) single layer coated
Ti48-2-2 alloy

Cross sections of the coated samples after the 10 cycles of cyclic oxidation at
900°C were prepared and studied by SEM (Figure 7). On top of the samples a TGO

layer formed which mainly consisted of Al and O, which is in line with the HT-XRD



results that showed the presence of mainly a-Al2O3 (Figure 4). Below the TGO, all Al-
Ti coatings were depleted in Al and thus its content decreased from 70 at.% in the as
deposited condition to around 60 at.% Al after 10 cycles.

In case of the dual layer coated TNB-V2 samples, the region above the TisSi3
interlayer consisted solely of the TiAlz phase, which was identified by EDX (Figure 7a)
and proven by select area diffraction (SAD) using TEM (Figure 8a).

For the dual layer coated TiAl48-2-2 sample (Figure 7c), the Al depletion took
place in two regions: in the top region of the coating, due to Al>Os formation, and close
to the TisSiz interlayer, where minor inward Al diffusion led to its marginal depletion.
Based on SEM-EDX (Figure 7c), in the middle of the top layer the Al content of
roughly 70 at.% was found, indicating the presence of TiAls. Below the TGO and above
the interlayer around 60 at.% of Al suggest the presence of TiAl>. However, TEM
results revealed that above the interlayer TiAls was also present (Figure 9a). This
discrepancy could be a result of the SEM-EDX measurement which excites a larger
volume below the surface and provides averaged results.

In both dual layered samples, the Ti-Si interlayer eventually formed TisSis
without amorphous regions after 10 cycles of oxidation at 900°C (Figure 8b and Figure
9b). The absence of the TisSiz associated peaks in XRD (compared to Figure 16) allows
for the conclusion that the Al-Ti top layer is too thick to be completely penetrated by
the X-ray, therefore TisSiz cannot be detected by XRD. In case of the TNB-V2
substrate, some TiAl, formed below the TisSis interlayer which merges into an Al-rich
TiAl layer (Figure 8c, d). In contrast, only Al-rich TiAl was present below the interlayer
in the TiAl48-2-2 sample (Figure 9c, d).

In the single layer coated samples, the Al depletion was more pronounced

leading to a complete transformation of TiAls to TiAlz (60 at.%) and further to TiAl



(~45 at.%). This indicates a faster Al diffusion compared to the dual layered samples.
As observed after 50 h of isothermal oxidation at 900 °C (Figure 5), bright precipitates
already formed after 10 cycles above and below the TisSis interlayer. In the TNB-V2
sample these precipitates were present above and below the interlayer. In contrast, for

the TiAl48-2-2 sample the precipitates are present above the interlayer.
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Figure 7: SEM cross sections of different samples after 10 cycles of oxidation with the associated EDX
line scans. a) Ti-Si/Al-Ti dual-layer on TNB-V2 substrate, b) single Al-Ti layer on TNB-V2 substrate, c)
Ti-Si/Al-Ti dual-layer on TiAl48-2-2 substrate, d) single Al-Ti layer on TiAl48-2-2 substrate
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Figure 8: TEM analysis of the Ti-Si/Al-Ti dual-layer on TNB-V2 substrate after 10 1h-cycles at 900°C:
a) BF image and selected area diffraction patterns of the areas marked as b-e.
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Figure 9: TEM analysis of the Ti-Si/Al-Ti dual-layer on TiAl48-2-2 substrate after 10 1h-cycles at 900°C:

a) BF image and selected area diffraction patterns of the areas marked as b-e.

Additional STEM analyses were performed after 10 cycles of oxidation to
provide a more detailed understanding of the diffusion processes. The elemental
mapping of the whole interlayer on the TNB-V2 sample shows a homogeneous
distribution of Ti and Si (Figure 10a). In contrast, Al is mainly present within the oxide
particles, which are the residues of EDM, as well as in the substrate and top layer.

However, the Nb content seemed to gradually reduced within the interlayer from the



Nb-containing substrate alloy to the Al-Ti top layer. At a higher magnification of the

interlayer segregation of Nb and Al to the grain boundaries is visible (Figure 10Db).

Al-Ti top layer

Interlayer

Figure 10: STEM EDX mapping of two different regions of the TisSis interlayer on TNB-V2 substrate
after 10 1h-cycles at 900°C with two different magnifications: a) the whole TisSis interlayer b) a higher

magnification of the TisSis interlayer

In the TisSis interlayer on the TiAl48-2-2 substrate a homogenous distribution of
Ti and Si as well as Al-rich oxide particles are also present (Figure 11a). However, Nb
is predominantly present in the substrate and appears to have been blocked from
diffusing into the interlayer. In comparison, Cr is found throughout the interlayer and

accumulated mainly at the substrate/interlayer and interlayer/top layer interfaces. At



higher magnification of the interlayer, it is also clear that Cr segregates preferentially at
the grain boundaries (Figure 11b). A slight segregation of Al along the grain boundaries
can be also seen, nevertheless, Al is also present within the TisSis grains. Nb is
relatively homogeneously distributed in the interlayer and no distinct segregation is

visible.
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Figure 11: STEM EDX mapping of two different regions of the TisSis interlayer on TiAl48-2-2 substrate
after 10 1h-cycles at 900°C with two different magnifications: a) the whole TisSis interlayer b) a higher

magnification of the TisSis interlayer

The precipitates which formed close to the interlayer during oxidation were
studied using TEM and EDS (Figure 12 and Table 1). The region without the
precipitates, above the interlayer, mainly consists of Al and Ti with only minor amounts
of Si and no Cr or Nb (Point 1). Directly below the interlayer, an Al rich region is
present (64 at.%, Point 2) followed by a region with a lower Al content (53.9 at.%,
Point 3). Due to the inward diffusion of Al from the Al-Ti top layer to the substrate the
content of the alloying elements, Cr and Nb, is lower than in the unaffected substrate.
However, the Cr content is reduced more than the Nb content, while Si was not found
below the interlayer. The precipitates, which formed only above the interlayer on the
TiAIl48-2-2 substrates are rich in Si, contain some Cr and no Nb (Points 4-9). Due the
small dimensions of the precipitates the EDS measurements are affected by the

surrounding area. However, it can be assumed that these precipitates are silicides due to

the high Si content.




Figure 12: HAADF images of the dual layer coated TiAl48-2-2 substrate after 10 1h-cycles at 900°C in
TEM with EDS point analysis: a) region around the interlayer on a TiAl48-2-2 sample, b) higher
magnification of the precipitates

Table 1 EDS point measurements of the marked points in Figure 12

Point Al Ti Si Cr Nb
[at.%0] [at.%] [at.%] [at.%] [at.%o]

1 695 297 038 0.0 0.0
2 640 335 00 0.5 2.0
3 539 412 0.0 1.7 3.2
4 131 562 278 238 0.0
5 368 474 134 24 0.0
6 278 456 214 52 0.0
7 408 431 140 22 0.0
8 345 481 161 1.2 0.0
9 527 399 56 1.9 0.0

3.3. Long-term cyclic oxidation behavior at 900 °C up to 1000 1 h cycles

Cyclic oxidation tests were performed at 900 °C in laboratory air for a total of
1000 cycles with 1 h heating and 10 minutes cooling period. Based on these tests the
mass changes versus the number of 1h-cycles were prepared and are shown in Figure
13. The TNB-V2 as well as the Ti48-2-2 alloy coated with the dual layer system,
consisting of Al-Ti top and Ti-Si interlayer, provides a parabolic growth rate up to the
maximal tested time of 1000 1h-cycles at 900°C. Also, the single layer coated Ti48-2-2
alloy without the TisSiz interlayer exhibits a good oxidation behavior due to a parabolic
growth rate up to 1000 cycles. The maximal mass gain of both single- and double-layer
coated Ti48-2-2 alloy as well as of the double-layer coated TNB-V2 alloy stayed below
1 mg/cm? after 1000 cycles of oxidation. The calculated parabolic rate constants Kp, are
listed in Table 2. The Al-Ti single layer coated TNB-V2 alloy shows a parabolic
progression up to 780 1h-cycles at 900°C. At further cyclic exposure the TNB-V2 alloy
without TisSis interlayer deviates from this progression by showing a linear trend. At
the same time of 780 cycles, bright yellow spots formed on the surface, indicating the

formation of TiO, due to significant consumption of Al in the coating.



Overall, the growth constants K of the dual layer coated samples are lower than
those of the single layer coated samples. Interestingly, during the first 250 cycles the
single layered samples showed a lower mass gain whereas at higher amounts of cycles
the dual layered samples exhibited lower mass changes. This phenomenon took place on
both coated TiAl substrates at the same time. The sporadic mass loss of the coated
samples is due to spallation of the oxide layer mainly at the edges and less protected
side surfaces, but did not cause a major damage. In comparison, the uncoated TNB-V2
and TiAl48-2-2 substrates shows a high, linear mass increase up to more than

1.25 mg/cm? after just 100 cycles followed by a rapid mass decrease due to spallation.

T T T T T T T T T
¥ Al-Ti/Ti-Si dual layer on TiAl48-2-2| ‘
@ Al-Ti single layer on TiAl48-2-2 A
15 B Al-Ti/Ti-Si dual layer on TNB-V2
=] A Al-Ti single layer on TNB-V2 4 7]
E TiAl48-2-2 /
5 TNB-V2 d
5 4
E ., A
> onoo® ‘eo00®®
c °
« o  yyvV¥wvIX YVvvy
S $$$vy A
a soe—"? s
@ 0.5 - —*° AbALA .
£ ‘l"" __aaadl s wSEEl spmps N
I PEIIRROVTTE e PR .
ﬁ.ﬂ 3 5 Lk
0.0 -:ll: i
I ' I ' I v i v I v I
0 200 400 600 800 1000
Cycles

Figure 13: Mass change over cycle amounts of the bare, single- and double layer coated TNB-V2 and
TiAl48-2-2 alloys during exposure to 900°C in laboratory air.

Table 2: Parabolic rate constants Kp of the different coatings in mg?/(cm*h) determined
from the cyclic oxidation test and calculated by the method suggested by Pieraggi [36]

TNB-V2 TiAl48-2-2
[mg?/cm*h] [mg?/cm*h]
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The cyclic oxidation tests up to 1000 cycles at 900°C led to the formation of
TiO2 oxide nodules in the single layer coated TNB-V2 samples indicating the failure of
the Al-Ti coating (Figure 14). EDX mappings revealed that Ti-rich regions are present
in the intact area below the TGO indicating the presence of Ti-rich phases of probably
TizAl or TisAlsO2 Z-phase. However, for the Z-phase a higher O content in the Ti-rich
regions would be expected.

The SEM images of the remaining samples, the dual layer coated TNB-V2 and
TiAl48-2-2 as well as the single layer coated TiAl48-2-2 alloy (Figure 153, c, d),
showed only minor differences in the microstructure in comparison with the
microstructure after 10 cycles of exposure to 900°C (see Figure 7). EDS line scans also
revealed the further reduction of the Al-content to below 50 at. %, which indicates the
presence of the y-TiAl phase. However, the TisSis interlayers were still clearly visible
and maintained the same thickness even after the 1000 cycles of oxidation on the
TNB-V2 as well as on the TiAl-48-2-2 alloy. Also, the Si-rich bright precipitates of
probably TisSis, which were already present after 10 cycles of oxidation, are still visible
after 1000 cycles.

In terms of diffusion, the alloying elements - Cr and Nb, showed a different
behavior. In the dual layer coated TNB-V2 sample, the Nb content decreased rapidly
within the TisSis interlayer and then decreased further in the top layer (Figure 15a).
However, right below the TGO the Nb content increased again. For the TNB-V2 sample
without a TisSis interlayer the Nb content also decreased within the top layer, but was

slightly enlarged below the TGO (Figure 15b). In the TiAl48-2-2 samples, the Nb



content in the TisSiz interlayer as well as the Al-Ti top layer in both samples was very
low (<1 at.%) and not clearly determinable, probably because of the minor initial Nb-
content in the TiAl-48-2-2 alloy of 2 at.%. In contrast, Cr accumulated within the TisSi3
interlayer and was present in the Al-Ti top layer of both the dual as well as the single
layer coated TiAl48-2-2 samples. The low Cr content makes its clear determination
difficult but it seemed it has been balanced out in the top layer and corresponded
approximately to the Cr content of the substrate material of 2 at.%. It is already known

that Cr has a higher diffusion coefficient in TiAl than Nb. [37] However, the results in

this paper suggest that Cr could hinder the Nb diffusion in the Al-Ti top layer.

Oxide nodules

Substrate

10 pm
[

Figure 14: SEM cross section of a single layer coated TNB-V2 alloy after 1000 cycles of oxidation with
corresponding EDX mappings



=
&
g
|
o]

: o T
Al-Ti top layer 51
‘ f —~10
=45 &
Ti-Si interlayer | ~G-J~15 Interface |3
® 0207 @
m  ©307 w
351 351
TNB-V2 TNB-V2
401 40
v 45— \ 45 —————
10 ym 45 30 15 0/ 10 um 45 30 15 0
| c (at.-%) | c (at.-%)
i ,
Rlnice; ° —|V R ° 3
Al-Ti top layer 51 2| Al-Titop layer 57 7
ﬁ § Em- \ § ;10-
Ti-Siinterlayer |@ =191 @ 2151
® O _ o o
= Q20 & c 2201
5 3 = E E
é -525' % 3 -00_-525' g
W 0301 i W Qa3 7
TiAl48-2-2 351 é TiAl48-2-2 351 %
- ] E
401 b 401 <
L 45— \ 45—
10 um 45 30 15 0[ 10 um 45 30 15 0
I c (at.-%) | c (at.-%)

Figure 15: SEM cross sections of different samples after 1000 cycles of oxidation with the associated
EDX line scans. a) Ti-Si/Al-Ti dual-layer on TNB-V2 substrate, b) single Al-Ti layer on TNB-V2
substrate, ) Ti-Si/Al-Ti dual-layer on TiAl48-2-2 substrate, d) single Al-Ti layer on TiAl48-2-2 substrate

Finally, XRD measurements were performed at room temperature after various
amounts of cycles to study the phase transformations during the cyclic oxidation tests at
900°C. In Figure 16, sections of the x-ray diffractograms of each single and double
layer coated TiAl-based alloys after 10, 50, 100, 500 and 1000 cycles are presented,
respectively. In the dual layer coated TNB-V2 sample (Figure 16a), no peaks of the
TiAls phase were observed after 10 cycles of oxidation to 900°C. The TiAl. peaks
disappeared completely after 500 cycles. Simultaneously, the intensity of the y-TiAl

phase reflexes increased, indicating the transformation of TiAl> to y-TiAl. In



comparison, in the diffractogram of the single Al-Ti layer coated TNB-V2 substrate
(Figure 16Db), the TiAl> peaks were no longer visible after 50 cycles.

In case of the double layer coated TiAl48-2-2 substrates (Figure 16¢), the TiAls
phase was still present after 10 cycles and disappeared during further oxidation. The
TiAl> phase maintained over 500 cycles and its peaks vanished completely after
1000 cycles. In the single Al-Ti coated TiAl48-2-2 (Figure 16d), the disappearance of
the TiAl, phase occurred already between 100 and 500 cycles. The oxide scale that
formed during the test was found to be mainly composed of a-Al>Os. Just the single

layer coated TNB-V2 samples show significant reflexes of TiO> after 1000 cycles.
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Figure 16: XRD measurements after 10, 50, 100, 500 and 1000 oxidation cycles at 900 °C. a) Ti-Si/Al-Ti
dual-layer on TNB-V2 substrate, b) single Al-Ti layer on TNB-V2 substrate, ¢) Ti-Si/Al-Ti dual-layer on
TiAl48-2-2 substrate, d) single Al-Ti layer on TiAl48-2-2 substrate



4. Discussion

4.1. Behavior of the coatings after the deposition process as well as during the initial

high temperature exposure
The deposition of a double-layered system of a Ti-Si interlayer and Al-30Ti top

layer using a one-batch magnetron sputtering process (in at.%) was successfully
demonstrated within this work. The coating system showed an excellent adhesion on
both tested y-TiAl substrates, TNB-V2 and TiAl48-2-2. The coating microstructure of
the Al-Ti top layer belongs to zone 3 according to the Thornton model [38], providing a
homogenous and dense microstructure (Figure 1). This indicates a high proportion of
the deposition temperature (Ts=723,15 K) and the melting point (Tm) of the top layer.
However, according to Schuster and Palm the melting point of TiAlz and TisAl is in
the range of 1673.15 K and 1723.15 K [39]. With this melting range the Ts/Tm
proportion would be around 0.43 leading to a structure according to zone 1 or T. In
comparison, the Ts/Tr ratio for pure Al (Ts= 938,15 K) is 0.77. This suggests that Al
and Ti is co-deposited but not reacted immediately after the condensation at the
substrate but with a certain delay. During this time period, the high mobility of Al
allowed to form a dense layer due to surface diffusion. Thus, the microstructure
according to zone 3 formed. The interlayer of TisSiz showed a columnar coating
morphology in accordance with zone 1 of the model by Thornton, due to a much lower
Ts/Tm proportion for TisSiz as well as for Ti and Si. Directly after the deposition
process, the Al-Ti top layer as well as the main area of the Ti-Si interlayer exhibit a
mostly crystalline microstructure (Figure 2), which is not commonly observed for
magnetron sputtering processes due to low substrate temperatures [40]. Therefore, the
potential volumetric reduction accompanying the crystallization of the amorphous

regions during the initial heating-up period is omitted, which could result in less



sensitivity for cracking and an improved adhesion between the coating and substrate
materials as well as between the two layers.

The AI-30Ti top layer consisted predominantly of the metastable TisAli; phase
with some minor part of the TiAlz phase. At about 660°C the complete transformation
of the TisAl.1 phase to the expected TiAlz and TiAl> was confirmed by in situ HT-XRD
(Figure 3). The application of this coating for oxidation protection of TiAl-based alloys,
which are commonly operating at temperatures around 750°C and slightly above, seems
possible. Moreover, the HT-XRD measurements of the dual layer coated TiAl-based
alloys confirm the higher stability of the TiAlz phase in the presence of the TisSis
interlayer (Figure 4), which results in a higher Al-content in the coating. SEM analysis
of the cross sections of the coated substrates (Figure 5) confirms the higher Al-content
in the top layer in the presence of a TisSis interlayer after 50 h of oxidation at 900 °C.
Just a minor reduction of the initial Al-content of 70 at% to 60 at.% was confirmed by

EDS line scans.

4.2. Diffusion processes in TisSiz and its potential as diffusion barrier for Al on TiAl-

based alloys
The results in the present work demonstrate the Al diffusion hindering properties

of the TisSis interlayer on TiAl-based alloys. The coating systems with a TisSis
interlayer maintained the Al-rich TiAlz and TiAl> phases around 5-10 times longer than
the single Al-Ti coated TiAl alloys (Figure 16). Moreover, the TiAlz(h) phase was not
observed in the single Al-Ti top layer (Figure 4). According to Braun and Ellner, the
transition temperature of the two TiAls polymorphs (TiAlz(h) and TiAlz(l)) is strongly
influenced by the Al content and varies from 735 °C for the Al-rich TiAls to roughly
900 °C for the Ti-rich one [41]. Therefore, it can be concluded that the fast Al diffusion
between the single Al-Ti top layer and the substrate occurred already during the short

period of heating during the HT-XRD measurement, roughly 20 minutes.



In order to find a possible approach to explain the diffusion-inhibiting properties of the
TisSiz phase, a fundamental understanding of the involved processes is required.
Diffusion in solid states could take place through the lattice (bulk diffusion) or along the
grain boundaries. It is commonly well known that grain boundary diffusion is much
faster than bulk diffusion. However, the volume fraction of grain boundaries is usually
low compared with the volume fraction of bulk grains. Therefore, the total diffusion
flux at the grain boundaries does not necessarily exceed the volume diffusion flux.

To allow bulk diffusion in TisSiz, Al needs to be dissolved in this intermetallic phase.
This happens by substituting Si to form Tis(Al,Si)s [42, 43]. While the maximum
solubility of Al in TisSiz is around 8 at.% [44], de Farias Azevedo et al. found that its
concentration at 900 °C is around 3 at.% [42].

In this work, the different phases in the Al-Ti top layer were formed by solid state
reaction of the elements during initial oxidation at 900 °C. During oxidation, the top
layer consisted of the TiAls, TiAlz> and y-TiAl phases. Except for TiAls, these phases
have a low solubility of Si (maximum of 0.5 at.%) [21, 44]. Thus, the rejection of Si
from the TisSis to the TiAl; or y-TiAl phase leads to a phase formation. To illustrate
this, thermodynamic calculations using the Thermo-calc software [45] and TCTI2
Ti/TiAl-alloys database version 2.2 were utilized to calculate the phase development
when Si is dissolved in TiAlz, TiAl; and TiAl (Figure 17). The calculations show that
already very small amounts of Si (0.05 at.%) provoke a TisSis formation in y-TiAl. The
same behavior occurs for TiAl> where TisSiz and TiAlz form once the total Si content
increases above 0.05 at.% and 0.63 at.%, respectively. In contrast, TiAlz can solve up to
16.4 at.% of Si [46] and thus no phase formation takes place at lower Si contents.
Therefore, the dissolving of Al in TisSiz seemed to be thermodynamically hindered

when TisSiz is adjacent to TiAl and TiAl.. As a result, a very low amount of Al is



dissolved in the TisSiz interlayer which would only allow a minor lattice diffusion flux.
Furthermore, there is no data in the literature on the diffusion of Al in the TisSiz phase
or in general self-diffusion of Al and Si in Tis(Al,Si)s due to the lack on suitable tracers
for Al and Si [47]. Additionally, the diffusion in intermetallic phases is more complex
than in dilute alloys due to their highly ordered structure [47]. These reasons make it

additionally difficult to form a statement on the Al bulk diffusion in TisSis.
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Figure 17: Thermodynamic calculations of the phase fraction of TiAls, TiAl, and y-TiAl phases with

increasing Si content at 900 °C.

In this study, TEM analysis showed a strong segregation of Al along the grain
boundaries of the TisSis interlayer (Figure 10 and Figure 11). This suggests that grain
boundary diffusion is the important factor for the Al depletion in the Al-Ti top layer.
Apart from the segregation of Al, the alloying elements such as Nb and Cr segregated to
the grain boundaries of the TisSis layer as well. A basic attempt to characterize grain
boundary diffusion kinetics can be done by the Harrison’s Classification [48]. For
example, type C kinetics occur when the diffusion takes place along the grain
boundaries without any significant bulk diffusion [48]. On the other hand, type B

Kinetics take place when a certain amount of bulk diffusion occurs and thus the



diffusing atoms can enter into the grains [48]. Interestingly, the grain boundary
diffusion in the interfaces on the different substrates can be characterized as different
types. The interlayer on the Nb-containing TNB-V2 substrate has more characteristics
of type C kinetics whereas on the Cr- and Nb-containing TiAl48-2-2 substrate the
Kinetics are closer to type B.

The alloying elements, such as Nb in the TNB-V2 alloy and Cr in TiAl48-2-2 alloy
exhibit the same types of diffusion kinetics as Al, which allows the assumption that they
affect it. Nb was found to diffuse along the grain boundaries but did not penetrate the
entire interlayer (Figure 10). In contrast, Cr was found at the interlayer/top layer
interface and therefore penetrated it entirely. In addition, Cr entered the grains from the
grain boundaries implying a certain amount of bulk diffusivity. This allows the
conclusion that Cr can diffuse faster in the interlayer than Nb. The reason for this could
be the smaller atomic radius of Cr but also different reactions at the grain boundaries,
such as segregation and phase formation. However, this requires further investigations.
With regard to Al diffusion, there is an opposite trend depending on the element. In the
Nb-containing TNB-V2 alloy the depletion of Al in the top layer took place faster than
in the Cr-containing TiAl48-2-2 alloy. This is especially worth mentioning, since Cr at
the grain boundaries leads to a broader diffusion front, but not to a higher flux of Al. In
the absence of a direct comparison with an interlayer on a pure TiAl substrate it cannot
be clearly determined whether the Cr or Nb segregation has a positive or negative
influence on Al diffusion. However, on the basis of the available results, it can be
assumed that Nb, compared to Cr, could enhance the Al diffusion along the grain
boundaries. The description of an exact mechanism however requires further

investigations.



Another point that requires discussion is the long-term stability of the TisSi3
interlayer. It was shown that even after 1000 h of oxidation at 900 °C, the interlayer is
still present almost unchanged with the initial thickness of 1.2 um. This is also due to
the low solubility of Si in the y-TiAl and TiAlz phases which suppresses the Si
dissolving in the top layer as well as in the substrate alloys. However, during the initial
oxidation, TiAlz is still present adjacent to the TisSis interlayer. Due to the high
solubility of Si in TiAls some of the Si diffuses from the TisSiz phase to the TiAls
phase. When the Al content in the Al-Ti top layer decreases, TiAl starts to form
therefore the dissolved Si is rejected and TisSis precipitates are formed. This mechanism
was already described in a previous work [21] and explains the formation of the bright
Si-rich precipitates above the interlayer (Figure 12).

In any case, in both coated TiAl alloys, TNB-V2 as well as TiAl48-2-2, the Al depletion
was reduced in comparison to the samples without a TisSis interlayer: After 10 cycles of
oxidation at 900 °C, the top layer of the dual layered coated TNB-V2 substrate
consisted completely of TiAl> whereas the single layer coated sample only some TiAl>
regions remained within the top layer (Figure 7 and Figure 8). The layer of the dual
layered coated TiAl48-2-2 substrate even had some higher amounts of the TiAlz phase
present while the top layer of the single layered TiAl48-2-2 substrate consisted of TiAl2
and TiAl (Figure 7 and Figure 9). Therefore, it can be concluded that TisSis effectively
hinders the Al diffusion and counteract the Al depletion. The present results clearly
prove that the dual layer coating systems possess a better oxidation resistance. The
oxidation behavior could be further increased by a TisSisz formation at the grain
boundaries of TiAlz and TiAl, phases in the Al-Ti top layer as described for Al-Si based
coatings [20, 21]. In this case, the Al diffusion towards the substrate is additionally

hindered by a longer diffusion path.



4.3. Oxidation behavior during cyclic oxidation test at 900°C

A mass increase below 1 mg/cm? after 1000 h is commonly taken as the
threshold for oxidation resistance [8]. Both Al-Ti/TisSis dual layered TiAl substrates,
TNB-V2 and TiAl48-2-2, as well as the single Al-Ti layer coated TiAl48-2-2 stayed
below this threshold indicating a good oxidation resistance (Figure 13). The good
resistance based on the high Al content in the top layer and the formation of TiAls and
TiAlz phases, whose excellent oxidation behavior has already been described previously
in literature [11, 49, 50]. In fact, the parabolic rate constants which were determined in
this work are comparable with the literature. Chu et al. showed parabolic rate constants
as low as 32x107°> mg?/(cm* h) for a TiAls coating deposited by sputtered of Al layer on
Ti-50Al (in at.%) alloy with subsequent heat treatment [16]. With a parabolic rate below
10 mg?/(cm* h), the values published by Smialek [49] were within a comparable range
as well. However, the maximum oxidation times reported in the literature were only
100 h which implies that a possible depletion of Al after longer oxidation, as observed
in this paper for the single layer coated TNB-V2 sample after 780 1 h cycles, cannot be
excluded in published data e.g. by Smialek [49] or Chi et al. [16]. The initial higher
mass gain of the dual layered coating systems in comparison to the single layer coatings
is most likely a result of the initial formation of the whisker-like metastable 6-Al>03
(Figure 6) [11]. In the B-NiAl Zr system, the oxidation rate of metastable 6-Al>O3 is
over two magnitudes larger than for the stable a-Al,O3 polymorph. [51] It can be
assumed that this is also the case for the TiAlz phase and would therefore explain the
higher mass increase of the dual layered samples during the first cycled of oxidation. In
comparison, the TiAl, phase which is present in the Al-Ti top layer without the Ti-Si
interlayer develops the stable a-Al,O3 polymorph and provides a lower mass gain

during the initial oxidation time of 250-300 cycles. During further oxidation, the 6-



Al203 most likely transforms to a-Al2O3 and the steady-state oxidation is established
[52]. These results are also in line with the HT-XRD results (Figure 3 and Figure 4)
which revealed that during initial heating the single layered coatings depleted in Al and
therefore the TiAlz phase instead of TiAls was formed. In contrast, the dual layer coated
samples still maintained a higher Al content and therefore TiAlz was present for 5 to

10 h at 900 °C. After cyclic oxidation at 900 °C for 780 h, the single layer coated
TNB-V2 samples showed a rapid linear increase of mass accompanied by the formation
of yellow spots on the surface, most likely. The growth of this non-protective oxide
occurred when the Al content decreased due to Al>Os formation and inward diffusion of
Al from the coating in the substrate. Therefore, the TiAl> phase transformed to y-TiAl
which possesses a limited oxidation resistance [3]. The obtained results (Figure 5 and
Figure 16) show the onset of TiAl dissolution in the single layered TNB-V2 samples
already after 50 cycles. However, the samples showed a decent oxidation protection for
roughly 780 cycles. This allows assuming that an Al-enriched y-TiAl phase still
provides some oxidation resistance, especially when a protective a-Al,Os is already
formed. However, when a TisSis interlayer is deposited on the TNB-V2 substrate,
followed by an Al-Ti top layer, an excellent oxidation resistance was given for at least
1000 cycles at 900 °C (Figure 15). This is clear evidence that the interlayer helps to
increase oxidation resistance. On TiAl48-2-2 substrates, however, the interlayer has a
minor positive effect on the oxidation behavior during the first 1000 cycle. This can be
seen from the lower mass increase of the dual layer coated sample after 1000 cycles.
Nevertheless, it can be assumed that after longer oxidation times a breakaway oxidation
of the single layer coated TiAl48-2-2 could occur whereas the dual layer coated sample

could still show a parabolic mass increase. Longer cyclic oxidation times could reveal



the beneficial properties of the interlayer on the oxidation behavior of the TiAlI48-2-2
sample.

By comparing both single layer coated TiAl substrates, the TiAl48-2-2 alloy did
not show any breakaway oxidation during the 1000 hours at 900 °C. Additionally, the
Al depletion seemed to occur slower in the Al-Ti top layer on the TiAl48-2-2 in
comparison to the TNB-V2 alloy. Both alloys contain Nb, which is known to increase
the oxidation resistance of y-TiAl based alloys [53]. In comparison, Cr can have both a
detrimental as well as a positive effect on the oxidation resistance. A detrimental effect
was observed in y-TiAl alloys with low Cr contents of 6 wt.% during oxidation at
700 °C and 900 °C [54, 55] and with Cr contents of 10 at.% at 800 °C and 900 °C [56].
A positive effect on the oxidation resistance was observed with Cr contents of 10 at.%
at 1000 °C and 1100 °C due to an enhanced scale adhesion of the TGO as well as the
predominant formation of a-Al203 [56]. This so called “Cr effect” decreases the amount
of Al necessary to form a-Al,O3 when at least 8-10 at.% of Ti of the TiAl alloy is
substituted by Cr [57, 58]. However, it is proposed that the Cr effect occurs during the
initial nucleation of the oxides [59]. Since initially no Cr is present in the Al-Ti top
layer and the total Cr concentration in the TiAl48-2-2 substrate is just 2 at.%, it is
unlikely that the Cr effect occurs in this coating. Therefore, it would be expected that
single layer coated the TiAl48-2-2 substrate would have worse oxidation behavior
compared to the TNB-V2 alloy and would be more prone to breakaway oxidation.
However, this is in contradiction to the results in this work. For that reason the higher
Al content in the TiAI48-2-2 alloy (48 at.%), compared with TNB-V2 (45 at.%), seems
to be responsible for a lower driving force and therefore slower diffusion. This in turn
leads to the absence of breakaway oxidation in the single layer coated TiAl48-2-2

sample. After 1000 cycles of oxidation, the single layer coated TNB-V2 sample also



showed regions of presumably TizAl directly below the interface (Figure 14). These

regions could be the starting point for the oxide nodule formation.

5. Conclusions

In this study, magnetron sputtered single layered Al-30Ti (in at.%) coatings
were compared with dual layered coating systems consisting of a Al-30Ti top layer and
a TisSiz interlayer (62Ti-38Si at.%.). Cyclic oxidation tests at 900 °C up to 1000 1-h
cycles were conducted in order to observe the behavior of the coating systems during
high temperature exposure. The following conclusion can be drawn:

1. The application of the TisSis interlayers has been shown to be an
effective way of inhibiting the inward diffusion of Al from the Al-30Ti
top coatings into the y-TiAl alloys — TNB-V2 and TiAl48-2-2.
Microstructural investigations revealed that the diffusion of Al in TisSis
takes place along the grain boundaries. A faster Al depletion of the Al-Ti
coating was observed on the Nb containing TNB-V2 alloy compared
with the Cr and Nb containing TiAl48-2-2 one.

2. Dual layer coating systems significantly increase the oxidation resistance
of Al-Ti coatings at 900 °C under cyclic oxidation conditions.

3. Inthe case of the TNB-V2 alloy, the TisSis interlayer completely
inhibited the break-away oxidation, which was observed for single-layer
Al-Ti coating after 800 1-h cycles at 900 °C.

4. The application of the TisSiz interlayer provided a 15 % lower mass
increase compared to single-layered Al-Ti coating on TiAl48-2-2 alloy

during 1000 1-h cycles of cyclic oxidation.
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