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1. Introduction

MAX-phases Mnþ1AXn (n¼ 1–4) are a class of ternary nanolami-
nates, where M is an early transition metal, A is an A-group ele-
ment, and X is nitrogen or carbon. Due to the strong M─X bond
and relatively weak M─A bond, the MAX-phases exhibit a unique
combination of typical ceramic properties (e.g., low density, high
melting point, and high strength) and typical metallic properties

(e.g., good thermal and electrical conductiv-
ity, easy machinability, excellent thermal
shock resistance, and damage toler-
ance).[1–4] High oxidation resistance has
been observed in MAX-phases due to the
development of a protective thermally
grown oxide (TGO) layer for the alumina
formers Tinþ1AlXn (with X¼C or N) and
Cr2AlC as well on the silica former
Ti3SiC2.

[5] The implementation of these
MAX-phases as coating material for high
temperature applications is a promising
approach due to their outstanding
oxidation performance.[6–10] A further
advantage of these MAX-phase materials
is the crack healing ability of the alumina
forming MAX-phases.[11,12] Previous work,
e.g., by Berger et al. has looked at this
“self-healing” effect on coated and after-
ward artificially precracked samples during
high temperature exposure in air. The crack
in the MAX-phase coatings fills with oxide
of predominantly alumina to form a cover-
ing protection layer on the crack flanks.[13]

The successful synthesis of these thin
films by the utilization of several coating techniques, e.g., mag-
netron sputtering or plasma spraying and the application as pro-
tective layers for metallic high temperature alloys has been
published in numerous previous work.[8,14–17]

The alumina forming MAX-phases are in particularly promis-
ing as protective coatings for γ-TiAl-based titanium aluminide
alloys. Most previously applied coating materials on TiAl alloys
were based on Ti–Al–Cr,[18–20] Al–Ti,[21,22] or Al–Si.[23,24] While
they provide excellent oxidation protection, they finally degrade
due to an Al depletion in the coating material, which conse-
quently results in the formation of nonprotective oxides such
as TiO2. Combining a TiAl substrate with a MAX-phase forming
coating is a promising approach, as the substrate material may
serve as an Al reservoir, resupplying the coating by outward dif-
fusion of Al. Moreover, protective MAX-phase-based layers could
provide an advanced mechanical behavior of such coated engine
components. In comparison with the brittle intermetallic phases
which are usually present in other protective alumina forming
coatings,[25,26] MAX-phases offer a higher fatigue resistance[27]

as well as a promising wear resistance.[28] In particular, the
Ti-based MAX-phases Tinþ1AlXn (with X¼ C or N) are suitable
for titanium aluminides because of their similar coefficients of
thermal expansion (CTE) with 8–9� 10�6 (K�1) for Ti2AlC and
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MAX-phases are of increasing interest as coating material for high temperature
applications due to their unique metallic as well as ceramic properties. Herein,
the deposition of Cr2AlC and Ti3AlC2 or Ti2AlC MAX-phase forming coatings by
magnetron sputtering is demonstrated. Using pure elemental targets, the
manufacturing with a coating thickness of above 7 μm is established. The
MAX-phase forming coatings are characterized by high-temperature X-ray dif-
fraction (HT-XRD) measurements and provide a good oxidation behavior due to
the development of protective thermally grown oxide layers. The performance of
the MAX-phases is strongly depended on the substrate material and the
accompanying interdiffusion processes. Therefore, the Ti–Al–C coating is favored
for TiAl alloys due to the thermodynamic stability of the Ti2AlC MAX phase in
particular in the presence of the γ-TiAl phase. An excellent oxidation behavior is
confirmed up to 300 h at 850 �C due to the development of an alumina layer
above a homogenous Ti2AlC phase coating. The Cr2AlC MAX-phase coating
degrades after 100 h at 800 �C due to interdiffusion processes between coating
and substrate and the accompanying development of carbides and nitride
phases. Nevertheless, the oxidation resistance of the Cr–Al–C-coated TiAl alloy is
given by the formation of the Ti2AlC MAX-phase.
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Ti2AlN and about 10� 10�6 (K�1) for TiAl-based alloys,[29,30]

whereas the Cr2AlC MAX phase with a CTE of about
13� 10�6 (K�1) is more appropriate for Ni-based alloys.[31]

Previous work by Abdulkadhim et al. has shown that the for-
mation of the hexagonal Cr2AlC MAX-phase coatings already
occurs at 600 �C,[32] whereas the Ti-based MAX-phases are
formed at a higher temperature of about 800 �C.[33] Therefore,
the Cr2AlC MAX-phase could be more suitable for TiAl alloys,
because it requires less temperature for its crystallization heat
treatment, which in turn has fewer negative influences on the
mechanical properties of the substrate material.

The oxidation behavior of the Cr2AlC MAX-phase on a
Ti-based alloy has been already tested by Wang et al.[34]

Oxidation tests up to 800 �C revealed an improvement of the oxi-
dation behavior of the Ti-alloy Ti6242 coated with Cr2AlC
MAX-phase layer due to the development of a continuous and
dense Al-rich TGO. Moreover, the Cr2AlC coating itself acted
as a diffusion barrier for the inward diffusion of oxygen.
Therefore, the well-known oxygen embrittlement of TiAl-based
alloys caused by the accompanying changes in the microstruc-
ture could probably be prevented.[35] In this work MAX-phase
forming Ti–Al–C and Cr–Al–C coatings were applied on alumina
substrates as well as on the commercial alloy TiAl48-2-2. The per-
formance of these coatings as protective layers was examined
during exposure at service temperatures of conventional TiAl
alloys in aircraft engines.

2. Experimental Section

The MAX-phase-based coatings presented in this study were pro-
duced by DC magnetron sputtering using a multisource sputter
coater (IMPAX 1000 HT system by SVS Vacuum Coating
Technologies, Karlstadt, Germany). The Cr–Al–C as well as the
Ti–Al–C coatings were deposited using four pure elemental target
materials, one chromium or titanium, one aluminum and, because
of the low sputter rate of carbon, two carbon sources. No additional
heating was applied during the sputtering process, the obtained
substrate temperature was self-adjusted due to the target power.
Prior to coating deposition, an Ar-plasma etching process for sur-
face cleaning using a bias voltage of 500 V and a frequency of
100 kHz was carried out for 15min. During the deposition process
with a total duration of 7 h, the flat substrate specimens were
threefold rotated to provide a homogenous all-around coating depo-
sition. The used sputter parameters are shown in Table 1.

Two different substrate materials were used as flat specimens.
For preliminary experiments and optimization of the sputter pro-
cess flat rectangular α-Al2O3 samples with a purity of 99.6% by
Quick-Ohm Küpper & Co. GmbH were used, whereas samples

made of the γ-based TiAl alloy TiAl48-2-2 (48Ti–48Al–2Nb–2Cr
in at%) supplied by GfE–Gesellschaft für Elektrometallurgie,
Nuremberg, Germany, were used for all oxidation and interdif-
fusion experiments. From the extruded and annealed TiAl48-2-2
rods, disc-shaped specimens with 15mm diameter and 1mm
thickness were machined. The surfaces of the TiAl specimens
were ground using SiC emery paper up to 2500 grit and subse-
quently ultrasonically cleaned in ethanol prior to the coating
deposition process.

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

In addition, wavelength-dispersive spectrometry (WDS) with
adequate standards that provide a higher accuracy was used.
Therefore, the quantitative analysis of the C content in the as-coated
states was done with a Thermo Fisher Scientific Pathfinder
Mountaineer system combining an ultradry energy-dispersive X-
ray spectrometer and a MagnaRay wavelength-dispersive X-ray
spectrometer. Both devices are equipped at a FEI Helios
NanoLab 600i dualbeam microscope (FIB-SEM). To guarantee
an optimal WDS quantification, certified MAC standards for car-
bon (highest purity), aluminum (99.9990 wt% purity), chromium
(99.996 wt% purity), and titanium (99.9900 wt% purity) were used.
The WDS-crystals for carbon was NiC80 and PET for the other ele-
ments. Each standard setup and measurement was done with 10
and 15 keV to optimize the accuracy of the results for all samples.

For in situ investigation of the evolution of phases, high-
temperature X-ray diffraction (HT-XRD)measurements were car-
ried out using Cu Kα radiation with a step size of 0.1� and a 2θ
range from 10� to 80� in a D8 Advance diffractometer by Bruker
equipped with a high temperature oven chamber HTK 1200 N by
Anton Paar. For the HT-XRD measurements, temperature range
from 500 to 1000 �C with 100 �C steps and a holding time of
45min prior to each 15min measurement was chosen to obtain
a total holding time of 1 h for each measurement. The XRDmeas-
urements were carried out in laboratory air with a heating rate of
5 Kmin�1. Moreover, a Bragg–Brentano geometry was used for
HT-XRD as well as for the subsequent conventional X-ray diffrac-
tion (XRD) measurements at room temperature. Moreover, the
Bruker AbsorbDX from the DIFFRAC.EVA software was utilized
to calculate the angle-dependent maximum signal depths.

Isothermal oxidation tests of the coated TiAl48-2-2 samples
were carried out in laboratory air in a box furnace N11/H by
Nabertherm GmbH. The Cr–Al–C coating on the TiAl48-2-2 alloy
was exposed to 800 �C for 100 h, whereas the Ti–Al–C coating was
tested for 300 h at 850 �C using a heating rate of 5 Kmin�1.

3. Results

3.1. Characterization of the Magnetron-Sputtered Cr–Al–C
Coating

The Cr–Al–C coating deposited by DC magnetron sputtering
shows a columnar morphology, a homogeneous elemental

Table 1. Parameters during DC magnetron sputtering of the Cr–Al–C and
Ti–Al–C coatings.

Coating Cr target
[kW]

Ti target
[kW]

Al target
[kW]

C target
[kW]a)

p [bar] T [�C] Ar
[sccm]

Cr-Al-C 0.7 – 0.5 1.2 5.2� 10�3 255 300

Ti-Al-C – 1.7 0.6 1.2 5.7� 10�3 194

a)Utilization of two C-targets on opposite sides.
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distribution, and a thickness of around 7.25 μm amounting to a
deposition rate of 1 μmh�1. An SEM cross section of the as
coated Cr–Al–C coating on an Al2O3 substrate is shown in
Figure 1. The columnar coating morphology was expected
according to the structural zone model by Thornton[36] as no
additional substrate heating, bias voltage or ionization was used.
Due to the roughness and surface structure of the alumina sub-
strate, the columnar structure was more pronounced on this sub-
strate material than on TiAl. Using WDS, the composition of the
deposited coating was measured to be 49Cr–27Al–24C (at%),
which is close to the stoichiometric Cr2AlC MAX-phase compo-
sition. XRD measurements (shown in Figure 1b) at room tem-
perature show that the coating is amorphous while reflections
from the Al2O3 substrate are visible, indicating that the substrate
temperature of 255 �C during deposition is too low to activate any
crystallization processes in the coating. This is in agreement with
previous investigations by Stelzer et al.,[37] suggesting that a post-
heat treatment after deposition is necessary for the formation of
the desired hexagonal Cr2AlC MAX-phase when deposited
within this temperature range.

To study the phase formation, in situ HT-XRD measurements
were carried out from 500 up to 1000 �C and finally after cooling
down at room temperature. The X-ray measurements in 100 �C
steps carried out in laboratory air are shown in Figure 2.

The results reveal that the crystallization process of the amor-
phous Cr–Al–C coatings starts at around 500 �C as indicated by
the disappearance of the amorphous hill and the appearance of
the disordered solid solution (Cr,Al)2Cx, peak at 41.3�, which is in
agreement with previous HT-XRD measurements by
Abdulkadhim et al.[32] At 600 �C, the distinctive peak of the
ordered hexagonal Cr2AlC MAX-phase at 13.7�[32] can be distin-
guished from the background. Beginning at 900 �C, additional
peaks corresponding to the Cr23C6 phase could be indicated
as a result of the Al2O3 formation during the heat treatment
in air, which in turn led to a depletion of Al in the coating.
The formation of α-Al2O3 can be confirmed by the peak formed
at 25.5� after 45min at 900 �C. At this angle and the used Bragg–
Brentano geometry, the main signal originates from the top 5 μm
of the coating. Therefore, the signal corresponds to an oxide
phase within this volume. The intensity of the Al2O3 peak
increases slightly after holding the temperature at 1000 �C,

indicating progressing formation of alumina. Moreover, no
Cr2O3 formation was detected in HT-XRD confirming the pref-
erential alumina formation of the Cr2AlC MAX-phase.[7]

Moreover, a peak shift to lower angles with rising temperature
is clearly visible, due to thermal expansion of the lattices. In
the final X-ray diffractogram at room temperature, all reflections
are located at the specified 2θ angles.

Figure 3 shows the SEM cross section of the Cr–Al–C coating
after the HT-XRD measurements up to 1000 �C with the corre-
sponding element mappings and the nominal chemical compo-
sition measured by EDS. An about 0.5 μm thick, continuous and
dense TGO layer of pure alumina formed on the coating surface.
Moreover, the intercolumnar gaps, which were visible directly
after the deposition process, were closed due to local internal oxi-
dation of aluminum. The Cr–C phase, which is indicated to be
Cr23Al6 by the XRD measurements, is also clearly visible in the
SEM cross section and seemed to form preferentially next to the
alumina-filled gaps. The chemical composition of the Cr2AlC

Figure 1. SEM cross section of the Cr2AlC coating on alumina after deposition using a) magnetron sputtering and b) corresponding XRD pattern.

Figure 2. HT-XRD measurements of the Cr–Al–C coating on alumina sub-
strate from 500 to 1000 �C in lab air.
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MAX-phase, as well as that of the Cr–C phase measured by EDS,
which is shown in Table 2, show a high oxygen content, due to
the internal oxidation of alumina in the coating gaps, and the
spot size of the EDS measurement points. Considering the
Cr–Al ratio in conjunction with the XRD results, the formation
of the desired Cr2AlC MAX-phase could be confirmed.

3.2. Characterization of the Magnetron-Sputtered Ti–Al–C
Coating on Alumina

The Ti–Al–C coating deposited by DC magnetron sputtering
shows a similar columnar morphology like the Cr–Al–C coating
in the as coated state, which is also in agreement with the struc-
tural zone model by Thornton.[36] A homogeneous elemental dis-
tribution and a coating thickness of around 7.25 μm was
measured. The nominal chemical composition of 41Ti–26Al–
33C (at%) after the deposition process was also determined by
WDS. The cross section of the Ti–Al–C coating in the as-coated
state on an Al2O3 substrate is shown in Figure 4.

The corresponding XRD measurement of the as-coated sam-
ple, also shown in Figure 4, confirms the expected amorphous
structure of the Ti–Al–C coating. The few sharp reflections orig-
inate from the Al2O3 substrate.

In situ HT–XRD measurements in air were used to study the
phase formations in the Ti–Al–C coating, shown in Figure 5. At
500 �C, the amorphous hill disappeared, but below 700 �C no dis-
tinguishable peaks other than from the α-Al2O3 substrate mate-
rial could be identified. After 1 h at 700 �C, the XRD results
indicate the formation of the ternary MAX-phase Ti3AlC2, but
also the formation of a solid solution is possible. In addition,

the formation of rutile TiO2 takes place in the same temperature
range discernible by the peak at around 27�. The intensity of this
peak did not significantly change up to a temperature of 800 �C.
However, at 900 �C, the intensities of both, the peak correspond-
ing to TiO2 at 27� as well as the Al2O3 peak at around 25�,
increase noticeably. At a higher temperature of 1000 �C, the
intensity of both of the oxide reflections only increased slightly.
The peaks of the ternary Ti3AlC2 MAX-phase changed their
intensities above a temperature of 800 �C. In comparison with
the Cr–Al–C coating, no reflections of carbides, could be detected
by XRD. At 1000 � C, no significant changes in the X-ray diffrac-
togram were visible anymore. Room temperature measurement
that are carried out afterward confirms the achieved equilibrium
in the Ti–Al–C coating.

Figure 6 shows the SEM cross section of the Ti–Al–C coating
after the stepwise heat treatment during the HT-XRD measure-
ment up to a temperature of 1000 �C. A continuous and dense
TGO of about 1 μm thickness formed on the surface. The TGO
consists of two layers, an upper TiO2 layer of about 200 nm
and an underlying Al2O3 layer of about 1 μm. Below the TGO,
the intercolumnar gaps of the sputter coating closed completely
during the HT-XRD measurements and a homogeneous layer
of probably the ternary MAX-phase Ti3AlC2 was formed. The cor-
responding chemical compositions by EDS are presented in
Table 3. Contrary to the Cr–Al–C coating, there were no indica-
tions of local internal alumina formation. Moreover, the SEM
cross section confirms that no carbides formed in the Ti–Al–C
coating or at the interface to the TGO. Due to the oxide formation
the Ti–Al–C coating thickness decreased slightly to around 7 μm.

3.3. Application of the Magnetron-Sputtered Cr–Al–C and Ti–
Al–C Coating on Commercial γ-Titanium Aluminide Substrate

To determine the potential of these MAX-phase coatings for high
temperature applications, the interdiffusion processes between
coating and a TiAl alloy were investigated during high tempera-
ture exposure. The following oxidation tests were carried out by a

Figure 3. SEM cross section of the Cr–Al–C coating after in situ heat treatment using HT-XRD up to 1000 �C in air with the corresponding EDS element
mappings. The composition of the regions 1 and 2 is shown in Table 2.

Table 2. Chemical composition of spot 1 (Cr2AlC) and spot 2 (Cr23C6)
shown in Figure 3 in at% as measured by EDS.

Concentration [at%] Cr Al C O

1 Cr2AlC MAX-phase 39 18 29 14

2 Cr23C6 49 5 26 20
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direct exposure of the amorphous coating to a high temperature
oxidizing environment without any postcoating heat treatment.

3.3.1. Application of the Cr–Al–C Coating on the TiAl48-2-2 Alloy

Figure 7 shows the SEM cross section of the Cr–Al–C coating
applied on the TiAl48-2-2 alloy after isothermal exposure for
100 h to 800 �C in laboratory air. The chemical composition mea-
sured by EDS in at% are shown in Table 4.

The Cr–Al–C coating developed the desired Cr2AlC MAX-
phase as well as the Cr7C3 phase. The initially formed columnar
gaps of the sputter coating were filled by alumina. Close to the
TiAl-based substrate interface a nitrogen content up to 44 at%
was measured, due to the formation of chromium nitride.
The chromium carbide and especially the lower nitride grains
are surrounded by a thin alumina layer. On the coating sur-
face, no TGO layer could be observed. Instead of a TGO layer
on the coating surface, the formation of a closed pure alumina
layer is visible at the coating–substrate interface. Below the
Cr–Al–C coating, an interdiffusion zone (IDZ) developed in
the TiAl substrate with an overall thickness of >6 μm. The
chemical composition of the upper part of the IDZ (�2 μm)

Figure 4. SEM cross section of the Ti2AlC coating after deposition using a) magnetron sputtering and b) corresponding XRD pattern.

Figure 5. HT-XRD measurements of the Ti–Al–C coating in lab air from
500 to 1000 �C.

Figure 6. Cross section of the Ti–Al–C coating after in situ heat treatment using HT-XRD up to 1000 �C with corresponding EDS element mappings.
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near the coating interface matches with the binary Ti2AlC MAX-
phase, whereas an underlaying Al-rich TiAl layer of probably
TiAl2 (�4 μm) is visible. Between the Ti2AlC MAX-phase and
TiAl2 layer a few Nb- and Cr-rich precipitates were observed,
which could not be identify within this study because of their
small grain sizes. Below the Al-rich layer of TiAl2, the nominal
chemical composition of the TiAl-48-2-2 substrate material was
measured. An outward diffusion of niobium from the substrate
material into the Cr–Al–C coating was not observed. A formation
of Cr2O3 or TiO2 was detected neither on top of, nor in the coat-
ing, nor in the IDZ. At the interface between Cr–Al–C coating and
alumina layer some small horizontal cracks formed, indicating
the beginning delamination of the coating material on the
TiAl48-2-2 material, although no macroscopic spallation was
observed.

The XRD measurement at room temperature after the high
temperature exposure for 100 h at 800 �C (see Figure 8) confirm
the formation of hexagonal Cr2AlC, orthorhombic Cr7C3, as well

as cubic CrN. Ti2AlC in the IDZ could not be detected by the
XRD, because the X-ray penetration depth at the corresponding
angles was not sufficient.

3.3.2. Application of the Ti–Al–C Coating on the TiAl48-2-2 Alloy

Figure 9 shows the SEM cross section of the Ti–Al–C-coated
TiAl48-2-2 alloy after isothermal exposure to 850 �C for 300 h
in lab air. The chemical composition measured by EDS in at
% is shown in Table 5.

The Ti–Al–C coating developed a homogeneous binary Ti2AlC
MAX-phase below a 1 μm thin TGO layer of pure alumina on the
coating surface. In contrast to the Ti–Al–C-coated Al2O3 sub-
strates, the formation of an outer thermally grown TiO2 layer
above the alumina layer could not be observed. By comparing
with the nominal chemical composition of the coating after
the deposition process (Figure 4), an outward diffusion of

Figure 7. SEM cross section of the Cr–Al–C coating on TiAl48-2-2 after
100 h of isothermal exposure to 800 �C in air.

Table 4. Nominal chemical composition of the spots 5–10 shown in
Figure 7, measured by EDS in at%.

Concentration [at%] Cr Al C Ti [Nb] [N]

5 Cr2AlC MAX-phase 48 25 27 – – –

6 Cr7C3 65 3 31 1 – –

7 CrN 49 6 – 1 – 44

8 Ti2AlC MAX-phase 1 27 24 46 2 –

9 TiAl2 2 64 – 33 1 –

10 TiAl48-2-2 2 48 – 48 2 –

Figure 8. Room temperature XRD difractograms of the Cr–Al–C coating
on TiAl48-2-2 alloy after 100 h of exposure to 800 �C in laboratory air.

Figure 9. SEM cross section of the Ti–Al–C coating after isothermal expo-
sure of 300 h to 850 �C in air with the nominal chemical composition using
EDS in at%.

Table 3. Chemical composition of spot 3 and spot 4 shown in Figure 6,
measured by EDS in at%.

Concentration [at%] Ti Al C O

3 Ti3AlC2 MAX-phase 48 21 31 –

4 TGO layer of Al2O3 3 31 – 66
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titanium from the substrate into the coating and a carbon inward
diffusion into the substrate occurs, whereas the Al content stays
more or less constant (see spot 11 in Table 5).

At the coating/substrate interface, few small Nb- and
Cr-rich precipitates were formed similar to the IDZ on the
Cr–Al–C-coated TiAl48-2-2 alloy. Further carbide or nitride
formation based on titanium like TiC or TiN could not
observed in the Ti–Al–C coating, the sputter coating EDS
results indicate a homogenous composition, which corre-
sponds to the binary Ti2AlC MAX-phase. The initial columnar
coating morphology was not visible anymore after high tem-
perature exposure similar to the coated Al2O3 substrates.
Below the Ti–Al–C coating, the EDS measurements confirm
the composition of the TiAl48-2-2 substrate material, no
IDZ is visible in the cross section. An outward diffusion of
niobium from the TiAl48-2-2 substrate into the Ti–Al–C
coating could also not be detected.

A section of the XRD results from 10� to 65� after exposure to
850 �C up to 300 h is shown in Figure 10 and confirms the for-
mation of the binary Ti2AlC MAX-phase. The hkl-indexes of the
Ti2AlC pattern are inserted. The further reflections belong to α-
Al2O3, TiO2, and γ-TiAl (substrate) and were neglected for a bet-
ter overview of the diffractogram.

4. Discussion

4.1. Deposition and Phase Formation of the MAX-Phase
Forming Cr–Al–C and Ti–Al–C Coatings on Al2O3 Substrates

The deposition of the MAX-phase forming 49Cr–27Al–24C as
well as 41Ti–26Al–33C (in at%) coating by DC magnetron sput-
tering using four pure elemental targets was successfully dem-
onstrated. In comparison with previous work by Stelzer et al.[37]

the coating deposition rate could be significantly increased using
two carbon sources, as well as a pure Al and Cr or Ti target.
Therefore, an initial coating thickness of more than 7 μm was
achieved after the sputter process. An enhancement of the layer
growth rate, which is limited due to the low sputter rate of car-
bon, is essential for future planned applications as material for
protective coatings in high temperature environments to
increase economic viability. Moreover, the utilization of pure ele-
mental targets enables a simple adjustment of each target power
to compensate the varying sputter yields of the different elements
in comparison with the utilization of a compound targets.
Furthermore, process control is easier and the utilization of solid
carbon targets is a clean solution in comparison with reactive
sputtering processes with gaseous hydrogen carbons.

An isothermal heat treatment in laboratory air up to 1000 �C
with in situ HT-XRD measurements reveals the formation of the
desired hexagonal MAX-phases of Cr2AlC or Ti3AlC2 with pro-
tective thermally grown oxide layers on top on the Al2O3 sub-
strate material. Consequently, it is found that a postcoating
heat treatment must not necessarily be done under inert condi-
tions (e.g., under vacuum or protective atmospheres) for the
development of the required MAX-phase, i.e., annealing in air
is sufficient to create the desired phases prior to the exposure
of the investigated coatings to high temperature environments.
The oxidation protection is sufficient using amorphous sputter
coatings that start to form the desired MAX-phases when used
in high temperature applications and simultaneously develop the
protective TGO.

The in situ HT-XRD measurements reveal the formation of
the binary Cr2AlC MAX-phase at a temperature of 600 �C and
the development of the ternary Ti3AlC3 MAX-phase at 700 �C
in air, which is in agreement with previous work.[33,37] The
higher self-adjusted substrate temperature (see Table 1) during
the Cr–Al–C deposition process in comparison with the Ti–Al–C
deposition process could already be an indicator for the develop-
ment of molecular compounds during the magnetron sputter
process. For future applications of these MAX-phase forming
coatings, a production process noticeably below the service tem-
perature of the used high temperature alloy is required to prevent
any negative influence of coating heat treatment on the micro-
structure and thus the mechanical properties of the substrate
material. Therefore, the application of these sputter coatings
for γ-TiAl-based substrates, which were commonly used at about
750 �C, is conceivable.

The initially formed columnar structure is in accordance with
zone 1 by the structure zone model by Thornton[36] due to the
Ts/Tm ratios of about 0.134 for the deposition of the Cr–Al–C
coating and 0.116 for the Ti–Al–C coating (calculated with the
melting temperatures of Cr and Ti, respectively). The lower melt-
ing point of titanium in comparison with chromium leads to a

Table 5. Chemical composition of the spots 11–14 shown in Figure 9,
measured by EDS in at%.

Concentration [at%] Ti Al C O Cr Nb

11 Ti2AlC MAX-phase 57 24 19 – – –

12 TGO of Al2O3 6 31 – 63 – –

13 Cr-rich precipitates 44 35 9 – 10 2

14 TiAl48-2-2 substrate 48 44 – 4 2 2

Figure 10. Room temperature XRD diffractogram of the Ti–Al–C coating
on TiAl48-2-2 alloy after 300 h of exposure to 850 �C in laboratory air.
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higher mobility of titanium during the sputtering process, which
leads to smaller intercolumnar gaps and finally to a higher coat-
ing density already after the deposition process. Moreover, the
initial formed coating gaps disappear during the high tempera-
ture exposure due to the enhanced diffusion of titanium in com-
parison with chromium. Therefore, the Ti–Al–C coating
develops a homogenous, dense morphology even at lower tem-
peratures before any oxidation processes like the formation of
alumina starts.[38] In comparison, the Cr–Al–C coating retained
the initial formed columnar morphology after exposure to
1000 �C in air. The coating gaps are filled with alumina, confirm-
ing the known “self-healing effect” of these MAX-phase-based
coatings.[39,40] For future-planned applications, a good protection
against oxidation seems suitable but the promising mechanical
properties of the MAX-phases could be reduced due to internal
alumina formation within the column gaps.

The Cr2AlC MAX-phase-based coating developed a TGO of α-
Al2O3 on the surface on alumina substrates, which provides the
required diffusion controlled slow parabolic growth rate during
high temperature exposure. No Cr2O3 formation was detected by
HT–XRD confirming the preferential oxidation of Al from the
Cr2AlC MAX-phase due to the stronger, covalent Cr─C bonding
and the weaker, metallic Cr─Al bonding in the Cr2AlC MAX-
phase.[41] However, the formation of the Cr23C6 phase was also
observed up to a temperature of 700 �C, although the initially
precise stoichiometric chemical composition of 49Cr–27Al–
24C (in at%) was measured by WDS. The alumina formation
leads to a depletion of Al in the coating and simultaneously to
a surplus of Cr and C, which results in the formation of the chro-
mium carbides and the dissolution of the Cr2AlC MAX-phase
until 800 �C. In this work, the Cr23C6 phase was observed on
the Cr–Al–C-coated alumina substrates, whereas on the later dis-
cussed TiAl48-2-2-based substrate, the formation of the Cr7C3

phase with a lower carbon content was detected by XRD as well
as EDS element mappings. The reason for the development of
this metastable Cr23C6 phase on alumina substrates with a lower
C-content of �21 at% (vs 30 at% in Cr7C3) is yet not clear.
Differences in the initial chemical coating composition can be
excluded, because all Cr–Al–C-coated samples were coated in
the same deposition run. On the TiAl48-2-2 substrate, the
Cr3C7 phase formed, although the observed inward diffusion
of carbon into the TiAl48-2-2 substrate, which is in accordance
with previous work by Gonzalez-Julian et al., on Cr2AlC-coated
Ni-based alloy.[17]

The ternary Ti3AlC2 MAX-phase formed on the alumina sub-
strates developed a TGO dual layer, consisting of an upper TiO2

layer and an underlaying Al2O3 layer, which is in agreement with
previous work.[42] Due to the lower Al content of 17 at% in the
ternary MAX-phase, the initial oxidation process starts with the
formation of a TiO2 layer, at further oxidation also the formation
of α-Al2O3 could be observed.[42] Although TiO2 is not able to
protect against oxygen inward diffusion, the underlaying formed
continuous and dense alumina layer seems sufficient as an oxi-
dation protection layer. Moreover, the ability of the Ti3AlC2

MAX-phase to form Al2TiO5 at temperatures above 1200 �C
could be suitable by the utilization as an environmental barrier
coating due to a good resistance against water vapor.[43] The for-
mation of Ti–C could not be observed in the Ti–Al–C coating,
probably because of the initial oxidation of Ti and therefore a

resulting minor Al depletion and surplus of titanium. The ter-
nary Ti3AlC2 phase shows a thermodynamically stable formation
below the TGO on the alumina substrates and no other carbide or
nitride phases confirming a beginning dissolution of the MAX-
phase that could be observed after exposure to 1000 �C in air.
However, future planned TEM investigations are necessary for
a clear-phase identification.

4.2. Deposition and Phase Formations of the MAX-Phase
Forming Coatings on the γ-TiAl-Based Alloy TiAl-48-2-2

The deposition of homogenous all-around coatings on flat cou-
pon samples made of TiAl48-2-2 was successfully demonstrated
with a coating thickness of around 7 μm for both coatings. The
SEM cross sections of the Cr–Al–C coating as well as of the
Ti–Al–C coating show a similarly good adhesion on the TiAl-
48-2-2 substrate material like on the alumina substrates after
the deposition process in the as-coated state. During the isother-
mal high temperature exposure in laboratory air, no visible spall-
ation was observed, although the CTE of the formed Cr2AlC
MAX-phase with 13� 10�6 (K�1) is significantly higher than that
of the TiAl-based substrate material with about 10� 10�6 (K�1).

Surprisingly, the SEM cross-sectional analysis reveals that no
formation of a TGO layer on the Cr–Al–C coating surface
occurred. After 100 h at 800 �C, large parts of the Cr2AlC phase
MAX-phase were already dissolved and the Cr3C7 as well as the
CrN phase formed next to internal oxidation of Al to alumina in
the coating. The internal oxidation of the coating is caused by the
columnar structure of the sputter coating. Probably, postheat
treatment of the Cr–Al–C layer in a high vacuum atmosphere
could lead to a more compact coating microstructure and there-
fore to less internal oxidation by a reduced oxygen diffusion
along the intercolumnar surfaces. Instead of a TGO on the coat-
ing surface, a homogenous alumina layer at the interface
between coating and substrate was formed providing at least
an initial oxidation protection of the TiAl substrate material.
Due to the inward diffusion of C into the TiAl substrate, the
formation of an IDZ occurs, consisting of the binary Ti2AlC
MAX-phase with an underlaying TiAl2 layer. It is assumed that
the formation of the alumina layer at the coating–substrate inter-
face occurs due to the oxidation of this Ti2AlC MAX-phase at the
substrate surface. Horizontal cracks between Cr–Al–C coating
and TiAl substrate were observed by SEM after 100 h of exposure
to 800 �C in lab air. This is probably caused by mismatches in the
CTE’s between Ti2AlC MAX-phase and the chromium nitride
and carbide phases above it. Below this Ti2AlC MAX-phase layer,
the formation of an Al-rich layer of probably the TiAl2 phase was
evident to compensate the higher Al content originating from the
loss of Ti, which is in turn caused by the formation of the Ti2AlC
phase. Abdulkadhim et al. have already suggested the high ther-
modynamic stability of the Ti2AlC phase in the presence of the
γ-TiAl phase, which would explain the appearance of this MAX-
phase in the IDZ of the Cr–Al–C-coated TiAl48-2-2 alloy.[33]

The Ti–Al–C coating provides an excellent oxidation protec-
tion for the TiAl48-2-2 substrate material up to 850 �C for
300 h due to the development of a TGO from pure alumina
on the coating surface. In contrast to the Ti–Al–C-coated alumina
substrates, the binary MAX-phase Ti2AlC was formed on the
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TiAl48-2-2 alloy. The XRD measurements shown in Figure 10,
the homogenous TiAl ratio of 2:1 and the absence of an outer
TiO2 layer as part of the TGO confirm the development of this
binary MAX-phase. The Ti–Al–C coating/substrate interface is
marked by a few small C- and Cr-rich precipitates that have
formed most likely by a minor solution of C in the TiAl substrate
material. Further TEM investigations are necessary to identify
these precipitates, which goes beyond the scope of this investi-
gation. The formation of an IDZ like the one found on the
Cr–Al–C-coated TiAl48-2-2 sample could be avoided, indicating
less interdiffusion between Ti–Al–C coating and TiAl48-2-2 sub-
strate material. Different previous have already shown that γ-TiAl
promotes the formation of the hexagonal binary Ti2AlC MAX-
phase.[33] In the presence of the γ-phase, the Ti2AlC is thermo-
dynamically more stable than the TiC phase, which was already
published by Lee et al. Furthermore, theoretical thermodynami-
cally calculations byMitra et al. confirm this finding.[44,45] Finally,
an excellent adhesion of the Ti–Al–C coating was given due to
similar CTE’s of the developed binary Ti2AlC MAX-phase and
the TiAl48-2-2 substrate material providing a high potential of
such Ti-based MAX-phase forming coatings as protective layers
for γ-TiAl-based alloys.

It can be concluded that the substrate-dependent behavior of
the MAX-phase-based coatings is dominated by interdiffusion
processes. On the inert alumina substrates, no interdiffusion
between coating and substrate could be observed and therefore
the substrate-independent performance of the coating at high
temperature exposure could be analyzed. In contrast, the
TiAl48-2-2 sample showed significant interdiffusion processes
especially in case of the Cr–Al–C coating. This is one main driv-
ing force causing the dissolution of the Cr2AlC MAX-phase on
TiAl leading to a failure of the coating. As expected, the Ti–Al–C
coating developed the binary Ti2AlC MAX phase due to Al out-
ward diffusion from the Al-richer TiAl48-2-2 substrate into the
coating.

5. Conclusions

In summary, the sputtered Cr–Al–C as well as the Ti–Al–C coat-
ing are promising as protective layers for high temperature appli-
cations due to the development of MAX-phases, which have the
ability to form protective TGO layers. The performance of the
MAX-phases during high temperature exposure is strongly
dependent on the substrate material that influences interdiffu-
sion processes and thus the evolution of phases during high tem-
perature exposure. The key issues of the present work are
summarized as followed: 1) The deposition of MAX-phase form-
ing Cr–Al–C and Ti–Al–C coatings in an industrial-sized multi-
source magnetron sputter machine using four pure elemental
targets was successfully demonstrated with a received coating
thickness of >7 μm. 2) Homogenous all-around deposition of
the coatings on the alloy TiAl48-2-2 with sufficient adhesion dur-
ing 300 h high temperature exposure in the temperature range
between 800 and 850 �C was proven. 3) The Ti2AlC MAX-phase
formation from amorphous coatings with simultaneously devel-
opment of protective thermally grown oxide layers by annealing
in air is sufficient and can replace an additional postheat treat-
ment in inert atmospheres. 4) The Cr2AlC MAX-phase is

thermodynamically not stable on the TiAl48-2-2 alloy and disin-
tegrates into different carbide and nitride phases. A protective
TGO on top of the coating was not established, instead an inter-
nal alumina layer has formed between coating and TiAl. 5) The
ternary Ti3AlC2 on alumina substrate as well as the binary Ti2AlC
MAX-phase on the TiAl48-2-2 alloy provide a strong thermody-
namic stability and therefore an excellent oxidation behavior due
to the development of slow growing and protective TGO layers.
6) Especially, the binary Ti2AlC MAX-phase is promising for
future applications on γ-based titanium aluminides due to the
good thermodynamic compatibility in the presence of the
γ-TiAl phase.
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