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The application of intermetallic y-TiAl-based alloys is limited by the deterioration in strength and creep resis-
tance as well as reduction in oxidation resistance above 750 °C. The deposition of protective coatings is a
promising opportunity to enhance the oxidation resistance or the lifetime with regard to the sustainability by
several orders of magnitude. Moreover, additive manufacturing processes could enable the production of com-
ponents with more complex geometries in the future. Thus, designs of y-TiAl turbine blades with internal cooling
systems could be feasible in the near future. In this context, the deposition of thermal barrier coatings and,
therefore, oxidation protective bond coatings became important. MAX phases are of increasing interest as coating
materials for high temperature applications due to their unique combination of metallic and ceramic properties.
Especially the alumina forming MAX phases such as CrAlC, TioAlC or Ti>AIN are promising coating materials.

In the present work a TiAlC MAX-phase based coating was deposited by DC magnetron sputtering. Using three
pure elemental target materials - Ti, Al and C and a two-fold rotation, a homogenous all-around coating was
applied on the y-TiAl alloy TiAl48-2-2 with a coating thickness of 10 pm. After the deposition process the sto-
chiometric Ti»AlC coating was X-ray amorphous, therefore a post-heat treatment at 800 °C for 1 h was performed
to achieve the desired hexagonal phase. Finally, the MAX-phase coated TiAl48-2-2 alloy was subjected to a cyclic
oxidation test at 850 °C in laboratory air. The Ti;AlC MAX-phase coated TiAl48-2-2 alloy exhibits an excellent
oxidation behavior, due to the formation of a thermally grown alumina top layer with the desired hexagonal
TizAlC MAX-phase below. Extensive TEM analyses also showed the dependence of Al,O3 formation on post-heat
treatment. 6-Al,O3 with a lower protective effect and the concomitant formation of TiN under the TGO was
observed with post-heat treatment in Ar, while post-heat treatment in air lead to the formation of a protective
a-AlpO3 layer.

1. Introduction

Titanium aluminides gained significant attention as advanced ma-
terials for turbine blades in high-temperature environments. These
intermetallic compounds possess exceptional a comparatively to the
common used Ni-based alloys a low density. Due to their high-
temperature stability in conjunction with their good mechanical prop-
erties enables the utilization of y-TiAl alloys as material for turbine
blades e.g. in jet engines by General Electric in the last two stages of the
low-pressure turbine [1,2]. However, their susceptibility to oxidation at
elevated temperatures presents a challenge for their implementation at
service temperatures above ~750 °C. To address this issue, researchers
have explored various protective coating strategies to enhance the
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oxidation resistance of titanium aluminides, thereby extending the ser-
vice life and efficiency of turbine blades. Protective coatings will play a
key role in the future, especially when it comes to the sustainability of
raw materials. Recent research dates demonstrate the high potential and
therefore the opportunity to improve oxidation resistance by several
orders of magnitude through the deposition of intermetallic coatings
such as Al—Si [3-5] or Ti-Al-Cr [6-8]. Moreover, the so called “halogen-
effect” by implementing halogens, especially fluorine, into the surfaces
of TiAl alloys is a smart solution to enhance the service temperature and
is proven by several publications [9-13].

In the future, the possibilities of additive manufacturing techniques
could enable integration of internal cooling channels in turbine blades
made of y-TiAl alloys [14,15]. This would also demonstrate the
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usefulness of depositing complete thermal barrier coating systems con-
sisting of an oxidation protection layer as bond coating and a ceramic
top layer of, e.g. state of the art yttrium-stabilized zirconium oxide as
thermal barrier [16,17].

However, all the currently published investigations of coatings for
v-TiAl, as well as their surface modifications, like the halogen-effect,
enhance the oxidation resistance, but deteriorate the mechanical prop-
erties, in particular the fatigue behavior, of such coated components.
Intermetallic coatings on y-TiAl show a low crack resistance due to the
formation of brittle Al-rich TiAl, Laves- or TisSiz phases. Therefore, the
fatigue properties of coated TiAl components is reduced at room tem-
perature as well as at elevated temperatures [18,19]. Moreover, the
implementation of halogens into the surface of TiAl alloys leads to a
significant reduction in the mechanical properties due to an oxygen
induced surface embrittlement. Hereby, the selective formation of an
Aly03 TGO caused the formation of an Al-depleted zone consisting of the
ap-TizAl phase below the TGO. Unfortunately, the high solubility of
oxygen in the ay-TizAl phase is therefore the responsible factor for the
detrimental surface embrittlement of the TiAl alloys [20,21].

In the present work the usage of the so-called MAX-phases with M =
transition metal like Ti or Cr, A = Si or Al and X = C or N, as coating
material for titanium aluminides could offer a promising alternative.
MAX-phases show both, excellent oxidation resistance, the required
ductility as well as a low solubility for oxygen [22-25]. Unfortunately,
degradation of MAX-phases is observed when applied on various Ti- or
Ni-based alloys caused by interdiffusion processes between coating and
alloy leading to Al-depletion [26,27]. This kind of degradation is
probably not observed when MAX-phases were applied on the compar-
ative Al-rich y-TiAl based alloys. The Al-gradient could lead to an out-
wards diffusion of Al from the substrate alloy into the coating and finally
to a stabilization of a the thermally grown alumina layer with a stable
MAX-phase below. Moreover, MAX-phases as coating material could
prevent the deterioration of the mechanical properties, especially the
fatigue behavior of such coated y-TiAl components in contrast to the
common protective intermetallic, but brittle, coatings. First studies
show the potential of these alumina forming MAX-phases of CrpAlC or
TioAlC as coating material for a y-TiAl-based alloy [28-30]. Due to the
higher thermodynamic stability and chemical compatibility as already
show in the previous works the present paper is focused in the Ti>AlC
MAX phase as protective layer on the alloy already used alloy TiAl48-2-
2.

2. Experimental section

Using direct current magnetron sputtering (DCMS) the MAX phase-
based coating with the stochiometric composition of Ti;AlC (50Ti-
25A1-25C in at. %) were deposited on the y-TiAl alloy TiAl48-2-2 with
the nominal chemical composition of 48 at. % Ti and Al, as well as 2 at.
% Nb and Cr. The substrate material was supplied by GfE-Gesellschaft for
Elektrometallurgie, Nuremberg, Germany. From the extruded and annealed
TiAl48-2-2 rods, disc-shaped specimens with 15 mm diameter and 1 mm
thickness were machined by electrical discharge machining (EDM). The
surfaces of the TiAl specimens were vibratory polished to a surface
roughness below S, = 1.6 pm and finally ultrasonically cleaned in
ethanol.

The Ti,AlC coatings were deposited by using three pure, elemental
targets of Ti, Al and C in a multisource sputter coater IMPAX 1000 HT
system by SVS Vacuum Coating Technologies, Karlstadt, Germany), wherein
up to four different target sources can be used. The low sputtering rate of
C was compensated by spacing the TiAl48-2-2 samples as close as
possible to the C target, while the Ti and Al targets were placed laterally.
During the deposition process, the TiAl samples were rotated two-fold
by a planetary gear to generate a homogeneous bilateral deposition. A
schematic of the multisource sputtering machine is shown in Fig. 1.

An additional heating of the coating chamber was not applied during
the sputtering process, the obtained substrate temperature was self-
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Fig. 1. Schematic of the multisource sputtering facility using DC magnetron
sputtering to deposit the Ti;AlC MAX phase-based coating on the y-TiAl alloy
TiAl48-2-2.

adjusted by the process conditions. Prior to the coating deposition, an
Ar-plasma etching process for surface cleaning using a bias voltage of
500 V and a frequency of 100 kHz was carried out for 15 min. The system
was operated with DC voltage and Ar was used as process gas. The
sputtering parameters during the Ti,AlC coating process are summa-
rized in Table 1. The chemical composition of the achieved Ti-Al-C
coating were measured by glow-discharge spectroscopy (GD-OES).

A post heat-treatment at 800 °C for 1 h was performed, to provide a
fully crystalline microstructure of the Ti,AlC MAX-phase-based coating.
One the one hand a post heat-treatment was carried out under
isothermal conditions in an Ar atmosphere using a heating rate of
400 °C/h. Before the oven was heated up, it was purged three times with
Ar. In addition, a post heat-treatment in dry laboratory air was carried
out under similar conditions. After the one-hour annealing, the furnaces
were switched off and the samples were left to cool down in the oven.

Finally, the oxidation behavior of the TiAlC coating on the TiAl48-2-
2 alloy was tested in a fully automatic furnace cycle test rig at a cali-
brated temperature of 850 °C in laboratory air. Each cycle consisted of
60 min of heating followed by 10 min of cooling assisted by fans to
nearly room temperature.

Metallographic cross sections of the coated specimens were prepared
and analyzed with scanning electron microscopy (SEM) using a DSM
Ultra 55, Carl Zeiss NTS, Wetzlar, Germany equipped with energy-
dispersive X-ray spectroscope (EDS) by Aztec, Oxford Instruments,
Abingdon, UK. All SEM images were taken with a secondary electron
detector at 5 kV. The EDS measurements were carried out at 15 kV using
a working distance of 8.5 mm.

A FEI Helios NanoLab 600i focused Ion Beam/Dual Beam (FIB/SEM)
equipped with UltraDry energy-dispersive X-ray spectroscope (EDS)

Table 1
Sputtering parameters for the production of the Ti,AIC MAX phase-based
coating.

Target power [W] p [mbar] Tsubstrate Ar [ml/ Sputter rate
[°C] min] [pm/h]
Ti Al C 5.9 x 230 300 1.25

4800 3800 1150 1073
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from THERMO FISHER SCIENTIFIC was used 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).

In order to analyze the phase formation after deposition and cyclic
oxidation tests, X-ray diffraction was performed using a Bruker D8
Advance (Cu Ko radiation, EVA/Topas 4.2 software package, Bruker AXS,
Karlsruhe, Germany).

3. Results

3.1. The as-coated state of the TizAlC coating produced by DC magnetron
sputtering

The TisAlC coatings with a thickness of 10 pym produced by DC
magnetron sputtering show good adhesion on the TiAl48-2-2 substrates.
The SEM cross section, presented in Fig. 2a, shows a homogenous,
slightly columnar coating morphology, typical for such PVD-based
sputter layers. The quantitative, chemical composition was determined
by a GD-OES depth profile, which is plotted in Fig. 2b.

The measured nominal chemical coating composition in at. % by GD-
OES, neglecting the preliminary shifts during the initial measure prog-
ress due to impurities on the sample surface, is summarized in Table 2. In
addition, the composition using EDS from the cross sections in the SEM
is shown.

Since a quantitative analysis of carbon is difficult by both GD-OES
and EDS due to impurities on the surface, the focus was on the ratio
between Ti and Al. Here, a slightly higher Al-content in comparison to
the stochiometric composition of the TipAIC MAX-phase (with 50Ti-
25A1-25C in at. %) was intended to compensate the expected Al-
depletion in the coating, due to the formation of an alumina TGO,
when exposed to high temperature environments.

The analysis of the sputter coating using X-ray shows an amorphous
coating microstructure in the as-coated state, due to the low substrate
temperature of 230 °C during the DCMS process, as already shown and
discussed in previous work [28]. Therefore, the post heat-treatments
was obligatory and performed at 800 °C for 1 h, as indicated by the
results of Abdulkadhim et al. [31].
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Table 2
Chemical composition of the Ti>AlIC coating on the TiAl48-2-2 alloy, measured
by a GD-OES depth profile and EDS scan in at. % respectively.

Analytical method Ti [at.%] Al [at.%] C[at.%]  Ti:Al ratio
GD-OES depth profile (average) 53 30 17 1.8
EDS scan 40 24 36 1.7

3.2. Post heat-treatments of the TipAIC MAX phase-based coating on
TiAl48-2-2 @ 800 °C for 1 h

The post heat-treatments were performed in an inert Ar-atmosphere,
as well as in laboratory air at 800 °C for 1 h. The SEM cross sections of
the TiAlC MAX phase-based coating after these two different post heat-
treatments are presented in Fig. 3.

The columnar coating morphology in the as-coated state was closed
after the heat exposures and a homogeneous, dense, and well adherent
TioAlC coating on the TiAl48-2-2 alloy was achieved. In Fig. 3a, the heat-
treated coating in an Ar atmosphere shows no formation of a TGO layer
on the surface. Fig. 3b presents the SEM cross section of the TiAlC
coating after the exposition in laboratory air. Here, an additional ther-
mally grown oxide (TGO) composed of a continuous alumina layer can
be observed on top of the Ti>AlC coating. The outer part of the oxide
layer is composed of a mixture of alumina and titania. The thickness of
the TGO is approximately 400 nm after 1 h at 800 °C.

The chemical composition of the Ti,AlC coatings has not changed
significantly in comparison to the as-coated state when considering the
ratio of Ti and Al, measured by EDS in Table 3. The quantitative content
of C is probably falsified by deposits on the surface and charging effects
during the EDS measurements using SEM. The quantitative analysis by a
GD-OES depth profile was not possible once an oxide layer on the sur-
face is formed, due to the different excitation parameters of the ceramic
TGO and the metallic coating materials below. The alloying elements Cr
and Nb of the TiAl48-2-2 TiAl-based alloy were not detected by EDS in
the Ti>AlC coatings, therefore no interdiffusion processes between the
coating and the TiAl48-2-2 alloy were observed after the post heat-
treatments at 800 °C for 1 h. This was also confirmed by the chemical
composition in the surface of the TiAl48-2-2 alloy.

For a more detailed analysis of the phase formations X-ray diffraction
measurements were performed after the post heat-treatments in Ar as
well as in lab air. The X-ray diffractograms are presented in Fig. 4. The
XRD measurements confirm the formation of the desired TioAIC MAX
phase independent from the atmosphere during the post heat-
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Fig. 2. SEM cross section of the Ti,AlC coating after the deposition process using DC magnetron sputtering (a) and depth profile analysis using GD-OES of the

chemical composition (b).
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Fig. 3. SEM cross section of the Ti>AlC coating after the post heat-treatment @ 800 °C for 1 h using an Ar-atmosphere (a) and dry laboratory air (b).

Table 3

Chemical composition of the Ti,AlC coating on the TiAl48-2-2 alloy after the
post heat-treatment in an Ar-atmosphere, as well as in dry laboratory air using
EDS in at.%.

Atmosphere Ti [at. %] Al [at. %] C [at. %] TiAl ratio
Ar 40 24 37 1.7
lab air 35 21 44 1.7
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Fig. 4. X-ray measurement of the Ti,AlC coating on TiAl48-2-2 after the post
heat-treatment in an Ar-atmosphere and in laboratory air @800 °C for 1 h.

treatments. In particular the reflex at 13° is decisive for this. Reflections
of the y-TiAl phase can also be seen. The extent to which this phase is
only present in the substrate or is also part of the layer cannot be clearly
shown due to the used Bragg-Brentano geometry. In addition, the layer
deposited in the Ar-atmosphere shows reflections that can possibly be
assigned to TiO (rutile). The reflection at approx. 20° can be attributed
to the PTFE, which was used for the fixation of the sample.

3.3. Evaluation of the cyclic oxidation behavior of the TiAlC coating on
TiAl48-2-2 at 850 °C in laboratory air

Finally, the Ti;AlC MAX-phase-based coating on the TiAl alloy
TiAl48-2-2 was tested under cyclic conditions to simulate the near-
application load in aircraft engines at 850 °C in laboratory air.

Fig. 5a presents the SEM cross section of the Ti>AlC coating after
heat-treatment at 800 °C in an Ar atmosphere followed by 20 1 h-cycles
at 850 °C. The TizAlC MAX phase coating formed a layer of pure
aluminum oxide with a thickness of approximately 1 pm on the surface,
showing good adherence, as well as a dense and homogenous micro-
structure. Above the dense TGO of pure alumina, a porous oxide layer of
predominantly TiOy was observed, as shown in the EDS element map-
ping. A close up of the two-layered TGO is shown in Fig. 5a as well.

Below the TGO a homogenous coating was observed with a chemical
composition of 38Ti-20A1-42C in at. % measured by EDS. The elemental
mapping using EDS shows minor diffusion of Cr and Nb from the TiA148-
2-2 substrate material into the coating but could not be measured
quantitatively by EDS. Niobium shows a homogenous distribution in the
overall TiAlC coating, while Cr shows a slight enrichment as a contin-
uous layer in the lower part of the coating in conjunction with a visible
Al-enrichment in the same region.

Fig. 5b shows the SEM cross section of TiAlC coating on TiA148-2-2
after post-heat treatment in Ar-atmosphere for 1 h at 800 °C followed by
50 1 h-cycles of exposure at 850 °C. The coating is already completely
oxidized and a mixed oxide layer of TiO, and AlyO3 was formed. The
TioAlC MAX-phase is completely dissolved and horizontal cracks in the
oxide layer show the onset of degradation of the coating by initial
spallation from the TiAl48-2-2 alloy. Moreover, the surface of the
TiAl48-2-2 alloy presents the formation of a TiOy/Al,03 mixed layer,
similar like on uncoated TiAl-alloys presented in previous works [6].

The degradation mechanisms of the Ti»AlC layer on the TiAl48-2-2
alloy were analyzed in more detail using TEM. For this purpose, a thin
lamella was prepared using focused ion beam (FIB) technique from the
cross-section of the TipAlC coating heat treated in Ar atmosphere
(Fig. 5a) after 20 1 h-cycles at 850 °C.

Fig. 6 shows the results obtained using STEM mode in conjunction
with an EDS element mapping of the interface between the alumina
layer and Ti;AlC MAX phase coating. Below the alumina layer, an Al-
depleted and N-enriched zone of about 100 nm was observed after 20
1 h-cycles at 850 °C in air, indicating the inwards diffusion of nitrogen in
the Ti2AIC coating. Moreover, at the grain boundaries of the Ti,AIC MAX
phase the depletion in Al is visible in addition to the presence of Cr.
Chromium has diffused from the TiAl-48-2-2 substrate material through
the whole Ti;AlC coating to the TGO interface and precipitated pre-
dominantly at the grain boundaries in the coating, while in the TGO no
significant Cr-enrichment could be observed. Niobium, which is also
part of the substrate alloy could not detect in the upper part of the
coating. Titanium and carbon were distributed homogenously in the
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Fig. 5. SEM cross sections of the Ti,AIC coating on the TiAl48-2-2 alloy with associated EDS element mappings after a post heat-treatment in Ar atmosphere for 1 h
at 800 °C and the cyclic oxidation test for 20 (a) and 50 (b) 1 h-cycles at 850 °C in dry lab air.

—

\"i"f"
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Fig. 6. STEM results of the TGO of alumina and Ti,AlIC coating interface with EDS element mappings by a FIB lamellar from Fig. 5a.

TioAlC coating below the alumina layer.

By using the high-resolution TEM (HRTEM) along with selected area
diffraction (SAD) and fast Fourier transform (FFT), shown in Fig. 7, the
alumina layer on the surface could identified as theta-Al»Os3, a transition
metastable polymorph. Moreover, the N-enriched layer below the
alumina layer was determined to be TiN, which indicates the inwards
diffusion of nitrogen from the atmosphere into the surface.

Furthermore, the analysis using STEM with EDS elemental mappings
of the TiAlC coating below the TiN layer reveals a homogenous

distribution of all measurable elements, presented in Fig. 8. The STEM
image reveals a homogenous and fine-grained microstructure with grain
sizes of <500 nm.

By the means of TEM bright field imaging along with HRTEM and
SAD (Fig. 9a) it was demonstrated that the main part of the coating
consists of the desired hexagonal Ti;AlC MAX phase (Fig. 9b). In addi-
tions, the HRTEM (see Fig. 9c) shows the unique nanolaminate structure
of this hexagonal Ti;AIC MAX phase on the TiAl alloy TiAl48-2-2 after
the cyclic oxidation test at 850 °C.
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theta-alumina

Fig. 7. HRTEM along with Fast Fourier Transform (FFT) and Selected Area Diffraction (SAD) images of the TGO with theta-Al,O3 and underlying TiN layer on the Ar
heat-treated Ti,AlC coating on TiAl48-2-2 alloy after 20 1 h-cycles at 850 °C in lab air.

———— 200 nm
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Fig. 9. Bright field (a), SAD (b) and HRTEM (c) images of the Ti,AlIC MAX-phase on the TiAl48-2-2 alloy after 20 1 h-cycles of exposure to 850 °C in air.
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In the lower part of the coating, near to the interface with the TiAl48-
2-2 substrate alloy some small Al- and Cr-rich precipitates were
observed, formed by the outwards diffusion of Cr and Al from the
TiAl48-2-2 alloy into the Ti>AlC coating. Using HRTEM in conjunction
with SAD, these precipitates were identified as the hexagonal CrAl,
phase (see Fig. 10).

Finally, the Ti>AIC coating on TiAl48-2-2 were post heat-treated in
laboratory air for 1 h at 800 °C and afterwards tested under cyclic
oxidation conditions. Fig. 11 presents SEM cross sections with associated
EDS element mappings of the Ti>AlC coating after 100 1 h-cycles of
exposure to 850 °C in laboratory air.

Below a thin TGO of pure alumina a homogenous coating consisting
of the TioAlIC MAX phase was observed by using SEM after 100 1 h-cycles
of exposure. The thickness of the TGO only increased slightly by around
1 pm. After 100 1 h-cycles the TGO consists of two layers similar like on
the post heat-treated TipAlC coating in Ar-atmosphere (shown in
Fig. 5a). The outer oxide layer is interspersed by TiO but is significantly
thinner and less porous compared to the layer shown in Fig. 5a. The
continuous inner TGO of pure alumina shows a dense and homogenous
microstructure with a thickness of about 500 nm.

However, in general, the TipAlC coating shows a good oxidation
protection for the TiAl48-2-2 alloy, when a post heat-treatment in dry
laboratory air is performed.

XRD measurements at room temperature after different cycles of
exposure to 850 °C confirm the stable formation of the desired hexag-
onal TipAIC MAX-phase on the TiAl alloy TiAl-48-2-2 next to Al;O3 up to
the in the present work performed total exposure time of 100 1 h-cycles
at 850 °C. Moreover, the XRD measurement presents the formation of
the stable polymorph of a-Al,O3 directly after the first 20 1 h-cycles up
to the total testing time. Some minor reflections of TiOy (rutile) were
also visible after 20 and 50 1 h-cycles. After 100 1 h-cycles TiO2 could
not detected anymore probably due to spallation of the outer TGO.
However, this does not matter with regard to a long service life due to
the protective AlyO3 layer. The X-ray diffractions after the post heat-
treatment in air again for comparison, as well as after 20,50 and 100
1 h-cycles of exposure to 850 °C are presented in Fig. 12.

4. Discussion

In the present study it could be shown, that physical vapor deposition
(PVD) techniques, especially direct current magnetron sputtering
(DCMS) can be used for the manufacturing of MAX phase-based Ti,AlC
coatings. A film thickness of 10 pm could be obtained, which enables the
application of the MAX phases as protective coating material for high
temperature applications [6,32]. The utilization of DCMS using three
pure elemental targets of Ti, Al and C could compensate the low sputter
rate of C by placing the rotating components directly in front of the C
target. This sample arrangement in the coating chamber by a lower
distance between samples and C source increased the coating deposition

a) b)
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rate by about 30 % compared to the previously published work [28],
where a coating thickness of just 7 pm was achieved by the utilization of
two C-sources in the opposite directions using the same multisource
sputter facility (Fig. 1). Moreover, the high flexibility due to the three
separate elemental targets enable the optimization if the initial chemical
composition of the coating in the as-coated state. Moreover, an initial
higher amount of Al could be made possible, which is suitable and can
compensate the later formation of the protective TGO of alumina. The
achieved nominal chemical composition of 53Ti-30Al-17C (in at. %
measured by GD-OES) with a significantly higher Al amount than the
stochiometric TipAIC MAX phase is optimized for the formation of the
hexagonal Ti;AlC MAX-phase in conjunction with a TGO of pure and
therefore protective alumina on the surface. The slightly lower C content
could not be optimized even by changing the GD-OES measurement
parameters and calibrations several times. However, in conjunction with
the other analytical methods used, in particular X-ray spectroscopy after
the post-heat treatments, a layer composition close to the Ti;AlIC MAX
phase can be assumed.

The initial slightly columnar structure of the Ti,AlC coating corre-
sponds to the well-known structural zone model by Thornton [33,34].
The low process temperature was not sufficient to form a crystalline
microstructure at the self-adjusted substrate temperature by the target
powers of 230 °C (Table 1) without any further heating or a substrate
bias voltage. Therefore, the obtained layer was X-ray amorphous after
fabrication process via DCMS due to a to low adatom mobility during the
coating growth. For high temperature application, a subsequent heat
treatment processes themes essential to densify the layer morphology on
the one hand and to form a crystalline MAX phase in the coating with a
TGO of pure alumina on the surface on the other hand.

4.1. Phase development of the Ti2AIC coating by heat treatments
@800 °C for 1 h in different atmospheres

The post heat-treatments in an inert Ar-atmosphere, as well as in dry
laboratory air were carried out at 800 °C for 1 h to obtain the desired
hexagonal TioAlC MAX phase in accordance with the already published
work by Abdoulkadhim et al. [31]. Hereby, the reflex of the [002] lattice
plane at 13° in the XRD results is crucial for proving the formation of the
TioAIC MAX phase. Using an Ar-atmosphere, as well as dry lab air the
formation of the desired hexagonal Ti;AlC phase could observed by the
X-ray measurements shown in Fig. 4. The remaining reflections could be
assigned here at the y-TiAl phase, which is part of the substrate material
and were probably co-detected by using the Bragg-Brentano
arrangement.

The post heat-treatment in Ar-atmosphere enables the development
of the Ti2AlC MAX-phase on the TiAl48-2-2 alloy independent from any
oxidation processes. The coating provides a homogenous and dense
morphology after the heat treatment at 800 °C for 1 h as required,
without any noteworthy interdiffusion between the coating and the
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Fig. 10. Bright field (a), FFT (b) and HRTEM (c) images of the Cr,Al phase at the lower part of Ti,AlC MAX-phase on the TiAl48-2-2 alloy after 20 1 h-cycles of

exposure to 850 °C in air.
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Fig. 11. SEM cross sections of the Ti,AlC coating on the TiAl48-2-2 alloy with associated EDS elemental mappings after a post heat-treatment in laboratory air for 1

h at 800 °C and a cyclic oxidation test at 850 °C for 100 1 h-cycles in dry lab air.
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Fig. 12. X-ray diffractions of the Ti,AlC coating on TiAl48-2-2 alloy heat
treated for 1 h at 800 °C in air after 0, 10, 20, 50 and 100 1 h cycles at 850 °C in
dry lab air. The measurements were performed at RT.

substrate alloy.

During the exposure to laboratory air the simultaneous formation of
the TipAlC MAX phase and a thin TGO on the coating surface occurs. The
analysis of the TGO was difficult due to the low thickness of the oxide
layer, but the XRD measurements show the presence of TiO5 reflections,
while the analysis of the cross section by SEM suggests a closed and pure
alumina oxide layer with mixture of TiOy and Al;O3 above, see Fig. 3b.
The ratio of Ti:Al (measured by EDS in SEM) in the film did not change in
either case of post heat-treatment. Previous consideration suggested the
assumption, that a simultaneous formation of MAX-phase and TGO from
an amorphous material could lead to an advanced development of TiOy
on the surface, due to the high Ti content in comparison to the Al content
in the Ti2AlC coating. As mentioned in the introduction only MAX-
phases (with A = Al) can enable the formation of pure alumina layer
as TGO's with an Al-content of just 25 at. %, due to their unique com-
bination of the different bonding types in the crystal structure and
therefore the minor binding enthalpy of Al in the MAX phases with A =
Al The outer part of the TGO, which consists mainly of TiO5 could thus
have been formed by oxidation of the Ti-rich amorphous layer, while

Al;03 could have been formed after crystallization and thus the for-
mation of the MAX phase (Fig. 3b).

Basically, the crystalline TioAlIC MAX phase as coating material
provides a good adhesion due to the similar coefficient of thermal
expansion (CTE) in comparison to the y-TiAl-based alloy TiA148-2-2. The
low difference in the CTE is in the same order of magnitude just of 1-2 *
10-6 (K-1) [35,36].

4.2. Cyclic oxidation behavior of the Ti;AlC MAX phase-based coating on
the TiAl48-2-2 alloy

The TiyAlC MAX-phase develops the desired, thin TGO of predomi-
nantly alumina during the cyclic oxidation tests at 850 °C in dry labo-
ratory air, when a post heat-treatment in either Ar-atmosphere or lab air
for 1 h at 800 °C was performed. However, when heat treated in Ar, the
Ti,AlC coating provides an inferior oxidation behavior, probably due to
the formation of a TGO consisting of the metastable polymorph of
6-Al,03 as proven by TEM analysis (Fig. 7). This fast-growing and non-
protective polymorph 6-Al,O3 cannot provide a sufficient oxidation
protection due to its pseudo-cubic defect spinel structure as already
published in previous works [37-39]. In particular the inferior protec-
tive properties of 6-Al;03 for TiAl-based alloys is already published in
previous works [40,41]. Here, the minor oxidation behavior is proven by
significantly higher mass gain during the high temperature exposure.

One suggestion is a support of the formation of 6-alumina by a low
residual oxygen content in the tube furnace during the post heat-
treatment in the Ar-atmosphere, although no oxide layer was visible
in the SEM cross section, see Fig. 3a. However, this could be due to a
poor preparation of the cross section, as a gap has formed between the
layer and the embedding material. Previous research word by Swadzba
et al. have already shown that a lower oxygen content leads to the for-
mation of metastable oxides 0-AlpO3 [42,43]. The growth of the TGO
during the further cyclic oxidation tests could be influenced by the
initial growth of a cubic spinel structure.

Below the alumina TGO formed on the Ar heat treated coating, the
formation of TiN could be observed by analytical STEM method after 20
1 h-cycles at 850 °C, see Fig. 6. The formation of the TiN phase at the
interface between the TGO and TiAlC layer also proves that nitrogen
must have diffused through the Al,O3 layer into the coating. Accord-
ingly, the formed TGO shows also no barrier for nitrogen. TiN oxidizes
rapidly to TiO, during longer exposure times in air and therefore has a
negative effect on the oxidation behavior, as has already been shown in
previous works [44]. In addition, the formation of nitrides should be
avoided, particularly with regard to the mechanical properties of such
coated components. Further TEM investigations must show the extent to
which this diffusion of nitrogen did not occur in the layer post-treated in
air.

Moreover, it is also thinkable that the rapid oxidation during the
cyclic exposure with a heating rate of just a view seconds up to 850 °C is
responsible for inferior oxidation behavior of the crystalline, but bare
TioAlC MAX phase. The post heat-treatment in air could lead as a kind of
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pre-oxidation and therefore to a more subtle and stable conditions and
therefore to the formation of a protective TGO of a-Al;0s3.

However, below the surface layer zone the presence of a nearly ho-
mogeneous coating composed of the desired hexagonal TiAlIC MAX
phase was confirmed by TEM (Fig. 9). The homogeneous MAX phase
zone extends over several pm and therefore once again demonstrates the
promising approach of producing MAX phase-forming coatings for high-
temperature applications using DCMS. The high resolution TEM images
(Fig. 9¢) show the unique nanolaminate structure of this TipAIC MAX-
phase.

In the lower coating area near to the interface of TiAl48-2-2 alloy,
sporadic small precipitates of the CryAl phase were observed. The CryAl
phase was formed due to the outwards diffusion of Cr from the TiAl48-2-
2 substrate alloy into the coating. However, Nb containing phases could
not be observed showing a lower diffusion rate of Nb from the TiAl48-2-
2 alloy into the Ti2AlC coating. Niobium is present in a low concentra-
tion dissolved in the crystal lattice or substituting Ti, as has already been
observed for other intermetallic phases such as TiCr, Laves phases [16].
Further investigations utilizing long-term oxidation tests must show to
what extent the CroAl precipitates increase in size and what influence
this has on the stability and finally the performance of the Ti;AIC MAX
phase-based coating as oxidation protective layer on TiAl-based alloys.

Finally, a post heat-treatment of the Ti;AlC coating in lab air at
800 °C for 1 h and therefore the simultaneous formation of the MAX-
phase with a thermally grown oxide layer of alumina on the surface
shows a much better oxidation behavior during the subsequently per-
formed cyclic oxidation tests at 850 °C. The formation of protective
thermally grown a-Al,O3 on the alloy surface is probably responsible for
this good oxidation behavior. The passivating polymorph a-Al,O3 pro-
vides a well-known protection due to the parabolic, diffusion-controlled
growth rate, which is already well known also for FeCrAl or MCrAlY
alloys and published previous works [45]. Moreover, the formation of
a-Al,O3 could prevent the inwards diffusion of nitrogen and therefore
the formation of a TiN layer below the TGO by its dense hexagonal
closed packed crystal structure. However, further TEM investigations
are necessary for a more detailed analysis of the TGO itself and the
interface between alumina layer and Ti;AlC MAX-phase layer, when a
post heat-treatment in dry lab air for 1 h at 800 °C was performed.
Nevertheless, the present results using SEM with EDS element mappings
(Fig. 11) in conjunction with X-ray measurement (Fig. 12) after different
numbers of 1 h-cycles at 850 °C up to the maximal tested time of 100 h.
reveal the stable formation of protective a-AloO3 as TGO with a appar-
ently homogenous Ti;AIC MAX-phase coating below on the TiAl-alloy
TiAl48-2-2, which is promising for further applications in high tem-
perature atmospheres.

5. Conclusions

The manufacturing process by direct current magnetron sputtering
(DCMS) allows the production of MAX-phase based coatings with a
thickness of 10 pm, which should be sufficient for high temperature
applications. The Ti»AlC MAX-phase applied as oxidation protective
coating can provided a good oxidation behavior on the y-TiAl-based
alloy TiAl48-2-2 for up to 100 h. by cyclic exposure to 850 °C in dry
laboratory air.

The performance of the Ti;AlIC MAX-phase based layer depends
significantly on the formed TGO on the surface. The a-Al;03 polymorph,
which is known to be protective, could be formed by a subsequent heat
treatment after the DCMS process in dry laboratory air at 800 °C for 1 h,
whereas the similar heat treatment in an inert Ar-atmosphere leads to
the formation of meta-stable 0-Al;03 and therefore to a minor oxidation
behavior during the afterwards performed cyclic oxidation tests at
850 °C. For practical application purposes, a heat treatment in air is
preferable since it is simpler and less expensive.
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