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ARTICLE INFO ABSTRACT

Cathodic arc evaporation was applied to form a layer stack on a Ni-based superalloy single crystalline substrate
in a single in-situ vacuum deposition process. The initial layer was deposited using a target with the same
nominal composition as the superalloy substrate. Subsequently, a second layer was deposited using a target with
a composition of 70 at.% Al and 30 at.% Cr, and the deposition was conducted in flowing oxygen to form Al-Cr-
O. The thermal stability of the layer stack was investigated by means of a heat treatment at 1100 °C in air. The
substrate-like coating recrystallized at elevated temperature and showed epitaxial growth on the superalloy
single crystal, according to transmission Kikuchi diffraction measurements. A thin layer of pure a-alumina
formed on top of the substrate-like coating and a compact Al-Cr-O phase with corundum structure developed
towards the top of the coating. Microstructural and chemical analyses of the coating architectures in the as-
deposited and annealed states were performed by means of transmission electron microscopy, energy dispersive
X-ray spectroscopy, X-ray diffraction and Rutherford backscattering spectrometry, and utilized to explain the
recrystallization and diffusion processes in the layer stack.
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1. Introduction

The past decades showed an impressive development of high-tem-
perature stable superalloys [1,2]. This progress was mainly triggered by
the demand for increased operating temperatures of land-based and
aero turbines to increase their efficiency. Among these materials, Ni-
based superalloys are dominant and manufacturing and the properties
of these materials have been investigated [3-5]. The development re-
sulted in materials with increased creep resistance at higher tempera-
tures [6-9]. Higher operating temperatures, however, require improved
surface stability of the components with respect to oxidation and cor-
rosion. This is difficult to achieve with existing Ni-based superalloy
bulk material. Consequently, the surface needs protection by thermal
barrier coatings [10,11]. In the current state-of-the-art, the coatings
applied to the superalloy surface form a well-adhered and stable in-
terface towards the substrate by diffusion processes at elevated tem-
peratures and create a protective oxide at their surface or at the in-
terface with the next layer in the coating stack. The function of the
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coating is to provide the diffusing elements, which are necessary to
form adherent interfaces and protective oxides. The selection of a
specific coating depends on many parameters. Of particular importance
is the adaptation to the bulk material which should be protected and
the conditions under which the component will be operated, especially
temperature and environment. Two types of coatings are particularly
important: diffusion aluminide coatings [12] and overlay coatings [13].
The former are produced by pack cementation or chemical vapour
deposition (CVD) techniques. Aluminum is applied to the bulk surface
and diffuses to the bulk, forming the (3-NiAl phase. MCrAlY (M = Ni,
Co, or NiCo) overlay coatings are typically applied by spray technology
and form (-NiAl and y’-Ni3Al or y-phases. For both coating types, the
adhesion to the bulk substrate is ensured by a high temperature an-
nealing step and the a-Al,Os scaling at the surface of the coating is
utilized as an oxidation or corrosion barrier.

If the operating temperature at the surface of the bulk material is
higher than the stability of the superalloy, the protective coating stack
has to provide - in addition to oxidation and corrosion barrier function -
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the temperature drop, which is necessary for the stability of the bulk
material. For such applications, the MCrAlY overlay coating is typically
coated with an additional Yttrium-stabilized Zirconia (YSZ) layer that is
several hundred microns in thickness. This coating stack is referred to
as the Thermal Barrier Coating (TBC) [14,15]. In this coating combi-
nation, the interface between the MCrAlY bond coat (BC) and the
porous YSZ is of particular importance, because it must guarantee the
mechanical stability between the metallic BC and the YSZ and, in ad-
dition, it must provide an excellent diffusion barrier to protect the
MCrAlY from oxidation. This is achieved by a thermally grown oxide
(TGO) at the surface of the MCrAlY before the deposition with YSZ and
a further stabilization of this TGO by oxygen transport through the YSZ.

In this work, an approach for an oxidation barrier is investigated,
which is based upon an overlay coating deposited by cathodic arc
evaporation (CAE), a physical vapour deposition (PVD) technique. In
contrast to standard MCrAlY overlay coatings, the PVD layer stack
presented here is much thinner. It consists of a first layer - the substrate-
like coating — which is intended to have nearly the same chemical
composition as the bulk substrate. It would be beneficial for good
coating adhesion and the suppression of void formation if this coating
showed epitaxial growth. This would also allow for a better control of
diffusion processes, which is necessary for the thinner PVD coatings
when compared to standard thermally sprayed bond coats.
Subsequently to the substrate-like coating, an Al-Cr-O oxide layer is
deposited, which may, in addition to acting as an oxidation barrier,
replace the standard TGO layer. The whole layer stack is deposited in
one PVD process. This means that there is no interruption of vacuum
conditions in the transition between the substrate-like coating and the
oxide. In previous investigations [16], we showed that quasi-epitaxial
growth was achieved for the substrate-like coating on a polycrystalline
substrate material. In this work, we deposit the PVD layer stack on a
single-crystalline substrate and investigate the microstructure of the
layer stack as obtained by in-situ processing and after annealing at
1100 °C.

2. Experimental

The deposition of the layer stack was performed in an industrial-size
deposition system of the type INNOVA (Oerlikon Surface Solutions AG,
Oerlikon Balzers), which is routinely used for coating tools and com-
ponents. Non-reactive (without the addition of gases) as well as reactive
(in pure oxygen atmosphere) cathodic arc evaporation (CAE) was uti-
lized to create the layer stack in one in-situ process, i.e. without in-
terruption of vacuum. The substrate is a PWA 1483 single crystal (SX)
superalloy with a (001) crystallographic orientation (proprietary alloy
of Pratt & Whitney). Samples with dimensions of (27 x 10 X 3) mm
were cut from a larger piece of bulk material. Before deposition, the
substrates were mechanically and chemically polished and wet-chemi-
cally cleaned. For deposition, the substrates were mounted on a two-
fold rotating substrate holder.

Two types of targets were necessary to synthesize the layer stack.
The first target type, referred to as superalloy target, was fabricated
from powders (Oerlikon Surface Solutions AG, Oerlikon Metco) with a
chemical composition listed in Table 1. This powder composition was
selected to be identical with the composition of the PWA 1483 bulk
material specified by Pratt & Whitney [17]. The composition of the

Table 1

Chemical composition of the powder utilized for manufacturing the superalloy
target and the chemical composition of the target surface after utilization in
non-reactive arc evaporation.

Element Ni Co Cr Mo W Ta Ti Al C
Powder Composition [wt%] 60.3 9.0 122 19 3.8 50 41 3.6 0.07
Target Composition [wt%] 59.9 9.1 143 13 3.6 55 31 32 na
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powder was obtained by inductively coupled plasma optical emission
spectrometry (ICP-OES) and inductively coupled plasma mass spectro-
metry (ICP-MS). It is assumed that this composition is also identical
with the chemical composition of the superalloy substrate utilized in
this investigation. The superalloy target was manufactured by spark
plasma sintering (PLANSEE Composite Materials GmbH), a process
which allows high sintering temperatures under high pressure. The
composition was confirmed by energy dispersive X-ray spectroscopy
(EDS), and it is shown in Table 1 that the chemical composition at the
surface of the superalloy target after operation in the non-reactive mode
is in good agreement with the chemical composition of the powders
utilized for manufacturing.

The second target type consists of Al and Cr with a composition of
70at.% Al and 30at.% Cr (referred to as Aly,Cro3 target) manu-
factured from powders in a standard forging process at moderate
temperatures (PLANSEE Composite Materials GmbH). Both targets have
an identical size of @ 150 mm. One of each target type was utilized in
the deposition process. In the beginning, the process chamber was
evacuated below 0.02 Pa and standard heating and etching steps were
performed to ensure a sufficient coating adhesion to the substrate. The
deposition started once the substrate temperature of 550 °C was
reached. The superalloy target was operated with a DC arc current of
180 A, and a net deposition time of 12 min was chosen to form the
substrate-like coating with a thickness of approximately 500 nm in the
non-reactive process (metallic vapour only) on the PWA 1483-SX sub-
strate. Subsequently, the transition to the oxide layer was performed in
short sequence with the following steps: a) ignition of the Aly,Crg3
target and evaporation with a DC arc current of 180 A while still op-
erating the superalloy target - both in non-reactive mode, b) initiation
of an oxygen flow of 400 sccm, c) switching-off the superalloy target.
This sequence results in a transition coating thickness of about 100 nm.
The targets were mounted opposite to each other in the coating
chamber at the chamber walls. In the center of the chamber, a carousel
was rotating with single rotation and at the carousel substrate holders
with an additional rotation were mounted - resulting in a double ro-
tation of the substrates. The transition layer with the multilayer struc-
ture shown in Fig. 1c is due to the double rotation of the substrate.
When the substrate is during rotation in the vicinity of the superalloy
target, it has higher Ni content, if it is in the vicinity of the Aly,Crg 3
target, the coating shows more Al. This part of the deposition process
lasts only a few minutes. For the oxide coating, the Al ,Cr, 5 target was
operated at 180 A in an oxygen flow of 400 sccm. A symmetric bipolar
bias voltage of 40 V with a frequency of 25kHz and a negative pulse
length of 36 us and 4 ps positive pulse length was applied to the sub-
strate during processing in oxygen. This resulted in a thickness of the
Al-Cr-O of approximately 3.5 um.

Transmission-EBSD (T-EBSD), also called Transmission Kikuchi
Diffraction (TKD) analyses were performed in a dual FIB FEG-SEM
Lyra3 from Tescan, using a Digiview IV EDAX camera, on lift-out spe-
cimens of ~100 nm thickness, mounted on a holder with a pre-tilt angle
of 20° to the pole piece with 3 mm working distance. Beam conditions
were 30kV and 5nA. The lift-out lamellae were also analyzed by
transmission electron microscopy (TEM) in a JEOL JEM 2200 fs
equipped with an EDAX system for EDS analysis.

Additional composition analysis was performed by Rutherford
Backscattering Spectrometry (RBS) [18] at the EN tandem accelerator
of the Federal Institute of Technology in Zurich. The measurements
were performed using a 2 MeV, 4He beam and a silicon PIN diode de-
tector under 168°. The collected data were evaluated using the RUMP
program [19].

X-ray diffraction (XRD) measurements on the coating were per-
formed on a Bruker D8 Discover Davinci diffractometer (Bruker AXS
GmbH) equipped with a Gobel mirror for the generation of a parallel
beam and with a LynxEye 1D detector using Cu-Ka radiation. The
measurements were carried out in 6/26 mode between 15° and 120° and
in grazing incidence mode (w = 1°) in the same 15° to 120° 26 range.
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Fig. 1. a) BF STEM and b) DF STEM images of the cross section of a PWA 1483-SX substrate showing the y/y” microstructure coated with the layer stack: substrate-
like coating and (Al,Cr,),03 oxide coating on top; the interface to the substrate is very distinct, whereas the transition to the oxide depends strongly on the deposition
parameters, resulting in a transition region of ca. 100 nm. A magnified view of the substrate-like coating is shown in DF mode in c). Red arrows indicate positions of
the EDS line scans shown in Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

For phase analysis, the software Diffrac.Eva V4.1 from Bruker was used
in combination with the crystal open database COD [20].

3. Results and discussion

Fig. 1 shows scanning transmission electron microscopy (STEM)
images in a) bright-field (BF) and b) dark-field (DF) mode of a cross-
section of the surface region of the substrate and the layer stack syn-
thesized by CAE. The lower part of Fig. 1(a) shows the y/y’ micro-
structure of the substrate. The layered structure of the substrate-like
coating, which can be seen in Fig. 1(c), is a result of the 2-fold substrate
rotation during deposition. TEM indicates very small grains on the
order of 10 nm and no indication of quasi-epitaxial growth for this re-
gion. Additionally, it can be recognized that, despite the constant
conditions of the 2-fold rotation, the thickness of the bilayers in the
substrate-like coating increases with time. This is due to a gettering
effect of residual gases in the beginning of evaporation, which corre-
sponds to a reduced evaporation rate. Subsequent to the substrate-like
coating, the transition layer of ~100 nm is formed. It was realized by
the additional ignition of the Aly,Crq 3 target and the addition of
oxygen to the arc discharge after a few minutes. After stabilization of
the oxygen flow, the superalloy target was switched off. The layered
structure again indicates the influence of substrate rotation and the
difference in brightness suggests different chemical composition in the
two-layered structure. Nevertheless, the thickness of the substrate-like
coating is very homogeneous. Finally, the operation of the Aly,Crg 3
target in the oxygen flow of 400 sccm results in the formation of an
oxide coating. The cross section of this coating shows the presence of
many columnar grains and numerous small droplets with spherical or
flat geometry. These droplet shapes have been ascribed to Cr-rich and
Al-rich regions [21,22], which act also as initiation sites for further
grain growth.

The elemental composition of the cross section shown in Fig. 1 was
investigated by EDS in the TEM. Fig. 2(a) shows the line scan for the
entire layer stack. There is a clear trend of higher Cr content in the
substrate-like coating compared to the bulk substrate. Additionally,
there is oxygen in the coating and some indication for a slight increase
in Co. As expected, the oxide coating (dark contrast) shows only the
three elements Cr, Al and O, which come from the Al-Cr-O target. The
enlarged EDS line scan of the substrate-like coating is displayed in

Fig. 2(b). This line scan supports the hypothesis of oxygen diffusion into
the substrate-like coating and it also suggests a much higher Cr content
than what is expected from the condensation of the pure superalloy
vapour. In addition, there is an indication that the Ni concentration
increases slightly towards the oxide coating. The reason for this might
be an instability in the transition region. Due to substrate rotation,
regions with higher Ni and other substrate metal concentrations are
formed in this thin transition region (bright contrast in DF STEM).

At the transition from oxide coating to substrate-like coating, one
can also see a mild increase in Cr and a drop in Al concentration.
However, there are neither Ni nor other traces of the PWA material
detectable in the oxide coating. In other words, it seems likely that the
transition to the oxide may cause non-controlled diffusion processes
already during deposition. However, the RBS spectrum with a depth
resolution of ca. 500 nm, which is shown in Fig. 3, does not show any

(@  DFSTEM 500nm

{ substrate

Counts (a.u.)

() DFSTEM 50nm

Counts (a.u.)

Fig. 2. DF STEM images and respective EDS line scans through a) the entire
layer stack as indicated in Fig. 1(b) and b) the substrate-like coating with higher
resolution as indicated in Fig. 1(c).
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Fig. 3. RBS spectrum of the coating surface shown in Fig. 1 in the as-deposited
state. The spectrum shows the oxide coating indicating a chemical composition
of (Alp.71Cro.29)203.

indication of elemental diffusion towards the surface of the oxide
coating. Except for the Al, Cr and O signals, no other elements are
visible. The analysis of the spectrum indicates an Al-Cr-O with
(Alp.71Crg.29)203 composition, which is in excellent agreement with the
metallic ratio of the Aly,Crg 5 target utilized for the oxide synthesis.
To test the thermal stability of the layer stack and of the interface to
the substrate, a heat treatment was performed. The samples were an-
nealed at 1100 °C with a heating rate of 10 °C/min, kept for 1h at
maximum temperature at ambient conditions and cooled down to room
temperature with a cooling rate of 20 °C/min. Cross-sectional BF and DF
analyses, Fig. 4(a) and (b) respectively, were performed to investigate
the changes in the microstructure of the layer stack. The nano-layered
structure, which was observed in the as-deposited state, recrystallizes in
the entire substrate-like coating. In addition, the transition region to the
oxide disappeared completely. The microstructure of the oxide coating
changed as well and larger grains formed. The magnified DF STEM
image in Fig. 4(c) illustrates the substrate-like coating and lower part of
the oxide coating in more detail. The interface to the substrate is still

BF STEM
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PWA 1483-SX substrate |
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Fig. 5. DF STEM images and respective EDS line scans through a) the entire
annealed layer stack as indicated in Fig. 4(b) and b) the substrate-like coating
and lower region of the oxide coating with higher resolution as indicated in
Fig. 4(c).

very distinct and shows a clear change in microstructure from the
substrate to the substrate-like coating. Despite of all oxidation and
diffusion processes in the layer stack, the thickness of the substrate-like
coating did not change and porosity was not observed.

EDS line scans were performed to analyze the change in chemical
composition after the heat treatment. The arrow in Fig. 4(b) indicates
the investigated region displayed in Fig. 5(a). Most striking is a re-
arrangement of the Al and Cr at both interfaces to the substrate and to
the oxide. The analysis indicates a diffusion of Cr and Co into the
substrate. Furthermore, there is a depletion of Cr visible at the interface
to the oxide and an increase in the Al content. The enlarged EDS line
scan in Fig. 5(b) (with reference to the indicated position in Fig. 4(c))
shows more details about the rearrangement in the interface regions
after annealing. Adjacent to the substrate-like coating, a pure alumina

DF STEM

Fig. 4. a) BF STEM, b) DF STEM images of the layer stack after annealing of 1h at 1100 °C in air and c¢) DF STEM image with higher magnification. The red arrows
indicate locations of the EDS line scans shown in Fig. 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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111

Fig. 6. a) BF STEM image of a cross section of the annealed layer stack. The red rectangle indicates the location of the b) T-EBSD analysis showing an overlay of the T-
EBSD pattern quality and crystal orientation maps. The substrate-like coating shows epitaxial recrystallization on the superalloy substrate, except at the droplet,
which was also indexed as fcc. The oxide coating, which was indexed as hcp, recrystallized into a more globular grain morphology. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

region is formed. By means of T-EBSD, shown in Fig. 6, the structure of
this alumina was identified to be corundum. Further, the line scan in-
dicates a region in which the corundum coexists with Cr-enriched oxide
phases. Above this region and towards the surface of the layer stack, a
(AL Cr),03 solid solution with corundum structure was formed, i.e. with
the same crystal structure as the a-alumina.

T-EBSD measurements as shown in Fig. 6 allow for a detailed
characterization of the layer stack after annealing. In contrast to our
previous depositions on spark plasma sintered bulk material obtained
from powder with PWA 1483 composition [16], no in-situ epitaxial
growth was achieved here prior to heat treatment. This indicates that
the polycrystalline surface is more favorable - probably due to a mul-
titude of crystalline orientations - to offer the energetically most fa-
vored orientation for nucleation and growth according to the crystal
structure of the substrate.

The T-EBSD analysis performed after the heat treatment confirms
that the substrate-like coating and also the droplet at the interface to
the substrate share the same lattice structure (cubic fcc) as expected
from the superalloy substrate. The position of the interface to the
substrate is indicated by the dashed line. Additionally, the T-EBSD
analysis confirms that a large part of the substrate-like coating re-
crystallizes with the same orientation as the PWA 1483 substrate.

At the interface to the oxide, pure a-Al,0; with some Cr-enriched
phases of globular morphology but of unknown crystallographic
structure (bright contrast in the DF STEM images) are formed in a re-
gion of ca. 600 nm in thickness. Besides the formation of the a-Al,O3
towards the superalloy material, another interesting result of the
thermal treatment is that the T-EBSD map shows for the a-Al,O3 at the
interface to the oxide exactly the same grain structure (hcp) and or-
ientation as for the a-(Al,Cry),03 phase on top of the layer stack. The a-
(Al,Cr),03 phase recrystallized into grains with a size of ca. 700 nm.

The RBS analysis of the surface of the layer stack after annealing,
which is presented in Fig. 7, shows also some important differences
compared to the as-deposited state. In addition to the expected Al, Cr
and O from the Al-Cr-O, a Ni peak (not distinguishable from Co) <
1.2 at.% is visible in the spectrum, indicating that small amounts of Ni
diffuse to the surface of the layer stack during annealing. This con-
centration is below the EDS detection limit. It is assumed that this Ni
originates from the transition region, which was originally formed in
the as-deposited state (Fig. 2(b)). There the Ni concentration was lo-
cally increased due to substrate rotation and different positions of the
superalloy target and Aly,Cro3 target in the deposition system.
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Fig. 7. RBS spectrum of the annealed layer stack surface showing O, a mild
increase in Al, depletion of Cr and very low amounts of Ni in the oxide coating.
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Fig. 8. Grazing-incidence XRD measurement of the annealed layer stack.

However, the reservoir of elements for such diffusion processes is very
limited. Besides, the RBS analysis shows depletion of Cr at the surface of
the oxide coating and a slight increase in Al.

Fig. 8 shows a grazing incidence XRD measurement of the annealed
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layer stack. In this case, no Ni filter was used, in order to increase the
overall intensity. The dominant peaks belong to the corundum structure
of the (AlL,Cr);03 solid solution. Some Kp peaks are also visible. The
presence of gold is explained by the previous FIB/SEM analysis, for
which the specimen had to be coated by a thin Au film of a few nm for
conductivity reasons. Especially interesting are the small peaks be-
longing to the NiAl phase. These show that Ni diffuses in low amounts
to the surface region of the oxide coating and forms the intermetallic
compound of the B2 phase NiAl. The results are in agreement with the
RBS data which show the presence of Ni, a local increase of Al and a
decrease of Cr.

4. Conclusion

A layer stack of two components was deposited on a PWA 1483-SX
substrate by cathodic arc evaporation, in a single process, i.e. without
interruption of vacuum. For this, two targets were operated subse-
quently. The first layer was deposited using a target with the same
nominal composition as the superalloy substrate. Then the deposition
was switched over to a second target containing Al and Cr with a
composition of 70at.% Al and 30at.% Cr in reactive mode under a
constant flow of oxygen gas. This type of deposition resulted in an
amorphous substrate-like coating with a thickness of ca. 500 nm and an
a-(AlkCry),05 oxide coating with columnar grain structure on top. As
was confirmed by EDS line scans, the respective layers showed quite
homogeneous chemical distributions according to the deposition para-
meters and only at the transition from the substrate-like coating to the
oxide coating some diffusion processes occurred due to 2-fold substrate
rotation and simultaneous operation of the two targets for a short
duration.

After annealing of the layer stack at 1100°C for 1h at ambient
conditions, it was confirmed that a-alumina was formed, which has the
same grain structure (hcp) and orientation as the a-(AlCr,);03 solid
solution. The substrate-like coating, which recrystallized at elevated
temperature, showed epitaxial growth on the superalloy single crystal
according to T-EBSD measurements. This is already a good indication
for a mechanically stable and well-adhered coating. Furthermore, the
thickness of each layer of the layer stack remained the same and por-
osity was not observed. As was confirmed by RBS and XRD measure-
ments, only small amounts of Ni diffused towards the top of the coating
to locally form there the intermetallic compound of the B2 phase NiAl
This Ni originated from the transition region and it is believed that the
Ni diffusion stops once the concentration gradient at the interface to the
oxide becomes zero. This could mean that the diffusion process and the
thickness of the corundum formed in the interface to the substrate-like
coating can be controlled by the transition layer to the oxide. Due to the
formation of corundum, it is furthermore expected that the annealed
layer stack can be utilized as a diffusion and oxidation barrier. Based on
the fact that corundum has the same hexagonal crystal structure as Al-
Cr-O it can be expected that thick and stable barrier coatings can be
realized with this material system. These results demonstrate the po-
tential of CAE for the synthesis of oxides with barrier properties at high
temperatures.
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