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NiAICr-X overlay coatings deposited by magnetron sputtering on IN100 and CMSX-4 superalloys and thereafter
top-coated with 7YSZ thermal barrier coatings by EB-PVD were investigated with emphasis on the effects of
superalloy type and Hf or Zr doping. The sputtered films in the “as coated” condition (after EB-PVD deposition)
showed strong diffusion effects of different elements from the superalloys. The measured phase content of 3 and
y” was in good agreement with calculated data obtained from experimental compositions normalized to a Ni-Al-

Cr system following the guidelines of site preference of ternary alloying elements. Microstructure evolution and
failure characteristics after furnace cyclic tests at 1100 °C were investigated as well. The lifetime of the coatings
is equivalent to standard MCrAlY TBCs systems and is compared to PtAl and NiCoCrAlY coatings from literature.
The effects of microstructure and elements diffusing from the substrates into the bond coat (Ti, Co, Mo and Ta) in
combination with the effect of Hf- or Zr-doping is presented and discussed.

1. Introduction

Thermal barrier coatings (TBCs) are protective systems that pro-
mote more efficient gas turbine engines and prolonged lifetime of me-
tallic components [1,2]. TBC's contain different layers on a Ni-based
superalloy such as a bond coat (BC), typically a Ni-base alloy that serves
as the Al-reservoir to form a thermally grown oxide (TGO) of a-Al,Os3,
which is structurally compatible with the insulating top coat (TC)
(commonly 7-8 wt% Y,03 doped ZrO, denominated as 7YSZ) [1-5].

It is well known that the TBC layers are affected by a number of
factors when operating at high temperatures. In bond coats the domi-
nant effect is the variation in Al content due to oxidation and diffusion
into the substrate. Other effects include the diffusion of elements from
the superalloy into the BC during operation or under cyclic loading. The
combination of these affects the microstructure and chemical properties
of the BC leading to the activation of intrinsic failure mechanisms such
as spallation of the TBC and rumpling of the BC [3,6-8]. In the case of
7YSZ deposited by electron beam-physical vapor deposition, TBC
failure is almost always initiated near to the TGO, mostly along the
TGO/BC or TGO/TC interface [4,9,10].

Although many efforts have been undertaken to understand the

complex phenomena occurring in the layers and interfaces of TBC
systems and their effects on TBC performance in furnace cyclic tests
(FCT) and in service, there are still a number of microstructural effects
that are not fully understood in detail. Among others, these effects in-
clude phase transformations due to Al-depletion based on bi-directional
Al-diffusion (outward or inward), internal cracks/oxidation, Kirkendall
pores, martensitic transformation during heating and cooling, diffusion
of substrate elements leading to the formation of an interdiffusion zone
(IDZ) containing topological close-packed (TCP) phases, etc.

The FCT is frequently used to get a standardized lifetime for TBCs,
exposing them for defined periods between high and room tempera-
tures. Typically, the specimens are cycled in 1h intervals including
heating and cooling steps. Forced air cooling is added to increase the
severity of the thermal shock on the specimens. One of the most im-
portant parameters defining the furnace cyclic life is the top tempera-
ture, where a life reduction of ~90% for every 100 °C increase is ob-
served [11].

The composition of the superalloy and the inter-diffusion effects
with the BC play as well a decisive role for TBC life time, especially in
EB-PVD TBC systems [12-16].

From all the modifying elements in bond coats, the particular
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positive effects of Cr additions for fracture toughness, strength, and
ductility of NiAl as a function of temperature have been experimentally
addressed [17,18]. Cr accelerates the Al,O3; theta to alpha phase
transformation and is a key component in the reduction of hot corrosion
attack of NiAl alloys [13,16,19-22].

The particular effect of reactive elements (RE) such as Hf, La, Zr, Dy,
Ce or Y [17-20,23-34] in NiAl as well as combined additions of Cr
+ Hf or Cr + Zr, Hf + Zr or Hf + Ru have been previously reported
[19,24,35,36]. It is generally agreed that doping of these alloys in the
right amounts of RE has a positive effect on TBC life-time by improving
the alumina scale adhesion, growth mechanism, and thus the oxidation
resistance of the whole system [25,29,36-40]. The RE effect has been
explained by the so called dynamic segregation theory [30]. The oxygen
active elements diffuse outward due to the oxygen potential gradient
and segregate to the metal-oxide interface and to alumina grain
boundaries in the TGO where they block the cations movement, thus
inhibiting the outward diffusion of Al>* cations. As a result, the alu-
mina scale grows predominantly by inward transport of 0>~ anions,
mainly along the scale grain boundaries. This is strongly diminished
when the temperature is high enough to stabilize the a-Al,03 phase. Hf-
containing bond coats or superalloys frequently deliver the longest TBC
life times. An optimum content of the RE elements (Hf, Zr or Y) for
improved oxidation behavior of NiAl coatings (without TBC) has been
consistently identified, which seems to be affected by the type of su-
peralloy substrate - bond coat system [13,31,41-43]. The reported
optimum contents for bulk NiAl alloys or PtAl coatings is around 0.05 to
0.08 at.% for Zr or Y [36]. For doped coatings on a single crystal su-
peralloy, the optimum RE content for TBC lifetime has been reported to
be around 0.5 at.% Zr [19]. Additional aspects for TBC performance
include the interplay between RE and elements diffusing from the su-
peralloy into the BC, and changes in microstructure during cyclic
loading, especially those affecting the TGO adherence. The positive RE-
effect on the performance of Ni-based intermetallics is undeniable.

Bond coats are deposited by a variety of methods that mostly rely on
atmospheres with reduced oxygen contents to avoid partial oxidation of
their elements. In the particular case of NiAl-based coatings vacuum or
low-pressure plasma spraying, chemical vapor deposition, pack ce-
mentation, EB-PVD, and alternative thermal spraying methods such as
HVOF and cold spray are in use or under investigation for bond coat
manufacture [16,19,27,44,45]. There are some data in the literature
available on NiAl sputtered bond coats on Ni-based superalloys
[20,26,32,34,46-49]. Most of them are focused on stoichiometric NiAl,
the RE-effect, microstructure, cyclic oxidation behavior, among others.
Sputtering offers the unique possibility to exactly tailor and vary the
composition of the bond coat. In addition, those PVD coatings are well
adherent, highly pure without noticeable oxygen contents, possess a flat
surface without any need for further smoothing prior to EB-PVD top
coat deposition, and can be tailored to the needs of individual substrate
alloys by adjusting the process parameters to create the desired com-
position, thickness and microstructure. Although the deposition rate is
relatively low, more advanced recent sputter coating machines in-
cluding 4 to 6 sources, better target cooling and advanced arc control
provide the opportunity to reach deposition rates in the order of 10 pm/
h which offers a great possibility for commercialization, given a batch
time of around 3-4 h and a large capacity of several dozens of parts that
can be coated simultaneously. However, reports on lifetime behavior of
TBC on sputtered bond coats are sparse.

This work reports on microstructure and chemical changes of B + v’
NiAICr-X (X = Hf, Zr) bond coats deposited by magnetron sputtering on
IN100 and CMSX-4 substrates. Special emphasis was paid on the be-
havior of EB-PVD 7YSZ top coats under thermal cycling tests at 1100 °C.
For comparative purposes, data from NiCoCrAlY and PtAl coatings
deposited on similar superalloy substrates are presented and discussed.
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2. Experimental procedure

Different sets of bond coats with a planned composition of Ni-36Al-
11Cr doped by approx. 0.8 at.% Hf or Zr were deposited on two types of
Ni-base superalloy coupons, 6 mm in diameter (commercial cast poly-
crystalline IN100 or single crystal CMSX-4). These coupons were ma-
chined and grinded before coating deposition. No heat treatment was
performed to these substrates. Prior to the coating deposition the sub-
strates were cleaned in an ultrasonic bath in isopropanol and then dried
with hot air.

The bond coats were deposited by DC-magnetron sputtering in a
PVD coater (IMPAX 1000 HT from SVS Karlstad Germany) with four
sputtering sources and argon as plasma process gas. The power on the
four targets NiAl, Ni, Cr, and X (either Zr or Hf) was defined in pre-trials
to achieve the desired composition of the bond coats. Samples were
rotated in a two-fold manner as is common when such large coating
machines are used to deposit coatings e.g. for cutting tools. The
chamber pressure was set to 5.2 X 10~ > mbar and a deposition rate of
2 um/h was used for this particular set of process parameters to get the
selected bond coat composition, while deposition speed was not the
main focus of this work. A detailed description of the coater has been
reported elsewhere [50]. After bond coat deposition, the samples were
heat treated at 1080 °C for 4 h in vacuum of 8 x 10~ ® mbar. A stan-
dard 7YSZ top coat was deposited on all samples by EB-PVD in a
150 kW coater (ESPRI). Stoichiometric 7YSZ top coats with a standard
columnar morphology were achieved. The substrate temperature was
maintained between 980° and 1000 °C and the oxygen flow into the
coating chamber was controlled to reach a pressure in the chamber
between 6 to 8 x 10~ ® mbar.

After EB-PVD 7YSZ top coat deposition the samples were named “as
coated” to differentiate them from those after furnace cycling tests.
Cross sections were prepared by standard metallographic techniques.
The samples were characterized by SEM equipped with EDS and EBSD
(Carl Zeiss NTS, Germany with Inca EDS and EBSD, from Oxford
Instruments, U.K.). Several NiCoCrAlY reference samples with known
chemical composition were used to assure reliable compositional data
in the EDS system. For the EBSD experiments the samples were pre-
pared after standard metallographic preparation by additional pol-
ishing for 30-45 min with a Buehler vibratory polisher. After polishing,
the samples were etched for 10 min with Ar plasma. This preparation
process reveals the microstructure and assures a stress free surface
suitable for EBSD characterization. Selected “as coated” samples were
prepared by Focused Ion Beam (FIB) cutting and analyzed via scanning
transmission electron microscopy (STEM) in a Phillips Tecnai F30
transmission electron microscope equipped with EDS (EDAX). Thermal
cycling was performed at a temperature of 1100 °C in air with a cycle
length of 1 h (50 min heating and 10 min cooling down to nearly room
temperature) using the DLR FCT set-up. A sample was declared as failed
and thus removed when an area of TBC larger than 10 mm in any di-
rection has spalled off. Three samples from each condition were cycled.
Table 1 summarizes all sample conditions of this study.

Table 1
Summary of bond coat/superalloy variants and experimental conditions.

Sample ID Substrate Condition
NiAlCr-Hf/IN100 IN100 As coated
IN100 Cycled
NiAlCr-Hf/CMSX-4 CMSX-4 As coated
CMSX-4 Cycled
NiAlCr-Zr/IN100 IN100 As coated
IN100 Cycled
NiAlCr-Zr/CMSX-4 CMSX-4 As coated
CMSX-4 Cycled
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Fig. 1. SEM micrographs recorded in different magnifications of NiAlCr-Hf bond coats sputtered on (a—c) IN 100 and (d-f) CMSX-4 superalloys. These samples are in the “as-coated”
condition after deposition of 7YSZ TBC by EB-PVD. Overview of the coating system (a, d), detail of the bond coat including the interdiffusion zone IDZ (b, e), and TGO formation (c, f).

3. Results
3.1. As coated condition

Cross section micrographs of the “as coated” coatings on the two
different superalloys are shown at different magnifications (low,
medium and high) in Figs. 1 and 2, respectively. The low magnification
micrographs (a) and (d) were recorded using the secondary electron
detector while images b, c, e, and f were collected using back-scattered
electrons to obtain compositional contrast from the IDZ, BC and the
TGO. In both sets of samples, the “as coated” bond coats are dense with
a homogeneous thickness of around 23 pm. The physical and chemical
characteristics of the individual layers were analyzed in detail. For in-
stance, the NiAlCr-Hf/IN100 sample (Fig. 1a—c) shows the following
thickness values for BC, TGO, and TC: 21.8 + 0.5, 1.3 +* 0.1 and
164.5 = 1.1 pm. In all cases the ceramic top coat was columnar and
reached a homogeneous thickness of around 165 pm. A multi-phase IDZ
zone of about 8 um in thickness was identified between the superalloy
and the sputtered BC as a result of the vacuum annealing treatment and
TC deposition process. The interdiffusion zones from the different sets
of samples show some particularities. The IDZ on CMSX-4 contains

equiaxed precipitates that can be easily identified by different contrasts
through the high atomic number in the backscattering SEM image (see
Figs. 1e and 2e), while those precipitates are not present on IN100.

A summary of the thickness and composition data of the “as coated”
samples is shown in Table 2. The chemical content of the coatings was
measured in cross section (area sections) by EDS in several locations
and averaged. The compositions (in at.%) of a standard NiCoCrAlY
bond coat deposited by EB-PVD and the used superalloys are included
for comparative purposes [9,14,40]. There is a remarkable change in
composition of the bond coats after vacuum annealing and TC deposi-
tion compared to the as-sputtered conditions (composition was close to
Ni-36Al-11Cr-X after sputtering). All elements other than the ternary
Ni-Al-Cr-X system from Table 2 result from outward diffusion of ele-
ments from the superalloy to the BC. Minor elements present in the
superalloys, such as C and B (0.8 and 0.07 at.% in IN100, respectively)
are not listed.

The target composition of NiAlCr coatings, aimed to be close to the
B-y’ phase boundary, was successfully achieved. The coatings deposited
on IN100 developed a microstructure composed of large and in some
cases elongated y’-grains that are heterogeneously distributed along the
BC and continuously formed all along the BC/TGO interface as a result

Fig. 2. SEM micrographs recorded in different magnifications of NiAlCr-Zr bond coats sputtered on (a—c) IN100 and (d-f) CMSX-4 superalloys. These samples are in the “as-coated”
condition after deposition of the 7YSZ TBC by EB-PVD. Overview of the coating system (a, d), detail of the bond coati including the interdiffusion zone IDZ (b, e), and TGO formation (c,

f).
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Table 2
Thickness and bond coat composition of the “as coated” samples.

Surface & Coatings Technology 335 (2018) 41-51

Compositions of a NiCoCrAlY coating used as a reference sample as well as IN100 and CMSX-4 superalloys are included.

Sample ID Thickness (um) Composition (at.%)

BC TGO IDZ Ni Al Cr Hf Zr Co Ti Mo w Re Ta Y \%
NiAICr-Hf/IN100 21.8 * 0.1 1.3 £ 0.1 81 + 0.7 56.4 30.5 4.3 0.9 - 5.9 1.8 0.2 - - - - -
NiAlCr-Zr/IN100 22.7 + 0.2 1.4 + 0.1 83 = 0.3 56.0 30.7 4.7 - 0.6 6.1 1.8 0.2 - - - - -
NiAlCr-Hf/CMSX-4 23.6 = 0.2 09 = 0.1 77 £ 1 57.1 31.2 5.7 0.8 - 3.6 0.4 0.1 0.1 0.1 0.7 - -
NiAlCr-Zr/CMSX-4 23.2 £ 0.2 0.8 + 0.1 72 1 57.0 321 5.4 - 0.7 3.7 0.4 0.1 0.2 0.0 0.6 - -
NiCoCrAlY - - - 39.1 25.2 17.5 - - 18.2 - - - - - 0.1 -
IN100 - - - 58.7 10.1 9.4 - 0.03 12.9 5.7 1.3 - - - 1.07
CMSX-4 - - - 63.8 12.6 7.6 0.03 - 9.3 1.3 0.4 2.0 1.0 2.2 - -

of the outward Al-diffusion process, leading to a distinct Al-depletion
zone. On the other hand, the BC deposited on CMSX-4 develops a finer
microstructure composed of needle-like y’-grains, where the Al-deple-
tion zone is smaller. The thickness of the Al-depletion zone is < 1 pm
for the CMSX-4 samples and 2-3 pm for the IN100 samples. In addition,
a high number of small precipitates that are partly rich in oxygen and
either contain Hf or Zr (bright) or Al (dark) are clearly visible in Figs. 1
and 2. Those precipitates will be discussed in detail based on TEM
characterization in Section 4.1.

3.2. Furnace cyclic tests

The results of cycles to failure of the TBC systems in FCT at 1100 °C
are shown in Fig. 3a. As mentioned before, the number of cycles to
failure is reported as an average from three samples in each case.
NiAlCr-Zr persevered in average longer on the IN100 than on the
CMSX-4 (793 = 0 and 281 + 36 cycles, respectively), whereas Hf-
addition shows an opposite effect (320 = 55 and 559 =+ 322 cycles
for IN100 and CMSX-4, respectively). Thus, it seems that an effect of Zr
or Hf doping on the TBC lifetime is also coupled with the effect of
substrate composition. Such an effect has been observed previously, e.g.
for PtAl the CMSX-4 substrate leads to better TBC performance com-
pared to IN100, whereas for EB-NiCoCrAlY this behavior is inverted
[11]. In the same plot, data for EB-NiCoCrAlY and PtAl bond coats
deposited either on similar IN 100 or CMSX-4 superalloys and using the
same EB-PVD 7YSZ top coat are also shown [9]. The NiAlCr-Hf coating
outperforms on CMSX-4 both EB-PVD NiCoCrAlY and PtAl, while on
IN100 only NiAlCr-Zr had a lifetime comparable to the reference Ni-
CoCrAlY data.

3.3. Coating characteristics after furnace cyclic tests

Typical SEM micrographs of the samples after FCT are presented in
Figs. 4 and 5, respectively. Micrographs shown in a, b and c correspond

to the coating systems deposited on IN100 and those from d, e and f to
the BC on CMSX-4. Interestingly, the Zr and Hf dopants seem to show
different types of failure mechanisms.

TBCs of most samples spalled off mainly at the interface between BC
and TGO, whereas in the NiAlCr-Hf/IN100 specimens the TGO re-
mained partially attached to the BC, i.e. partial failure along the in-
terface TBCs/TGO or within the middle of the TGO. Figs. 4b, e and 5b, e
show the sections of the IDZ/BC and the interfaces with the corre-
sponding TGO. Compared to the as-coated specimens, the thickness of
the BC did not change considerably and remained close to 23 um in
both cases. However, the IDZ increased by 69% in the samples with
IN100 superalloy and only by 14% for the samples with CMSX-4 su-
peralloy. After FCT the thickness of the TGO increased to about 6 to
7 um in all specimens.

As can be seen from Figs. 4a, d and 5a, d, the bond coat deposited on
CMSX-4 exhibited radial cracks that were already present in the “as
coated” condition, which are subsequently strongly oxidized during
FCT. Especially in the NiAlCr-Hf/CMSX-4 BC the previously formed
cracks lead to strong internal oxidation in their vicinity (see Fig. 5f).
More cracks and oxidized regions in vertical arrangements are visible
on CMSX-4 in both the as-coated condition and after FCT compared to
IN100 where only a small number of cracks developed only after cy-
cling.

Internal oxidation leading to bright and dark oxide particles is ob-
served in the BC irrespective of the RE-type, see Figs. 4f and 5f. Pre-
cipitates are distributed in specific regions of the BC. The bright pre-
cipitates mainly contain Hf or Zr and were mostly found in the y’ phase,
while the darker particles are alumina. Large Hf-rich precipitates are
found near the boundary of the oxidized cracks as can be seen in Fig. 5f.
Most precipitates are present along grain boundaries and within some
grains. The amount of alumina particles in the “as coated” condition
and after FCT is higher in NiAlCr-Zr on both alloys.

A higher magnification image of the interface BC/TGO in the
NiAlCr-Zr/IN100 TBC system is shown in Fig. 4c. The excellent TBC

Fig. 3. Cycles to failure of the TBC systems
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Fig. 4. SEM micrographs recorded in different magnifications of 7YSZ/NiAlCr-Zr TBC samples after FCT at 1100 °C reaching 793 and 284 cycles for these coatings deposited on IN100 and

CMSX-4, respectively.

lifetime seems to be due to a good adherence between top coat and
TGO, which is associated with a zone formed by a mixture of the EB-
PVD 7YSZ and the Al,O3 scale. Observations of this zone along the
complete sample showed that no failure occurs in the TGO-TC interface.
This region, which has been identified and reported by different authors
[3,14,51,52] is called a mixed zone, which is a continuous matrix of
alumina containing spherodized particles of zirconia. It is already
present in the “as coated” condition, (see Fig. 1c and f), but some grains
have coarsened during FCT. On the other hand, the BC/TGO interface in
the NiAICr-Hf/IN100 TBC system is shown in Fig. 5c. The formed scale
is composed mainly of a-Al,O3 and in some areas small layers of nickel
aluminates are present, possibly of the type NiAl,O,4 spinel. This is
expectable in such a thin bond coat, since the formation of the spinel
involves diffusion of Ni through the scale and it is formed under specific
partial pressure conditions. Some horizontal cracks growing through
the TGO are linked to the presence of the spinel oxides which seems to
promote failure within the TGO in the NiAlCr Hf-IN100 samples. It
remains unclear why spinels are only found in the TGO for this parti-
cular system which is the topic of ongoing research.

4. Discussion
4.1. Bond coat - superalloy interactions in the “as-coated” conditions

4.1.1. Microstructure

As shown in Figs. 1 and 2, the B + v/ microstructure in our current
NiAICr coatings shows a fairly well fine distribution of y” in 3 after TBC
deposition. Since the y” is more ductile than 3 and when it is finely
distributed in the B-matrix an enhancement in high temperature
strength and higher toughness at room temperature is expected [53].
The distribution of y’- in the B-matrix depends on several factors in the
previous processing steps, such as target composition and sputtering
parameters, type of substrate due to specific diffusing elements, an-
nealing temperatures, etc. Especially the substrate temperature during
sputtering plays an important role [34]. However, " appears just after
TBC deposition mainly due to outward Al-diffusion but also influenced
with specific elements diffusing from the substrate.

Other features to notice in the microstructure depending on the
substrate type that point out to different bond coat - superalloy inter-
actions already in the “as-coated” condition include the formation of
the TGO scale and interdiffusion processes that can lead to phase
transformations in the bond coat. A well adherent TGO of homogenous

Fig. 5. SEM micrographs recorded in different magnifications of 7YSZ/NiAlCr-Hf TBC samples after FCT at 1100 °C. (a—c) IN100 substrate reaching 384 cycles, and (d-e) CMSX-4

substrate after 924 cycles for these particular coatings.

45



J. Murioz Saldafia et al.

NiAlCr-Hf

thickness along the cross section is observed for all prepared coatings.
The average thickness of the TGO shows slight differences when com-
paring the samples prepared on IN100 (1.3-1.4 um) with those on
CMSX-4 (0.8-0.9 um), which seems to correlate to the thickness dif-
ferences in the IDZ, i.e. lower IDZ and TGO thickness for CMSX-4. A
reduction in thickness of the IDZ in magnetron sputtered 3-NiAl on
CMSX-4 due to Hf-additions compared with undoped coatings has been
reported [26,34,46]. In our coatings, the IDZ thickness is nearly the
same for Hf and Zr additions, but varies slightly between the substrates.
Since annealing and EB-PVD deposition was done for all coatings at the
same time, the reason for these differences is associated to differences
in composition due to the elements diffusing from the superalloys to the
bond coat. Co, Ti and Mo are common elements from the IN100 and
CMSX-4 diffusing to the BC proportional to their contents in the su-
peralloy. In IN100 the Ti content is high (4.7 at.%) and Ti diffuses into
the bond coats already during vacuum annealing and during TC de-
position to a much higher extent (1.8 at.%) than on CMSX-4 (0.4 at.%,
see Table 2). The slightly slower initial oxidation kinetics in the BC
deposited on CMSX-4 can be also related to the effect of additional
elements diffusing from CMSX-4 (Ta, W, Re) that are not present in
IN100. The combined effect of Ti-Hf has been reported to be detri-
mental to the oxidation behavior compared with single Hf-additions in
NiAl bond coats [36]. Moreover, Ti can be harmful specifically to the
oxidation kinetics of the L1,-phase at 1100 °C [54]. In our particular
case, the Ti-content from the IN100 substrate increases the TGO
thickness irrespective of the RE-doping. There were only minor differ-
ences in TGO thicknesses between the Hf and Zr doped version that are
within the measurement uncertainty.

The TGO consists of a typical mixture of zirconia particles em-
bedded in alumina, especially in the upper part. In some areas this
mixture is not continuous in plane indicative of the following scenario:
During vacuum annealing the elements with high mobility and the
highest oxygen affinity (Hf and Zr in the present case) start to oxidize
on the surface of the bond coat. In the areas surrounding those oxide
particles transient alumina can form, mainly during the top coat de-
position. It is well known that this transient alumina can dissolve
considerable amounts of zirconia, but during subsequent transforma-
tion to stable a-Al,O3 the excess ZrO, is precipitated, leading to the
mentioned mixed zones. Underneath or in the RE-oxides particles no
dissolution of zirconia occurs, and hence no subsequent re-precipitation
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Fig. 6. EBSD analysis for the identification of
the phases in the NiAlCr-Hf sputtered bond coat
on IN100 after deposition of 7YSZ EB-PVD top
coat.

of zirconia is observed, and the TGO consists of pure alumina, visible in
Fig. 1c and d as the continuous dark regions. A Ni enrichment under-
neath the TGO that leads to the formation of the y’-phase was observed
as a result of the Al consumption.

Vertical cracks were occasionally observed in the bond coats on
CMSX-4. Those defects show a thin alumina layer along the crack edges,
occasionally through the whole BC thickness. The reasons to have
specifically these defects only on CMSX-4 remain unclear at this stage
but might be associated to the intrinsic brittleness of NiAl, the columnar
growth mechanism typical from sputtering [55], combined with tensile
residual stresses present in the coatings due to differences in the coef-
ficient of thermal expansion between the BC and the superalloys.
However, considering the CTE values at 1000°C of NiAl
(o = 15.1 ppm/°C) [56], NizAl (a. = 19 ppm/°C) [57], CMSX-4
(as = 15.7 ppm/°C) [56] and IN100 (as = 16.3 ppm/°C) [56] one can
see that the difference ag - a., which is proportional to the residual
tensile stress, is larger in IN100 and hence CTE differences alone cannot
explain the more frequent crack formation in the coatings on CMSX-4
[58]. Another reason might be the polycrystalline versus single crystal
condition of the used superalloys and the anisotropy of the CTE in the
single crystal. Current ongoing research focuses on avoiding the for-
mation of these defects in the NiAlCr-X coatings on CMSX-4. These
defects seem to have an influence on the failure mechanisms of the TBC
but only limited implications for TBC lifetime (see Fig. 3a), since for Hf
doping the lifetime on CMSX-4 is longer than on IN100.

The presence of the  and y’ phases in the bond coats is confirmed
by the combination of EDS and EBSD results from cross sections. Fig. 6
shows a typical set of EBSD results in the NiAICr-Hf sputtered bond coat
on IN100 after deposition of the 7YSZ EB-PVD top coat. The analyzed
zone is shown in Fig. 6a, while Fig. 6b shows the topography image in a
grey scale of the scanned area and corresponds to the zone at the in-
terface between the IN100 alloy substrate and the NiAlCr-Hf bond coat.
The topography image from Fig. 6b is partially comparable to those
presented in Figs. 1b and 2b with the difference in orientation, i.e. a 70°
rotation to carry out the EBSD analysis. Fig. 6¢ displays the B2 and L1,
phase distribution in the BC-IDZ-Substrate zone. The B2 crystals found
in the BC are depicted in red and y’ in yellow. As expected, the y + v/
phases in the substrate alloy are all displayed in a single color, since
EBSD cannot clearly distinguish between these two phases. The crystal
orientation is shown in Fig. 6d. A random orientation of B2 grains is
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Fig. 7. STEM micrograph and EDS maps from the boxed area (left) in the bright field STEM image (middle bottom) of the FIB cut from the cross-section of a BC/TGO interface of the “as

coated” NiAlCr-Hf/IN100 sample.

observed, where the big ones are closely oriented to the [101] direction.
In general, both types of BC consist of a mixture of  + y” phases. The
grains in the IDZ are also randomly oriented in all three crystal-
lographic directions and in the BC the y’ are at the borders of the B2
grains and closely oriented to the [111] direction (Fig. 6d).

4.1.2. Detailed analyses by TEM
Further analysis of the chemical composition obtained by STEM at

|| 6-Cr rich |

"0-‘

P

the interface between BC and TGO in the “as coated” NiAlCr-Hf/IN100
sample is shown in Figs. 7 and 8. The STEM work presented in Fig. 7
confirms that the BC is composed of a mixture of y” and B2 phases and
fine particles of different nature that are precipitated all along the BC.
The boxed area shown in the bottom bright field STEM micrograph in
the middle was analyzed by EDS mapping. The TGO is mainly com-
posed of aluminum oxide containing zirconia particles (not shown
here), with some traces of chromium oxide and enclosed Hf-oxide

Fig. 8. STEM micrograph (bottom left) and EDS maps from the boxed area (top left) from a region of the NiAlCr-Hf BC in the “as coated” condition on IN100.
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particles close to the BC interface. In the BC, round shaped particles
with different contrasts of approximately 100 nm in diameter were
identified homogeneously distributed in the BC. According to the
combination of elements (Al, Ni, Cr, Hf and O) and their contrast, these
particles are either rich in hafnium and oxygen (bright particles) or
contain mostly aluminum and oxygen (darker particles). These internal
Hf-rich oxide particles have been reported to be beneficial to the overall
furnace cyclic life of the coatings since it is supposed to improve scale
adhesion [29]. On the other hand, the RE-effect is more efficient once
the dopant is metallic. However, as mentioned before, the biggest effect
seems to come from the type of substrate chemistry, in which the
combination IN100 with NiAlCr-Zr leads to the best performance.

A set of bright field STEM/EDS micrographs from the middle of the
NiAlCr-Hf BC on IN100 recorded at higher magnifications are shown in
Fig. 8. In this case, the EDS boxed area shown in the bottom-left bright
field STEM micrograph was chosen to confirm the nature of the BC
grains observed as bright and dark contrast as well from the particles
with different colors. Additional to the EDS mapping, point analysis was
done in the particles (identified as 1, 2, 5 and 6) as well as in the matrix
of the BC grains (identified as 3 and 4). Measurements (not shown here)
confirmed the vy’ and B2 phases for the bright and dark BC grains, re-
spectively. Additional observations are the preference of Co, and spe-
cially Ti to diffuse to the y” grains. Regarding the particles, the com-
position of the bright colored ones showed almost pure HfO, as
observed from points analysis 1 and 2, while the dark colored ones
correspond to Al,O3 particles. At this stage it remains unclear why the
bond coat shows already in the “as coated” stage this heavy internal
oxidation, leading to numerous Hf- and Al-oxide particles. It is assumed
that the sputtered bond coat which exhibits a slight columnar micro-
structure after deposition was not fully dense. The subsequent vacuum
annealing initiated further crystallization and grain grow of the -and
y’-phases, and some oxygen has penetrated into the coating that led to
the oxide particles formation. Since magnetron sputtering is done in a
very low oxygen partial pressure regime, a possible oxygen solution
within the BC during PVD is ruled out. Fig. 8 indicates a Cr-rich layer
that surrounds the alumina grains (point 6). In essence, the TEM work
confirmed the findings given above for phase composition and element
partitioning, TGO growth, and nature of the particles.

4.1.3. Quantification of phases

A phase quantification was done by image analysis from at least
three SEM micrographs. The NiAlCr-Hf or NiAlCr-Zr coatings deposited
either on IN100 or CMSX-4 showed vy’ contents of 15.3% and 17%, or
14.6% and 16.2%, respectively (see Table 3). This measured content is
compared to calculate data based on normalizing the measured che-
mical composition to a Ni-Al-Cr phase diagram by taking into account
the specific sublattice occupancy of the elements. Representing the
chemical composition of higher order multicomponent systems such as

Table 3
Summary of phase content as determined by image analysis from SEM micrographs and
applying the lever rule to a Ni-Al-Cr phase diagram based on the sublattices model.

Sample ID Normalized data (at.%)
Ni Al Cr Image analysis Phase diagram
lever rule
B Y B Y
NiAlICr-Hf/ 63.1 32.6 4.3 84.8 15.3 94.5 5.5
IN100
NiAlCr-Zr/ 62.4 32.7 4.9 85.4 14.6 90.4 9.6
IN100
NiAlICr-Hf/ 62.4 31.8 5.8 83.0 17.0 90.7 9.3
CMSX-4
NiAlCr-Zr/ 62.0 32.6 5.4 83.8 16.2 97.6 2,4
CMSX-4
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superalloys on a ternary phase diagram e.g. Ni-Al-Cr using the sub-
lattices approach has been discussed in the literature [59,60]. A sub-
lattices model can be applied to a multiple phase system and considers
interaction of the elements between the sublattices and on the sub-
lattice itself [59]. In the present case, the Ni-Al-Cr coatings develop a
multiphase structure after diffusion processes from the superalloy due
to processing steps or previous heat treatments. As mentioned before,
even in the “as coated” conditions the coatings showed the presence of
several other elements such as Co, Ti, Mo diffused from IN100 or Re, W
and Ta from CMSX-4.

The average chemical composition of the bond coats was obtained
from EDS measurements of areas covering most of thickness in cross
sections, excluding the Al depletion zones close to the TGO and IDZ.
The experimental data was allocated to the Ni-Al-Cr ternary system
from the identified elements (Ni, Al, Cr, Co, Ti, Mo, Re, Hf, Zr, W, Ta, V)
according to site preferences criteria of transition elements recently
reported by Jiang [61]. This method is based on the Bragg-Williams
approximation, were the bond strength between pairs of atoms of every
sublattice is calculated with ternary additions of X = Cr, Co, Ti, Mo, Re,
Hf, Zr, Ta, W and others. For the 3-phase, Co and Re have a consistent
site preference for the Ni site and Ti, Hf, Zr and Ta have a preference for
the Al site. However, Cr, W and Mo have a composition and tempera-
ture dependency of their site preferences.

In the simplest case the Jiang model is applied only to the B2-phase.
This leads to the following normalization model at 1100 °C: (Al + Ti
+ Zr + 0.58Mo + Hf + W + Ta + V) (Ni + Co + 0.42Mo + Re). In
other words, Ti, Zr, Hf, W, Ta, V and 58% of the Mo content occupy Al
sites, whereas, Co, Re and 42% of the Mo content goes to the Ni sites.
The measured contents of those elements were added to the respective
amounts of Ni and Al following the procedure described above, as de-
tailed in Table 3. This allowed plotting the measured average compo-
sition data of a multi-element system in the ternary Ni-Al-Cr phase
diagram, see open symbols in Fig. 9. These points are allocated either
close to the boundary (NiAlCr-Zr/CMSX-4) or already within the B-y’
region in the P-rich zone. For comparative purposes, the measured
composition of the 3 or y’-phases in NiAlCr-Hf/IN100 are also shown
derived from EDS point analyses. These points are not exactly allocated
on the B + v’ field boundaries of the phase diagram [62], which can be
due to different reasons: a) correctness of normalization method, b) EDS
calibration uncertainty, c) phase diagram incorrectness or d) phases are
not in equilibrium.

Taking into account the average measured composition of the areas
(open symbols in Fig. 9) and applying the lever rule, the presence of y’
is predicted in all coatings. However, the predicted content shows in all
cases a deviation from the data obtained by image analyses from mi-
crographs. A summary of results is shown in Table 3. It is worth to
mention that another source of deviation between the experimental
normalized data and the limits and phase contents is because the Jiang
model only considers the total potential electrostatic energy and con-
figurational entropy, but neglects the vibrational entropy, which may
play an important role in determining the site preferences. Further-
more, contributions such as thermal defects, stresses, voids and inter-
action parameters between elements are not considered in the theore-
tical model. Even the simple model of a single beta phase and
normalizing the elements in a sublattice concept helps to predict the
phase content. It does not fully match with the phase contents obtained
by image analysis from Figs. 1 and 2 for the reasons given above, but
shows general trends well. Finally, the normalized composition of Ni-
CoCrAlY coatings is also shown in Fig. 9 for comparative purposes.

Additional chemical point or line analyses (not shown here) were
performed to identify composition gradients in the sputtered bond
coats. In general, the Cr content does not change along the BC thick-
ness, but shows lower values in the y” phase. The reason is that Cr has a
lower activity and solubility in y’ than in the -phases. On the contrary,
the Ti content was found to be higher in the y’ phase than in § which
can be expected since titanium is an element with preference for y’. The
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Fig. 9. Ni-Rich isothermal section of the Ni-Al-Cr phase
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NiAlCr-Hf or -Zr coatings deposited on IN100 show always higher
contents of Ti and Mo, whereas NiAlCr-Hf or -Zr coatings deposited on
CMSX-4 showed higher values of Co and the presence of W, Re and Ta.
The content of elements diffusing from the substrate into the bond coats
and the differences between the two substrate alloys can be explained
with the respective contents in the substrates with the exception of Co
that has a slightly lower content in CMSX-4 than in IN100, but a higher
content in the NiAlCr-X/CMSX-4 version.

4.2. Lifetime and microstructural features after failure

Typical effects associated with high temperature exposure of those
coatings such as changes in composition and phase contents, TGO
thickening, and interdiffusion were observed. This increase in inter-
diffusion zone thickness is caused by ongoing interdiffusion of elements
between superalloy and bond coat during the furnace cyclic tests. The
differences between the two superalloys can be explained by different
thermodynamic driving forces (i.e. different activities) for interdiffu-
sion due to differences in substrate alloy composition, but this was not
the main focus of this study. There was no rumpling observed in the
current coating, although it is frequently observed on coatings that
contain high amounts of the beta-phase such as NiPtAl — 7YSZ systems
[63]. The absence of rumpling is a potential advantage of the sputtered
coating since the associated TBC failure mechanism can be avoided.

4.3. TGO evolution

Based on cross sections of the coatings after FCT, TGO thicknesses
were measured and plotted over the number of cycles. Fig. 10 gives
experimental data of the sputtered bond coats and a power law fit for a
EB-PVD NiCoCrAlY bond coat deposited on the same superalloys for
comparison (data are taken from [40,64]). A fit using the following
power law was performed: TGOickness = 1.67Neycies” 2. The NiAlCr-
Hf/CMSX-4 sample is not included since the failure characteristics did
not allow for determination of the TGO thickness. It is evident that our
current data follows completely the tendency marked by the NiCoCrAlY
coatings, irrespective of the superalloy type. There is no clear influence
of Hf or Zr doping on the oxidation rates, most likely due to the partial
oxidation of the RE-addition in the “as coated” condition and perhaps
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Fig. 10. Experimental data and a power law fit of the TGO thickness vs number of cycles
to failure of the NiAlICr-X 7YSZ TBC systems in comparison to NiCoCrAlY data taken from
[40].

over-doping discussed below, although no data for an un-doped re-
ference NiAlCr coating of the same composition is available.

4.4. Lifetime

The current results of lifetime can be compared with a broader lit-
erature data source. For instance, Fig. 3b shows the selected data taken
from [11] from PtAl and NiCoCrAlY bond coats tested at 1100 °C and
deposited on three different superalloys: CMSX-4, ReneN5 and IN100.
The data are represented in separate Weibull plots for either PtAl or
NiCoCrAlY differentiating in each case the type of substrate. From this
graph it is clear that the PtAl coatings show a closer data distribution
(higher Weibull slope) than NiCoCrAlY coatings meaning a higher re-
producibility in the cycles to failure and a tendency to show higher
number of cycles when deposited on ReneN5 and the lower perfor-
mance on IN100. NiCoCrAlY coatings deposited on IN100 show a
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tendency to behave better than on CMSX-4. In a similar way our bond
coats clearly show a mixed influence of the substrate and the doping
type.

Our results on the cyclic TBC lifetime are identified in the plot from
Fig. 3b as vertical discontinuous lines in order to directly compare their
lifetime with literature data. The NiAICr-Zr/IN100 coatings showed the
longest lifetime (793 cycles, respectively), which is nearly equal to that
of a much thicker NiCoCrAlY standard PWA1370-type bond coat and
according to the plot shown in Fig. 3b close to the general average
lifetime of PtAl coatings. Although the lifetime on Hf-doped NiCoCrAlY
coatings deposited by EB-PVD is much higher (~3000 cycles for ap-
prox. 0.15 at.% and ~4700 cycles for approx. 0.25 at.% Hf) [9] than
that on the current sputtered BC, these layers cannot be directly com-
pared since the thickness of the current BC is much smaller and its
dopant level is much higher. Considering that even in the “as-coated”
condition strong diffusion processes already took place, the good per-
formance of the present coatings indicates that our sputtered bond coats
provide a promising alternative for TBC application, despite their low
thickness. The current results indicate that magnetron sputtering is a
promising technique for creation of chemically well-controlled, well
adherent bond coats that provide adequate TBC lifetimes. The bond
coats can be tailored to the needs of individual substrate alloys by ad-
justing the process parameters to create the desired composition,
thickness and microstructure. Further work to optimize the sputtered
bond coats in terms of composition and microstructure is under way to
prolong the TBC lifetime and to fully benefit from the RE-effect.

The long lifetime of TBCs on B-NiAlCr + Zr might be attributed to
several factors; (i) lower Al diffusion, (ii) segregation of Zr to the scale-
metal interface and the scale grain boundaries, which is an effect pre-
viously demonstrated elsewhere e.g. by SIMS analysis through grain
boundaries in NiAl [33], or (iii) reduced cation diffusion as shown by
Kitaoka [65]. In his contribution Y and Hf doping for alumina scale
growth and diffusion in terms of electron density of states is discussed
[65]. In the ideal case for high purity bulk alumina, Kitaoka has shown
that cation diffusion can be reduced by Hf doping while anion diffusion
was reduced by Y doping. Our results may indicate that TBC spallation
and dopant effects are more complex than simply grain boundary dif-
fusion and alumina scale thickness as predicted from basic diffusion
studies. Other possible reason why in the present study no clear influ-
ence of Hf or Zr-doping was obtained is that the RE content might al-
ready be too high, i.e. the BC is over-doped which typically leads to a
drastic reduction in the lifetime [11]. On the other hand, most RE-
containing particles in the BC are already oxidized in the “as coated”
condition due to internal oxidation during vacuum annealing and TC
deposition, as shown by the detailed TEM analyses described above,
and it is known that the RE-effect is more effective when the dopant is
present in metallic form rather than as oxide [36].

5. Conclusions

The effects of approx. 0.8 at.% Zr or Hf-additions to NiAlCr coatings
deposited by magnetron sputtering onto CMSX-4 and IN100 substrates
on the performance of 7YSZ EB-PVD TBCs is rather complex since it
relies on a combination of several factors that include physical and
chemical properties of the superalloy, the bond coat, and interactions of
both. The following conclusions were obtained:

1. In the “as coated” condition (which is after vacuum annealing of the
bond coat and top coat deposition) the bond coats consist of a -y’
phase mixture. Elements from the substrate have already diffused
into the relatively thin (23 um) bond coat in amounts depending on
the superalloy type. The measured composition was normalized to a
ternary Ni-Al-Cr system following the theoretical guidelines of site
preferences of alloying elements leading to a B — vy’ phase mixture
that matches the experimental observation quite well.

2. The bond coat contains internal oxide particles that are either Hf or
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Al-rich. Irrespective of the Zr or Hf-additions, the CMSX-4 substrate
leads to the formation of crack-wise defects in the bond coat that
only slightly affected the lifetime of these coatings.

3. Both substrate and dopant type have a clear influence on TBC life-
time. Zr-additions to the NiAlCr bond coat lead to a clearly better
TBC performance on the IN100 than on CMSX-4 (793 and 281, re-
spectively) whereas Hf-additions show an opposite effect (320 and
559 cycles). The TBC lifetimes of the best version NiAlCrZr/IN100
were adequate to much thicker standard NiCoCrAlY bond coats,
while the NiAICrHf/CMSX-4 version was even better than PtAl or
NiCoCrAlY based systems on the same alloy.
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