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Abstract:

In this study, the suitability of a magnetron sputtered Al-18Si (at.%) coating as oxidation
protection for a y-TiAl based TNB-V2 alloy was investigated. The coating microstructure and
its changes as well as the evolution of the different phases during the different steps, deposition
process, post heat treatment and isothermal oxidation test, was studied using x-ray diffraction
as well as scanning and transmission electron microscopy.

The well adherent coating provides a homogenous, dense and crack free crystalline
microstructure of Si grains in an Al matrix. The phase evolution analysis during a 20 h post-
heat treatment at 550 °C with in situ x-ray diffraction reveals the complete formation of the TiAlz
phase due to the reaction of Ti from the TNB-V2 substrate and Al from the coating. During
oxidation at 850 °C for 300 h, a thermally grown a-Al>Oz layer was formed providing excellent
oxidation resistance. The formation of a-Al,Os relies on the presence of TiAl; whereas the
silicon acted as a getter for Ti and thus could prevent the formation of TiO-. Furthermore, the
finally formed TisSis phase reduces the inwards diffusion of Al into the substrate and prevents
fast Al depletion in the coating. Moreover, the hierarchical coating microstructure, consisting
of a TiAls matrix with a network-like structure of the TisSi; phase, could be beneficial in terms

of mechanical properties.

1. Introduction

y-TiAl intermetallics offer a high specific strength which makes them attractive for light-weight
applications [1-3]. Additionally, they show a good oxidation resistance below 800 °C [4-6].
Therefore, they are an attractive material for rotating components in aircraft engines to
substitute nickel-based alloys. Today, the GEnx™ and LEAP™ engines are equipped with the
TiAl-based alloy Ti-48Al-2Cr-2Nb (in at.%) in the last two stages of the low pressure turbine
[7]. Pratt & Whitney’s PW1000G-JM engine utilizes the Mo-containing y-TiAl alloy TNM in the
low pressure turbine as well [8].

Current efforts are being made to further increase the oxidation resistance and thus to increase
the service temperature or the lifetimes of components made from TiAl-based alloys.

For this reason, surface modifications like the so-called “halogen effect” [9-11] as well as

overlay coatings [12] can be favorable way to enhance the oxidation resistance independently
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from the substrate properties. Potential coatings are based on aluminum (aluminizing) or
silicon (siliconizing) as elements that form protective thermally grown oxides of a-Al,O3 or SiO-
[13]. Surface aluminizing of TiAl alloys is based on the formation of TiAlz which is known to
form protective Al,Os [14] and thus is a promising approach. The disadvantage of TiAls is its
brittleness, which could lead to cracks and spallation when it is applied as a coating material
and thus the maximum coating thickness is limited [14, 15]. However, thin TiAl; layers are
easily depleted of Al due to the formation of the thermally grown Al.Os top layer as well as due
to interdiffusion processes between coating and substrate material [16, 17].

Surface siliconizing of TiAl alloys leads to the formation of substantial amounts of the TisSis
phase which shows a good oxidation resistance [18-20]. A disadvantage of TisSis, besides the
brittle behavior [20, 21], is the anisotropy of the coefficient of thermal expansion (CTE) which
can lead to micro cracks and therefore to an insufficient protection of the base alloy [22, 23].
Additionally, the oxidation behavior of TisSi; is considerably affected by interstitial elements
and impurities [24].

However, coatings which consist of both Al and Si seem to balance the properties and are
promising to increase the oxidation resistance of TiAl. A variety of different technologies and
processes has been used to produce these coatings: Al, Ti-98Al and TiAls thin films produced
by magnetron sputtering [16-18], arc evaporation coatings (Al-10.61Si and Al) [25-27], Al-Si
and Al-Si-Y coatings by high speed physical vapor deposition (HS-PVD) [28, 29] cold gas
sprayed Al-12Si and Al-20Si [30, 31], slurry coatings (Al-11.95Si) [32] and aluminizing by pack
cementation as well as vapor phase aluminizing [33-38].

However, the co-deposition of Al and Si by magnetron sputtering was not reported in literature
so far and could be a useful supplement since it allows a precise control over the process and
coating composition. In addition, magnetron sputtering enables different coating designs,
including multi-component [39] or multilayer coatings [40].

In the present paper, a novel magnetron sputtered Al-18Si (in at.%) coating is introduced.
Fundamental investigations were carried out to understand the phase evolution and processes
during the required post heat treatment as well as the subsequent oxidation behavior. These
studies included in situ high temperature x-ray diffraction (HT-XRD) measurements to track
the phase evolution during annealing, which allowed the development of a heat treatment for
the investigated coatings. Additional, TEM analysis helped to investigate and describe the
nanostructure of the coatings after the heat treatment as well as the isothermal oxidation at
850 °C for 300 h.

2. Materials and Methods

The y-TiAl based alloy TNB-V2 (Al: 45 at.%, Nb: 8 at.%, C: 0.2 at.%;) was used as substrate
material. The material was supplied by GFE — GESELLSCHAFT FUR ELEKTROMETALLURGIE. Flat
coin samples were produced from an extruded and annealed rod by electric discharge
machining with a diameter of 15 mm and a thickness of 1 mm. Additionally, a hole of 1 mm

was drilled in each specimen for fixation during the deposition process and the oxidation tests.
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For surface finishing the samples were polished by vibratory finishing with a centrifugal disc
finishing machine TE 10 HD from AVATEC. Prior to coating deposition all samples were
cleaned in an ultrasonic bath with ethanol.

The coating was produced by DC magnetron sputtering in an industrial size IMPAX 1000 HT
system from SVS VAcuuMm COATING TECHNOLOGY. The specimens were positioned between a
pure Al (99.99%) and Si (99.999%) target and turned in a twofold rotation during the sputter
process. The chamber was preheated to 200 °C and remained at this temperature during the
whole process. Ar was used as process gas and the flow was set to 300 sccm, resulting in a
pressure of 5.1*10° mbar. Before the actual deposition process a 15 min plasma etching was
performed with a BIAS voltage of -500 V in order to clean the surface. The deposition itself
took 4 hours.

A thermal post-treatment was performed during high temperature x-ray diffraction (HT-XRD)
measurements in a D8 advanced diffractometer from BRUKER equipped with a high
temperature oven chamber HTK 1200N from ANTON PAAR for an in-situ investigation. A
temperature of max. 550 °C and a time of 20 h were chosen. The HT-XRD measurements
were performed in air as well as in a vacuum atmosphere (< 10 mbar) and the heating rate
was in both cases 5 K/min. Bragg-Brentano geometry was used for HT-XRD as well as for the
room temperature XRD measurements where the same diffractometer was utilized.

A scheme of the chamber is illustrated in Fig. 1. For the measurement, the sample is placed
on a ceramic carrier where the thermocouple is mounted. In vacuum the sample is only heated
by radiation and a thermal gradient occurs within the carrier resulting in a lower measured
temperature. When measuring in air, the whole volume within the chamber is heated leading
to a homogenous temperature in the carrier and a more accurate temperature measurement.
Due to these inaccuracies, the heat treatment in air at 550 °C for 20 h was repeated utilizing a
calibrated box furnace N11/H from NABERTHERM GMBH. An isothermal oxidation test was

performed at 850 °C for 300 h in lab air in the same box furnace.

Vacuum Air

Thermocouple

Fig. 1: Simplified scheme of the high-temperature chamber

when measuring in vacuum (left) and air (right)

The specimens were analyzed by scanning electron microscopy (SEM) utilizing a FEI Helios
NanoLab 600i equipped with energy-dispersive X-ray spectroscopy (EDS). The same system
was used for preparation of thin lamellas via focused ion beam technique for the analysis using

transmission electron microscopy (TEM). The scanning transmission electron microscopy
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(STEM) investigations were performed using a FEI TITAN 80-300 equipped with X-FEG (Field
Emission Gun) operated at 300kV accelerating voltage and EDS detector.

3. Results

3.1. Microstructure of the Al-Si coating after deposition by magnetron sputtering

The AI-Si coating deposited by magnetron sputtering shows a thickness of 11 um which
corresponds to a deposition rate of around 2.75 um/h. The coating provides good adhesion to
the TNB-V2 substrate material. A SEM cross section is presented in Fig. 2a. The coating
microstructure consists of small Si grains (< 2um) with an elongated globular shape embedded
in an Al matrix at the lower coating part (3-4 um) near to the substrate interface, while in the
upper coating part the Si grains have a more branched structure.

The corresponding XRD measurement, shows a crystalline coating microstructure of Si and Al
phase, see the section presented in Fig. 2b. Some minor peaks of the tetragonal y-TiAl phase
are visible which belong to the substrate material and partially overlap with the Al peaks.

The coating composition after the deposition was 18 at.% Si and 82 at.% Al measured by
energy dispersive X-ray spectroscopy using a statistical area scan of the cross section. Neither
Ti nor Nb from the TNB-V2 substrate was found within the coating.
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Fig. 2: SEM cross section of the Al-Si coating on a TNB-V2 alloy in the as coated condition
which was deposited at 200 °C substrate temperature with the transition line between mostly

globular and columnar grained areas (a), and section of the corresponding x-ray diffractogram

(b)

3.2. Thermal post-treatments of the Al-18Si (in at.%) magnetron sputtered coating

To obtain high temperature stable phases, a heat treatment in vacuum and lab air was
performed in a HT-XRD unit with in situ investigation. The corresponding x-ray diffractograms
are presented in Fig. 3. The first phase that disappeared due to interdiffusion and phase
formation processes between the Al-18Si (in at.%) coating and the TNB-V2 TiAl alloy was the
silicon phase. By annealing in a vacuum atmosphere, after 2 hours no silicon reflexes could

be detected anymore.

Intermetallics (2021), Bauer et al., https://doi.org/10.1016/j.intermet.2021.107177 5


https://doi.org/10.1016/j.intermet.2021.107177

Simultaneously, TiSi» formed during the heat up and thus the corresponding peak is present
after heating to 550 °C. The TiSi> peak intensity increased slightly during further annealing but
eventually disappeared after 5 hours. Due to overlapping peaks it cannot be clearly
distinguished in XRD if the present phase is the TiSi> phase or the related ternary 12-Ti(ALSi1x)2
phase. However, the following results suggested that the present phase is the ternary
T2-Ti(ALSii1«)2 Phase.
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Fig. 3: Sections of high temperature XRD scans performed in situ at 550 °C at certain times

performed in a vacuum atmosphere (left) and in lab air (right)

It is suggested that Al reacted with the Ti during a longer heat treatment and formed TiAls. This
is represented by the dropping intensities of the Al peaks in the diffractograms, leading finally
after 20 h to their disappearance. The Ti was provided by the substrate and the reaction could
have taken place by inward diffusion of Al in the substrate as well as outward diffusion of Ti
into the coating.

Additionally, at elevated temperatures the y-TiAl peaks from the substrate material become
visible due to the different volumetric changes of pure Al and y-TiAl phase. The Al peaks are
shifted to lower diffraction angles during heat up which causes the separation of the different
peaks. Over time, the intensity of the y-TiAl peaks decreases due to the increase in layer
thickness caused by interdiffusion processes between coating and substrate.

After 20 h of heat treatment at 550 °C, the Al peak disappeared and no major changes in the
intensity of the remaining peaks are recognizable anymore. A complete transformation of the
Al-Si coating into the high temperature stable TiAlz due to interdiffusion processes could be
observed. No Si containing phases were visible in the diffractograms after 20 h. This indicates
either a solubility of Si in the measured TiAlz phase and/or too small dimensions of potential Si
containing phases for the detection by XRD. The Al-Si coated TNB-V2 sample which was
exposed to air shows a similar but overall slower phase transformation in comparison to the
sample which was exposed in a vacuum atmosphere. The reason for the different reaction
kinetics is probably related to a discrepancy in the actual and the measured temperature

induced by differences in the heat transfer between vacuum and air conditions.
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Therefore, the Al-Si coating exposed to vacuum was exposed to slightly higher temperature
than the set 550 °C. Since no melting was observed, recognizable by the presence of the Si
peak in the diffractograms, the actual temperature was below the Al-Si eutectic temperature of
577 °C [41]. Oxide formation could not be detected in XRD measurements.

SEM analyses of the Al-Si coating on TNB-V2 alloy after 20 h of exposure to 550°C in air and
high vacuum atmosphere are presented in Fig. 4. The cross sections reveal an increase in the
coating thickness of around 6 um for the vacuum annealed sample (Fig. 4a) and 4 um for the
air annealed one (Fig. 4b) due to the outward diffusion from Ti and Nb from the TNB-V2
substrate material into the coating as well as Al inwards diffusion into the substrate. The main
phase in the coating is the tetragonal TiAls-phase, as found by XRD, with a Si content of around
9-10 at.%, confirmed by EDS (see Fig. 5). However, since up to 16.4 at.% Si can be dissolved
in the TiAl; phase at 550 °C [42], the Si-rich TiAl; phase will be denoted as Ti(Al,Si)s. This is
confirmed by EDS-line scans that show a Si content of around 9-10 at.% (Fig. 5).

In the vacuum annealed specimen, the shape of the Ti(Al,Si)s grains varied from globular
microstructure at the top of the coating to columnar at the interface between coating and
substrate material (Fig. 4a). The sample that was annealed in air in a box furnace shows a
comparable microstructure consisting of columnar and globular grains (Fig. 4b). However, at
the surface also columnar grains are present. In the middle of the coating the grains are
globular. Additionally, an interface between different grain morphologies is present at the upper
region of the coating.

A Si-rich phase was formed as a thin interlayer between the coating and the substrate in the
air as well as in the vacuum annealed sample (Fig. 4c-d). The thickness of the interlayer was
higher for the vacuum annealed sample (~0.5 um) in comparison with the air annealed sample
(~0.2 um). These interlayers showed a columnar structure. Beside the interlayers, a Si-rich
phase was present as grains close to the surface and as small precipitates in the columnar
Ti(Al,Si); grains after both types of heat treatment.

The EDS line scans exhibited a rather homogeneous elemental distribution along the coating
thickness. A slightly higher Si content is detectable close to coating/substrate interface,
especially in the Al-Si coating which was exposed to the vacuum atmosphere. This matches
with occurrence of the Si-rich interlayer, which was observed in the SEM cross sections (Fig.

4c-d). Oxygen was not found within the coating in the air annealed sample.
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Fig. 4: SEM micrographs of the TNB-V2 samples coated with Al-Si: a) after annealing in
vacuum in HT-XRD, b) after annealing in air at 550°C for 20h in a box furnace, Interlayer at the
substrate/coating interface of the vacuum (c) and air (d) annealed sample.
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Fig. 5: EDS line scans through the AI-Si coatings on TNB-V2 alloy of the vacuum annealed
(left) and air annealed (right) sample

TEM analysis, presented in Fig. 6, was performed to identify the phases and the small Si-rich
precipitates. Selected area diffraction (SAD) analysis confirmed the tetragonal Ti(Al,Si)s as the
main present phase (Fig. 6a-b). Moreover, high resolution TEM (HRTEM) investigations
revealed the presence of nanometric precipitates distributed uniformly within the TiAl; phase
(Fig. 6¢€). Since the selected area aperture is not capable of isolating such small precipitates,
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Fast Fourier Transform (FFT) was obtained from the precipitate shown in Fig. 6¢ and allowed
to identify it as orthorhombic TisSis (Fig. 6d).

78,
231p°

002,
aC

TiAl, [231]

TisSi, [124]

Fig. 6: TEM bright field image of the columnar TiAls phase
area with Si-rich precipitates (a), corresponding Selected
Area Diffraction Pattern (SADP) of the tetragonal TiAlz phase
(b), high resolution TEM (HRTEM) image of a Si-rich
precipitate (¢) with the corresponding Fast Fourier
Transform (FFT) pattern, which reveals the orthorhombic
Ti5Si4 phase (d)

In order to understand the phase transformation mechanism, further heat treatment at 550°C
in a vacuum atmosphere was conducted in the HT-XRD system but was interrupted after 2 h
when TiSi, peaks become visible. The coating consists of a nearly pure Al top layer of 6-8 um
and the reaction zone of 2-4 um at the coating/substrate interface which is shown in Fig. 7.
The corresponding EDS measurements are summarized in Table 1. The top layer consists of
Al and a minor amount of Ti. No Si was detectable in the top layer indicating that all Si reacted
with the Ti within the reaction zone at the coating/substrate interface. The TiSi, phase which
was identified in XRD (see Fig. 3) contains a noticeable amount of Al, as found in EDS. This
suggests that the present phase is the ternary, orthorhombic T1.-Ti(AlxSi1-x)2 phase [43-45] since
the solubility of Al in TiSi. is only 0.4 at.% [46]. As mentioned above, the TiSi> and T2-Ti(AlSiz-
x)2 have overlapping peaks and thus cannot be clearly distinguished by XRD. Additionally, a
Ti(Al,Si)z interlayer formed between the substrate and the T1.-phase. Besides that, a thin Si rich
layer is already visible at the Ti(Al,Si)s substrate interface (Fig. 7b). This layer is comparable
to the one which can be observed in the 20 h annealed specimens. Bright precipitates are also
visible in the T>-Ti(AlSi1x)> as well as in the Ti(Al,Si)s phase regions(Fig. 7b, c). Due to the

elemental contrast of the backscatter electron detector it is very likely that these precipitates

Intermetallics (2021), Bauer et al., https://doi.org/10.1016/j.intermet.2021.107177 9


https://doi.org/10.1016/j.intermet.2021.107177

are rich in Si and Ti. This indicates that the orthorhombic TisSis precipitates which are detected

after the 20 h annealing were formed during a quite early stage of heat treatment.

Nb was found in the reaction zone as well. In literature a solid solution of TiAlz and NbAIls; over

the complete pseudobinary section was described [47]. Thus, it can be assumed that the Nb
is present as (Ti,Nb)(Al,Si)s. No data for the solubility of Nb in T2-Ti(AlSi1-x)> are available which

prevents a final statement on Nb. However, Nb could probably substitute the Ti in the T,-phase

as well.

Fig. 7: SEM micrographs of the Al-Si coated specimen after
annealing for 2h at 550 °C in vacuum atmosphere with
corresponding the EDS measurements listed in Table 1 and
detailed sections of the Ti(Al,Si)s (a) and 12-Ti(AlxSiix)2 (b)

phase regions

Table 1: EDS measurements of the marked points in Fig. 7 in

at.%
Point Al Si Ti Nb
[at.%] [at.%] [at.%] [at.%]
X1 99.7% 0.0% 0.3% 0.0%
X2 16.8% 49.2% 29.1% 4.9%
X3 46.2% 22.5% 26.7% 4.6%
X4 44.9% 0.0% 46.9% 8.2%

3.3. Oxidation behavior of the Al-Si coating at 850°C for 300h

The Al-Si coated TNB-V2 alloy samples exposed to vacuum and air at 550°C show a similar

behavior during the heat treatment. Therefore, in the following section only the vacuum

annealed sample will be described in detalil.
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Isothermal long-term oxidation testing at 850 °C for 300 h in laboratory air shows the
development of a hierarchically network-like structure, further referred as network, within the

Al-Si coating and a thermally grown oxide (TGO) on top (Fig. 8).

’

Loose network:
TisSis+(Ti,Nb)AI;

L

Dense network:
TisSi;+(Ti,Nb)Al;

FIB milling
area

TisSis+(Ti,Nb)Al,

TisSis+ TiAl, or 5 pm
Al enriched TiAl

Fig. 8: SEM micrographs of the isothermal oxidized samples (850 °C, 300 h in air) that was

thermal post-treatment in vacuum and corresponding EDS element mapping

Considering the EDS element mapping in Fig. 8 and the corresponding XRD diffractogram
(Fig. 9), the TGO scale consists mainly of a-Al.Os with some traces of TiO.. Further, some
bright Ti and Si-rich precipitates of probably TisSis are present within the TGO as well as a N-
rich layer between the TGO and the Al-Si coating which is visible in the EDS mapping.
However, in XRD no nitrides were detected which is due to the small dimensions of this layer.
The thickness of the TGO was around 3.3+£0.4 pm, as measured in the SEM cross sectional
image.

Below the a-Al,O3 scale, the coating can be separated into different regions. Directly below the
TGO, a network of TisSiz has formed that surrounds the Al-rich phases such as TiAl,, TiAlz and

probably partially NbAl; whereby the majority of the Nb seems to be present within the TisSis.
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Fig. 9: XRD section of the Al-Si coated TNB-V2 specimen after isothermal exposure to 850 °C
for 300 h in lab air.

Additionally, after the oxidation tests small Si-rich precipitations (<500 nm) are still present
within the aluminide matrix (Fig. 10a) as well. A TEM-EDS mapping showed that these
precipitates are rich in Si and Ti which suggests that those are also the TisSiz phase as
described in previous work [48]. Additionally, in line with the literature, an uneven distribution
of Nb was found within in the TisSis precipitation as well (Fig. 10b).

7/ R
b)

Fig. 10: STEM-HAADF micrograph of the loose network with

the Si-rich precipitation from the 300 h at 850 °C isothermal
oxidized sample a) as well as the EDS-mapping region with

the corresponding element maps b)

Beneath the loose network a denser silicide network is located. Due to the depth from the
surface, XRD does not provide sufficient information of the dense silicide network since most
of the signal was from the loose region. Therefore, phase identification using TEM was
performed in this region (Fig. 11). The results show that also tetragonal TiAl; and hexagonal

TisSiz are present, which is in line with the elemental distribution from Fig. 8.
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The layer below the dense silicide network is marked by small, isolated silicide precipitations
in an Al-rich matrix of probably (Ti,Nb)Als

Underneath, a roughly 30-35 um thick layer of a TiAl> or an Al-enriched TiAl zone formed due
to inward diffusion of Al from the AI-Si coating. Additional silicide grains are sporadically
present in that area as well. In summary, it can be stated that in total a range of 50-60 pm
below the surface was affected during the oxidation. At greater depths the unchanged TNB-V2

substrate material is still present.
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TisSi, [138]
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Fig. 11: TEM micrograph of the dense Si-rich network in
the Al-Si coating on TBN-V2 after 300h at 850°C in air with
the Selected Area Diffraction Pattern (SADP) of the present

phases

3.4. Formation of TisSiz during oxidation

The reason that TisSiz forms during oxidation at 850 °C from Ti(Al,Si)s, but not during the
annealing at 550 °C, is the depletion of Al during the oxidation. To illustrate this, Thermo-Calc
software [49] was used to calculate the fractions of the phases involved as a function of the Al
content (Fig. 12). The analyzed compaosition corresponds approximately to the composition of
the introduced coating. Starting with 100% TiAls, TisSiz formed with decreasing Al content. At
the same time, the Si content consequently decreased in the TiAl; phase. When the maximum
amounts of TisSiz are formed, TiAls transforms to TiAl,. This indicates a very limited solubility

of Si in the TiAl, phase. In literature, only very limited data of the solubility of Si in TiAl> is
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available and is generally referred as very low [31]. Lit et al. determined the maximum solubility
of Si in TiAl; at 700 °C as 1.5 at.% [46]. However, Li et al. [46] achieved a fine TiAls/TiAl;
eutectoid microstructure and used SEM-EDS to determine the phase composition, which is not
capable of measuring very small regions with precision. Therefore, the solubility
measurements of Si in TiAl> do not seem to be free of doubt and might be influenced by the
surrounding TiAl; phase, which would lead to higher results.

The calculations shown in Fig. 12 are in good agreement with the results obtained in [48],
where the deposition of a SiAl coating by the pack cementation method at 850 °C resulted in

the formation of TiAlz and TisSis mixture.
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Fig. 12: Phase fractions of a Ti-Al alloy with a constant

content of Si (10 at.%) and Nb (3 at.%) at 850 °C as a

function of Al. Calculated using Thermo-Calc software [49]

with TCTI2 Ti/TiAl-alloys database version 2.2

4. Discussion

4.1. Microstructure formation during deposition process

Magnetron sputtering enables the production of > 10 pum thick Al-18Si (in at.%) coatings on the
TiAl-based TNB-V2 alloy. Coating spallation after deposition as described by CHU ET AL. for
pure RF magnetron sputtered Al coatings with a coating thicknesses above 5 um [16] was not
observed in the present work. The reason for that could be the heating to 200 °C during the
deposition process which could allow stress relieving during the process and therefore
preventing spallation.

A similar branched structure of the Si grains within the Al matrix is found in literature for Al-20Si
sputtered coatings as well [50, 51]. In the literature, no heating was mentioned so it is
suggested that the sputtering took place at room temperature. According to Kucharska et al.
[50] the reason for the structure could be that the new deposited Si crystals preferably formed
at the already formed Si grains. In the present work, the heating of 200 °C during the deposition
process led to Si diffusion to the regions deposited earlier. Therefore, the globular Si grains

form close to the substrate/coating interface. In the region below the surface the branched
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structure of the Si grains still remains. This indicates that at a temperature of 200 °C Si diffusion
within an Al matrix is already possible which agrees with the data given in the literature [52].

However, the absence of Ti or Nb in the coating after the deposition reveals that no diffusion
between the coating and TNB-V2 substrate occurred and therefore no intermetallic phases in
the sputtered Al-Si coating were formed. The formation of high-temperature stable phases

relies on a subsequent heat treatment.

4.2. Heat treatment and phase formation

The temporary formation of the 12-Ti(AlSii«)2 phase during heat treatment was also described
by Wang et al. for Al-12Si and Al-20Si cold gas sprayed coatings [30]. Additionally, they
described the formation of a Ti(Al,Si); layer beneath the 1.-phase during further heat treatment
which was also observed in the present study. Thus, it can be concluded that the phase
formation takes place according to the mechanism suggested by Wang et al. [30]. According
to this, at first a reaction between the TiAl substrate and the inward diffusing Si to the ternary
the 12-Ti(ALSii«)2 phase take place. Simultaneously, the excess Al from the substrate forms
Ti(Al,Si); below the T.-layer. Afterwards, the T.-Ti(ALSii«). phase is transformed into the
Ti(Al,Si)s phase by inward diffusing Al from the overlaying Al layer [30].

In the present study, a heat treatment at around 550 °C for 20 h leads to the formation of only
Ti(Al,Si)s and Ti-Si phases such as TisSis, which are known to be high temperature stable and
oxidation resistant [14, 32].

Heat treatments in air or in vacuum led to similar results. The slightly slower coating-substrate
interdiffusion and therefore a delayed phase formation in combination with a lower coating
thickness during annealing in air can be explained by the setup of the HT-XRD system. After
annealing in the calibrated box furnace, the grains of the Al-18Si coating were observed to be
smaller and the interlayer was thinner. Therefore, it is likely that, when annealed in vacuum,
the temperature in the HT-XRD system was higher than 550 °C

Apart from this, the independence of the phase formation from the atmosphere allows a heat
treatment in air. This facilitates the practical utilization of this protective Al-Si coating for TiAl
alloys. However, some pure Al was still detected in the air annealed specimen after 550°C for
20 h. This indicates that the time and/or temperature should be extended to finish the formation
of stable phases.

The coating microstructure itself was comparable for both heat treatments and no pronounced
oxide layer was detected on the air annealed sample. This can be explained by the formation
of a thin Al,O3 passivation layer on the Al-Si coating even at room temperature [53]. This oxide
layer was too thin to be detected with the used analytic methods but protects the sample at the
relatively low temperature of 550 °C against extensive oxidation. Additionally, the temperature
is too low for a significant diffusion of oxygen through the oxide layer which therefore prevents
oxygen induced embrittlement.

The formation of the Si-rich precipitates of TisSis presumably takes place during the initial

phase of the heat treatment. Wang and Chen investigated the formation of titanium silicide
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utilizing Ti coated Si wafer [54]. They observed that the silicides form within the amorphous
interlayer between the pure Ti layer and Si substrate. On the Si rich side metastable
orthorhombic TisSis formed whereas on the Ti rich side TisSis formed. The data in this study
suggest that the observed TisSis precipitates were formed during the outward diffusion of Ti
from the TNB alloy into the Si grains of the Al-Si coating in the initial state. At the same time Si
did also react at the coating/substrate interface by forming TisSis that was identified as a Si-
rich layer at the coating/substrate interface. The formation of TisSis is supported by the low
solubility of Si in y-TiAl of only 0.8 at.% at 700 °C [46]. Thus, Si prefers the reaction with Ti
from the substrate at the coating/substrate interface rather than the diffusion into the substrate
alloy. The precipitates themselves are too small to be detected by XRD using Bragg-Brentano

geometry which explains the missing peaks in the diffractograms (see Fig. 3).

4.3. Oxidation behavior

During oxidation, the structure of the Al-Si coating transforms from a homogeneous Ti(Al,Si)3
layer to a hierarchical structure. Wang et al. observed also a structure change in a cold gas
sprayed Al-12Si coating on TiAl during oxidation and found a comparable hierarchical
microstructure [31]. They described the segregation of the Si from the Ti(Al,Si)s to the grain
boundaries and thus the formation a Si-rich phase. In the present work, a similar behavior was
also observed and the Si-rich phase was identified as TisSis.

However, due to the higher Si content in the presented initial coating of 18 at.% compared with
only 12 at.% in the work by Wang et al. [31] the formation of TisSis is more pronounced leading
to the network-like structure. Overall, the higher Si content is responsible for a stronger
pronouncement of the different structural features like the dense network. On the other side, a
continuous Si-rich layer below the TGO, which was described by Wang et al. [31], was not
observed in the present work which could be explained by the lower oxidation temperature of
850 °C in comparison to 900 °C.

It is suggested that the Si content of 18 at.% influences the oxidation behavior in two ways. On
the one hand Si could getter Ti by forming TisSis. This would prevent the oxidation of Ti and a
preferred oxidation of Al is achieved. In the present study, this can be seen by the formation
of predominantly protective Al,O3 and only a negligible amount of TiO; in the TGO.

On the other hand, the formed TisSis network-like structure could act as a diffusion barrier
hindering the diffusion of Al to the TNB substrate and thus counteract the depletion of Al in the
coating. In fact, a fast consumption of Al as reported in literature for TiAlz coatings [16, 17, 33,
34] was not observed. On the contrary, after oxidation for 300 h oxidation at 850 °C a
significant amount of TiAlz phase is still present. This leads to the assumption that oxidation
protection is retained with further prolonged oxidation which is the topic of ongoing research.
In addition, the TGO was free of cracks and consisted mostly of Al,Os indicating excellent
oxidation resistance of the Al-18Si layer. This is due to the fact that TiAl; forms Al.Os instead

of mixed oxides during oxidation [14].
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The measured TGO thickness of around 3.3 pm is close to that for similar coatings reported in
the literature. Xiang et al. [55] tested pure aluminide (TiAls) and silicide/aluminide coatings at
850 °C for 240 h. The reported TGO thicknesses were around 4 pm for the former and around
1 um for the latter coating. Both coatings were produced by pack cementation.

In previous studies, aluminide and Si-aluminide coatings produced by pack cementation were
also investigated [56]. The long-term cyclic oxidation at 850 °C led to the formation of 4-5 um
thick oxide scale for a high Si containing coating, 1 um for a low Si containing coating and over
20 um for a simple aluminide coating. However, these thicknesses were measured after
3013 h of oxidation at 850 °C. Since the main increase in mass occurs during the first cycles
[56], which correlates with the TGO thickness, it can be assumed that the further TGO growth
after 300 hours is relatively low. Both studies [55, 56] showed a dependence of the oxidation
behavior on the Si content. Thus, the oxidation protection of a magnetron sputtered Al-Si
coating could be further increased by adjusting the Si content. Therefore, this will be part of
future studies, since magnetron sputtering allows for precise adjustment of the Si content in
Al-Si coatings.

EDS element mapping reveals a N-rich region between TGO and the intermetallic part of the
coating. TisSiz is known to form TiN at low oxygen partial pressures [24, 57]. Tang et al.
suggested that Si-deficient and stoichiometric TisSiz can solve N interstitially. This led to the
formation of nitrides and resulted in a breakaway oxidation [24]. However, Tang et al. also
noted that an occupant of interstitial sites, as it occurred in TisSizCo.s Or TisSis2, prevent the
dissolution of N.

Since in this study the TisSiz mainly formed during oxidation from Ti(Al,Si)s; or TisSia it can be
assumed that a dissolution of N did not occur in this case. The formation of nitrides is more
likely to occurred due to the low oxygen partial pressure underneath the protective alumina

TGO in this upper coating layer.

The influence of the presented coating on the mechanical properties is the subject of future
investigations. Especially in terms of fatigue strength, protective but brittle coatings are
detrimental [58, 59]. On the other hand, oxidation resistant coatings can reduce oxygen uptake
and thus counteract the formation of a brittle oxygen enriched zone in TiAl [60]. Additionally,
hierarchical structures may have a positive effect on the failure resistance by leading to a
tortuous crack growth [61, 62]. Therefore, the observed hierarchical network-like structure
consisting of a TisSis network in a TiAlz matrix could provide a sufficient failure resistance. In
addition, the small Si-rich precipitations could also have an influence on the mechanical
behavior as well due to interactions with dislocations and/or cracks. Therefore, further

investigations regarding mechanical tests are required.
The necessary thermal post-treatments in air or in vacuum revealed a negligible influence of

the atmosphere. The oxidation behavior of differently annealed Al-Si coatings on TBN-V2

substrate is comparable. There are minor differences in the thicknesses of the different regions
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of the coating but these should not have a major effect. The reason for the different thicknesses
could be the higher temperature of the air annealed sample. After the annealing a different
thickness was already observed and thus maintained during oxidation. However, annealing in
air is preferable due to the simpler process and the possibility to integrate a pre-oxidation after
annealing. The pre-oxidation is necessary for the deposition of a potential thermal barrier
coating (TBC) to produce a TGO which provides the adhesion between the oxidation protection
layer and the TBC.

5. Conclusion

Magnetron sputtering was used to produce an Al-18Si oxidation resistance coating with a
rather high deposition rate of 2.75 um/h. The coatings adhere well to the TiAl substrate and do
not spall at a thickness of 11 um. A subsequent heat treatment at 550 °C for 20 h increases
the coating thickness due to diffusion processes. The post heat treatment is essential for the
formation of high temperature stable phases. However, the heat treatment can be performed
in vacuum or air which results in similar microstructures consisting of TiAlz and titanium silicide,
mostly TisSiz. During 300 h isothermal oxidation at 850 °C an adherend, thin and dense TGO
formed on top of the coating consisting of mainly Al,O3 which is the dominant oxidation product
of the TiAls phase. After 300 h of oxidation there is still a significant amount of TiAlz in the
coating left, thus a protection against further oxidation is ensured. The absence of titanium
oxide or silicon oxide suggests that no significant oxidation of the TisSi; phase has occurred.
Consequently, the phase could act as a diffusion barrier and getter for Ti. Therefore, the TisSis
phase could have a major positive influence on the resistance of the coating against oxidation.
The microstructure of the coating that forms during oxidation can be described as a hierarchical
network-like structure of TisSi; and Al-rich Ti-Al phases which could provide promising

mechanical properties in terms of fatigue which needs further investigation.
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