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Abstract: The mechanical properties of low-pressure plasma sprayed (LPPS) MCrAlY (M = Ni, Co)
bond coats, Amdry 386, Amdry 9954 and oxide dispersion strengthened (ODS) Amdry 9954 (named
Amdry 9954 + ODS) were investigated after annealing in three atmospheres: Ar-O,, Ar-H,0, and
Ar-H,-H;0. Freestanding bond coats were investigated to avoid any influence from the substrate.
Miniaturized cylindrical tensile specimens were produced by a special grinding process and then
tested in a thermomechanical analyzer (TMA) within a temperature range of 900-950 °C. Grain size
and phase fraction of all bond coats were investigated by EBSD before testing and no difference in
microstructure was revealed due to annealing in various atmospheres. The influence of annealing
in different atmospheres on the creep strength was not very pronounced for the Co-based bond
coats Amdry 9954 and Amdry 9954 + ODS in the tested conditions. The ODS bond coats revealed
significantly higher creep strength but a lower strain to failure than the ODS-free Amdry 9954.
The Ni-based bond coat Amdry 386 showed higher creep strength than Amdry 9954 due to the
higher fraction of the 3-NiAl phase. Additionally, its creep properties at 900 °C were much more
affected by annealing in different atmospheres. The bond coat Amdry 386 annealed in an Ar-H,O
atmosphere showed a significantly lower creep rate than the bond coat annealed in Ar-O, and
Ar-H,-H,0O atmospheres.
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1. Introduction

Many scientific studies have been carried out to investigate the oxidation behavior of MCrAlY
bond coats and intermetallic coatings in varying environments. However, far fewer investigations have
been performed for bond coats used in environments bearing hydrogen or water vapor. One strategy to
reduce the CO, emissions of power plants is to use a Hy-enriched syngas in gas turbines [1]. By using
syngas with hydrogen or water vapor instead of natural gas, some problems may arise. The negative
effect of hydrogen embrittlement in iron and steels has been well-known for decades [2]. Some studies
investigated the influence of water vapor and especially hydrogen on the formation and agglomeration
of nanovoids and vacancies in various materials [3,4]. Vacancy clusters were found in Ni alloys by
measuring the variation in positron lifetime and the intensity of hydrogen-charged samples. These
investigations revealed that grain boundaries are the preferred regions in which hydrogen can facilitate
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and stabilize vacancy clusters [3]. In addition, the diffusion of vacancies from the surface to the interior
of the sample, which led to the formation of 20-200 nm holes, was observed in Ni samples after
high temperature heat treatment [4]. The same behavior was found in Ni-base superalloys in which
strain-induced agglomeration of vacancies during plastic deformation was observed by Takai et al.,
promoting fracture in Inconel 625 due to the creation of microvoids [5]. Furthermore, charging
samples with hydrogen led to a remarkable reduction of the ductility of the Ni-base superalloy Inconel
718 during tensile tests by the coalescence of voids promoting crack initiation and propagation [6].
Localized deformation and stress concentration at grain boundaries and the growth and coalescence of
voids led to the final failure of hydrogen-charged samples [7]. The formation of hydrogen bubbles
and the agglomeration of voids was also observed, leading to blistering of the material and a general
decrease of its mechanical properties [4,8]. Another problem caused by the addition of water vapor
was the partially observed earlier spallation of thermal barrier coatings (TBCs) during cyclic tests [9].

The influence of Hy and H,O on the oxidation behavior of MCrAlY bond coats was investigated
before by Zhou et al. as well as by Sullivan and Mumm [10,11]. The addition of water vapor led to an
increase of (Ni,Co)(Al,Cr),O4 spinel formation in bond coats, which influences the bond coat stability,
the thermally grown oxide, and the TBC lifetime until spallation in syngas-fired turbines [11]. It was
found that a higher Py, led to stronger spinel growth for Amdry 386 at a higher Pp,. The highest
amount of spinel formation was observed at high Py,0 and low Pp,. Leyens et al. investigated the
influence of environments containing water vapor and hydrogen on the oxidation resistance of Ni-based
coatings and noticed that the addition of water vapor led to a 25% increase of the total mass gain after a
heat treatment at 1100 °C for 28 h [12]. Subanovic et al. [8] found blistering of 2 mm thick freestanding
MCrAlY bond coats exposed in a Hy/H,O atmosphere. The effect was attributed to hydrogen release
into the coating from the reaction between yttrium and water vapor and the subsequent formation of
hydrogen gas at the internal coating defects (pores). Few experiments on freestanding bond coats have
compared the influence of atmospheres containing H,O and/or H; on creep properties. Micro-tensile
creep testing of miniaturized samples under uniaxial loading has been used to evaluate the mechanical
properties at the sub-micrometer scale [13-16]. A new testing methodology has recently been suggested
in [17] where cylindrical samples were tested in a thermomechanical analyzer (TMA). The aim of this
work is to investigate the effect of the heat treatment of freestanding Ni- and Co-bond coats under
three different atmospheres containing oxygen, water vapor and hydrogen on creep resistance.

2. Experimental Methods

2.1. Material

Three MCrAlY bond coats were investigated in this work: A Ni-based bond coat, Amdry 386, and
the two Co-based bond coats Amdry 9954, and oxide dispersion strengthened (ODS) Amdry 9954—the
latter containing 2 wt.-% of Al,Oj3 for oxide dispersion strengthening. The chemical compositions are
listed in Table 1.

Table 1. Atmospheres and nominal composition of Amdry 386 and oxide dispersion strengthened
(ODS) Amdry 9954 in at.-% and O in ppm.

Material Ni Co Al Cr Si Y Hf (o]
Amdry 386 4035 1897 23.04 1649 0.79 0.36 0.08 <500
Amdry 9954 28.68 34.18 1557 21.25 0.13 0.32 - <500
Amdry 9954 + ODS 2882 34.01 1714 20.14 0.05 0.20 - 9650

The coatings were produced by low-pressure plasma spraying (LPPS) on a steel substrate. To obtain
freestanding bond coats, the steel substrate was spark eroded afterwards. A first homogenization
annealing under an argon atmosphere for 2 h at 1100 °C was done. A second heat treatment was
carried out for each bond coat in argon with additions of 20% O, 2% HO or 4% Hj + 2% H,O for 72 h
at 1100 °C.
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2.2. Sample Preparation

The exposed freestanding bond coat specimens were sliced with a precision wet abrasive cutting
machine Brillant 220 (ATM GmbH, Mammelzen, Germany) from atm into a rectangular shape with a
width of about 600 pm. For small-scale tensile testing, a circular sample cross section is recommended,
resulting in a more reproducible manufacturing of the samples and equal testing conditions. These
are huge advantages compared to the production of miniaturized samples with common fabrication
methods like electrical discharge machining or mechanical milling [18,19]. To produce a cylindrical
tensile specimen without notches and with high accuracy, the abrasive sliced samples were sent to
Microsample GmbH in Austria for further preparation. The production of the miniaturized samples
is described in detail in the work of Rathmayr et al. [20,21]. The cross sections of the samples were
determined to be 450 + 2 pm in diameter over a gauge length of 2500 pm. Microstructural analysis
was performed with a Zeiss Crossbeam 540 (Zeiss GmbH, Oberkochen, Germany) with backscattered
electron images (BSE). The grain sizes and individual phase fractions of all the bond coats were
determined by electron backscatter diffraction (EBSD) (Oxford Instruments, Abingdon, UK) with
the software ATZEC from Oxford Instruments. Polished sections of the tested specimens after creep
experiments along the testing direction were characterized by Image] (version 1.46r, Wayne Rasband,
Bethesda, Rockville, MD, USA).

2.3. Experimental Setup

Micro-tensile creep tests were carried out with a thermomechanical analyzer (TMA) type 402 F3
Hyperion from Netzsch (Netzsch, Selb, Germany)—see also [17] for more details. The experimental
setup consists of a SiC furnace with a constant flow of 400 mL/min of Ar during testing. The sample
holder, the pushrod and the clamping jaws for mounting the samples are made of alumina, which is
thermally stable up to 1550 °C. The measuring system is thermally stabilized by constant water cooling
during the experiments. Creep tests were performed at temperatures of 900-950 °C. A constant load of
50 mN was applied for fixing the samples during heating with 5 K/min until the testing temperature
was achieved. A holding period of 90 min was used for reaching thermal equilibrium before testing.
The force of the load-controlled experiment was increased from 0.05 N to 2.37 N in 1 min, resulting in a
stress of 15 MPa in the 450 um diameter at the beginning of the experiments. The TMA setup and a
micro tensile specimen before testing can be seen in Figure 1.

Figure 1. Thermomechanical analyzer (TMA) setup: alumina tension holder, pushrod and clamping
jaw for mounting the sample. The polished tensile specimen has a diameter of 450 um over the entire
gauge length of 2500 um before creep testing.
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3. Results

3.1. Microstructure at the Initial State

The microstructures of Amdry 386, Amdry 9954 and Amdry 9954 + ODS after heat treatment at
1100 °C for 72 h in Ar-O,, Ar-H,O and Ar-H,-H;O are shown in Figure 2. No detrimental effect of
oxygen, water vapor or hydrogen for all bond coats can be seen by microstructural analysis before the
creep experiments. Blistering of the bond coats due to internal recombination of hydrogen, as described
by Subanovic et al., was not found [8], probably due to a smaller Y-reservoir in the creep specimens
associated with a smaller specimen thickness.

9954+0D

Figure 2. BSE (backscattered electron) images of the microstructures of Amdry 386 (a-c), Amdry 9954
(d—f) and Amdry 9954 + ODS (g-i) after a heat treatment of 72 h in Argon with the addition of 4% H; +
2% H,0, 2% H,0O and 20% O, before creep testing.

Differences regarding the microstructure can only be attributed to the varying content of the
-NiAl phase and the y-solid solution phase between Amdry 386 and Amdry 9954, as described in
a previous study [17]. The formation of internal Y-rich oxides could be observed in all bond coats,
similarly to the study by Huang et al. [22]. In addition to the two-phase (3/y-microstructure of Amdry
386 and Amdry 9954, the ODS-containing bond coats showed small, finely distributed alumina particles
as well as accumulation of alumina.

Due to insufficient melting during the plasma spraying process, large, not completely molten
particles were found in all specimens, especially in Amdry 9954 and 9954 + ODS. The inhomogeneous
microstructure may have a negative effect on the mechanical properties of these alloys [23,24].

Due to the manufacturing process, a higher porosity of 2.1 + 0.48% was found in the ODS-containing
bond coats (Figure 2g-i) as opposed to 0.6 + 0.17% in Amdry 386 and Amdry 9954. Figure 3
shows the grain size in all different conditions, analyzed by EBSD. As can be seen, the average
grain size of 0.8-1.1 um was not influenced by the varying atmospheres during the heat treatment.
The ODS-containing bond coats revealed smaller areas of particles that were not completely molten and
show a maximum grain size of 5-6 pm, significantly smaller than Amdry 386 and Amdry 9954. The sizes
of all phases, as well as the phase fractions of each bond coat, were analyzed as well. Neither the



Metals 2019, 9, 692 50f 10

individual size of the 3-NiAl phase, y-solid solution and the alumina particles, nor the phase fraction
was significantly influenced by heating in oxygen-, water vapor- or hydrogen-containing atmospheres.
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Figure 3. Distribution of the grain sizes of Amdry 386, Amdry 9954 and Amdry 9954 + ODS after a
heat treatment at 1100 °C for 72 h in argon with the addition of 4% Hj + 2% H,O, 2% H,0 and 20% O;.

3.2. Micro-Tensile Creep Experiments

The bond coats Amdry 386, Amdry 9954 and Amdry 9954 + ODS, which were heat treated in
Ar-O,, Ar-H;0, and Ar-H,-H,O atmospheres at 1100 °C for 72 h were crept at testing temperatures of
900-950 °C. The results of the micro-tensile creep experiments are shown in Figure 4. Amdry 386 shows
generally lower creep minima compared to Amdry 9954. Furthermore, it is obvious that the addition
of 2 wt.-% of Al,O3 particles can significantly increase the creep resistance of MCrAlY bond coats.
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Figure 4. Strain rate versus true plastic strain plots at testing temperatures of 900-950 °C with an applied
stress of 15 MPa. Before creep testing, Amdry 386 (a—c) Amdry 9954 (d—f) and Amdry 9954+0DS (g—i)
were heat treated at 1100 °C for 72 h in Argon with the addition of 4% Hy + 2% H,0O, 20% O, and
2% H,0.
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The most significant effect of heat treatment atmosphere on the creep behavior can be seen in
Amdry 386 tested at 900 °C. The sample heat treated in Ar—H,O showed the lowest creep minima,
whereas the sample heat treated in Ar-H;-H,O showed a creep rate of more than one order of
magnitude faster. The sample heat treated in Ar-H,0O was stopped after passing the creep minima
at 627 h. With increasing temperature, the discrepancy diminished and the influence of the different
atmospheres seemed to decline. The creep minima at all testing temperatures were reached at
0.06-0.1 plastic strain, though it was reached earlier at higher temperatures. Among the experiments
with Amdry 386, the samples annealed in Ar—H,O revealed lower creep minima than those annealed
in Ar-Hp-H,0O and Ar-0O,, as indicated by the time to failure Tt in Table 2.

Table 2. Time to failure Tt for Amdry 386, Amdry 9954 and Amdry 9954 + ODS annealed in different
atmosphere after creep experiments at 900-950 °C.

Material Atmosphere T¢/h 900 °C T¢/h 925°C T¢/h 950 °C
4% Hyp + 2% Hy,O 94 37 11
Amdry 386 2% H,O 627 52 17
20% Oy 362 40 14
4% Hyp + 2% Hy,O 27 14 7
Amdry 9954 2% H,O 23 10 5
20% O, 32 21 6
4% Hp + 2% Hy,O 438 102 34
Amdry 9954 + ODS 2% H,O 235 53 29
20% O, 355 84 31

For Amdry 9954, much higher creep rates than the Ni-based bond coat were observed in all
experimental conditions. With increasing temperature, the creep rates of all samples annealed in
different atmospheres increased slightly. Although the creep curves show almost the same progression,
the samples heated in Ar-O, and Ar-H,-H,O had a tendency to have slightly lower creep minima than
those heat treated in Ar-H,O, at all temperatures. The high creep rate made it difficult to determine
the possible influence of the individual atmospheres. Furthermore, the trend of the creep resistance of
Amdry 9954 seemed to follow the opposite way to the sequence of Amdry 386. The highest creep rate
and the longest time to failure could be related to the samples annealed in Ar-H,O, whereas those
annealed in Ar-H,-H,0 and Ar-O, showed slightly lower creep rates. In the temperature range
of 900-950 °C, all heat treatment variations showed the same creep curve progressions and strain
to failure.

A remarkable decrease of the strain to failure from 0.6 without ODS particles to 0.1-0.2 with ODS
particles was observed. The creep curves of Amdry 9954 + ODS were characterized by distinct creep
minima, followed by a subsequent steep rise of the creep curves. The influence of oxygen, water vapor
and hydrogen is difficult to interpret. However, the creep curves showed a similar tendency as in the
oxide dispersion free alloy Amdry 9954. Samples annealed in Ar-H,-H;O and Ar-O, showed lower
creep minima than those annealed in Ar-H,O, especially at lower testing temperatures of about 900 °C
and 925 °C. At 950 °C, the creep minima were virtually independent of the annealing atmosphere.

In Figure 5, the comparison of the creep minima for all nine experimental conditions and the
corresponding activation energies are summarized.

Amdry 386 showed higher activation energies than Amdry 9954 due to the higher amount of
B-NiAl. Associated with the lower creep minima of Amdry 386 annealed in Ar-H;O, especially at
900 °C, it revealed the highest activation energy. The ODS particles significantly improved the creep
resistance. However, the difference in activation energies is moderate due to the uniform changes of
the creep minima with the increasing temperature.
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Figure 5. Minima creep rates (a) and activation energies (b) of testing temperatures of 900-950 °C. The
samples of Amdry 386, Amdry 9954 and Amdry 9954 + ODS were heat treated before creep testing in
Argon with the additions of 4% Hj + 2% H,0O, 2% H,0O and 20% O,.

3.3. Microstructure after Creep Experiments

Figure 6 exemplifies an overview of all three bond coats tested in small-scale creep experiments at
900 °C with a stress of 15 MPa. The microstructures of the crept samples revealed significant differences
between the three kinds of MCrAlY bond coats. These differences, which are due to the varying
amounts of the high temperature stable 3-NiAl phase and the oxide dispersion particles, were already
investigated in a previous study [17]. The most substantial influence of the different atmospheres
during annealing was observed in Amdry 386. The experiment of the sample annealed in Ar-H,O was
stopped after 627 h. Afterwards, it was cut at the thinnest position. No significant inner failure in the
form of internal cracking could be noticed, as shown in Figure 6a. This was more pronounced in the
Ar-Hy-H,0 and Ar-O, samples since they were crept until failure, as shown in Figure 6b,c. It can be
assumed that the cracks and pores were generated in the tertiary creep regime during tensile testing
because almost no porosity was found in the regions of the grip sections of the Amdry 386 and Amdry
9954 specimens.

Figure 6. BSE images of the microstructures of Amdry 386 (a—c), Amdry 9954 (d—f) and Amdry 9954
+ ODS (g-i) after tensile creep tests at 900 °C. Before creep testing, the samples were heat treated in
Argon with the additions of 4% Hj + 2% H,0O, 2% H,O and 20% O,.
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Based on the strong ODS effect of the Al,O3 particles, the ODS-containing bond coats failed much
earlier than Amdry 9954, resulting in a more furrowed fracture surface.

4. Discussion

Amdry 386 showed superior creep properties compared to the Co-based bond coat Amdry 9954.
The higher creep strength of 3-NiAl, in contrast with the Ni- and Co-containing y-solid solution
phase, at temperatures above 900 °C, is responsible for the better creep resistance [24-26]. The higher
yttrium content in Amdry 386 compared to Amdry 9954 led to the formation of smaller Y,0O3 particles.
These nanoscale oxide particles provide an additional hindering effect for deformation and therefore
improve the mechanical properties. The beneficial influence of small oxide particles is also shown by
the lower creep minima of the ODS-containing bond coat. Investigations by Arzt et al. of yttria-oxide
particle-strengthened NiAl with a similar grain size as the bond coats investigated in this study showed
that the additional hindering effect can be attributed to the interaction between dislocations and
dispersoids in the material [27-29]. It is assumed that the nanoscale Al,O3 particles in Amdry 9954 +
ODS have a similar dispersion strengthening effect and hinder the dislocation motion during creep
testing. The better creep properties of Amdry 9954 + ODS come along with a lower ductility than
Amdry 9954. In contrast, the observed differences in the creep behavior of the bond coats annealed in
different atmospheres are more difficult to interpret. At low testing temperatures of 900 °C, significant
differences were observed for Amdry 386, while testing at higher temperatures, as well as for the two
Co-based bond coats, revealed only a slightly different creep behavior due to the annealing in different
atmospheres. The reason for this difference will be discussed in the following section.

The influence of external oxidation during heat treatment at 1100 °C for 72 h in different
atmospheres on the mechanical properties can be ignored in this study because the micro tensile
samples were taken from the center of the bulk material. However, according to the literature,
the addition of water vapor and hydrogen can promote internal oxidation [30]. Water vapor can
lead to an increase of the oxygen vacancy concentration and an enhanced outward diffusion of
aluminum [30-32]. Furthermore, water vapor extends the early initial stage of oxidation of Al-rich
bond coats, hence stabilizing the transient 6-alumina stage [33]. Therefore, the less dense 6-alumina
allows more oxygen to pass through the oxide layer, promoting the formation of external and internal
a-Al,O3 [11,27]. Huang et al. showed that samples annealed in Ar-O; revealed an increased
grain boundary diffusion for oxygen, resulting in a more pronounced internal oxidation than in
Ar-H,-H,0 [22]. However, according to microstructural analysis, no internal oxidation could be
observed in all bond coats and atmosphere compositions in the present study.

Further, neither the grain size, phase fraction, nor the phase size varied in the bond coats annealed
in different atmospheres. The high creep rate of Amdry 386 annealed in Ar—H,-H,O could be due to the
interaction of hydrogen inside the bulk material with grain boundaries and interfaces. Investigations
of tensile testing of Ni-based superalloys under hydrogen charging have revealed that hydrogen can
enhance localized plasticity, which is known as the hydrogen-enhanced localized plasticity (HELP)
mechanism. Fracture was mainly due to this localized plasticity and transgranular cracking was
observed [7]. It was suggested that hydrogen promotes the coalescence and widening of voids
during deformation, resulting in an easier crack propagation [6]. Takahashi et al. found that the
hydrogen-enhanced decohesion (HEDE) mechanism, which was originally developed to explain the
weakening of metallic bonds in bulk materials, can also be applied to small-scale specimens [34].
Therefore, the poorer creep behavior of the Amdry 386 sample annealed in Ar-H,-H,O might be due
to a combination of the interaction of hydrogen with grain boundaries and a decrease of the energy
barrier for dislocation motion, which leads to an enhanced plasticity and earlier crack propagation.

5. Conclusions

One Ni-based and two Co-based freestanding bond coats with and without ODS particles annealed
at 1100 °C for 72 h in argon atmospheres, containing additions of 20% O, 2% H,O and 4% Hj + 2%
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H,O were investigated by micro-tensile creep tests. The force-controlled creep experiments were
performed in a TMA at testing temperatures of 900-950 °C under constant Ar-flow and a constant load
of 2.37 N. The higher amount of 3-NiAl in the NiCoCrAlY—bond coat Amdry 386-led to superior creep
properties than in the CoNiCrAlY—bond coat Amdry 9954. The addition of ODS particles to Amdry
9954 led to the highest creep resistance due to particle strengthening. For the Ni-based bond coat
Amdry 386, the best creep properties were observed for samples annealed in Ar-H,O. The influence
of the atmospheres diminished at higher testing temperatures. For Amdry 9954, the influence of the
different atmospheres was difficult to distinguish given the high creep rates at 900-950 °C with an
applied stress of 15 MPa. However, both Co-based bond coats with and without ODS particles showed
the lowest creep resistance after the addition of water vapor.
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