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The isothermal oxidation behavior of a NiCrAlY coating prepared by means of electrospark deposition (ESD) technology on
second-generation Ni-based single-crystal DD6 was investigated at 1100 °C for 100 h. Surface morphologies, chemical composition, and the phase constitution of the coating were analyzed by scanning electron microscopy (SEM), energy-dispersive spectrometer (EDS) and X-ray diffraction (XRD). The results showed that the as-deposited NiCrAlY coating, with uniform superfine
columnar crystals and nanocrystallines, consists of b-NiAl and g-Ni double phases; the oxidation resistance of the DD6 alloy
was greatly improved by depositing the NiCrAlY coating, which was covered by two layers of oxides, q-Al2O3 and a-Al2O3,
while three layers of oxides, including Ni(Co)O, NiCr2O4, CrTaO4, CoTa2O6 and a-Al2O3, formed on the DD6 superalloy; the
interdiffusion zone (IDZ) and secondary reaction zone (SRZ) formed between the NiCrAlY coating and the DD6 superalloy
substrate for the interdiffusion; however, no deleterious Kirkendall voids appeared, which may be mainly due to the gradient
transition of the elements between the coating and the substrate.
Keywords: isothermal oxidation, NiCrAlY coating, electrospark deposition, Ni-based single-crystal superalloy
Avtorji so raziskovali izotermi~no oksidacijo NiCrAlY prevleke, pripravljene s tehnologijo elektroiskrilne depozicije (ESD), na
drugo generacijo monokristala iz Ni superzlitine DD6 pri ~asu zadr`evanja 100 ur na temperaturi 1100 °C. Povr{insko morfologijo nastale prevleke ter njeno kemi~no in fazno sestavo so analizirali z vrsti~nim elektronskim mikroskopom (SEM),
energijskim disperzijskim spektrometrom (EDS) in rentgensko difrakcijo (XRD). Rezultati raziskave ka`ejo, da ima nane{ena
NiCrAlY prevleka enovite superdrobne stebri~aste kristale in nanokristalite ter vsebuje b-NiAl in g-Ni dvojne faze. Z nanosom
NiCrAlY prevleke se je mo~no izbolj{ala odpornost DD6 zlitine proti oksidaciji. Na DD6 superzlitini nastala prevleka je bila
sestavljena iz dveh plasti oksidov, q-Al2O3 in a-Al2O3 medtem ko je tretja plast vsebovala okside Ni(Co)O, NiCr2O4, CrTaO4,
CoTa2O6 in a-Al2O3. Interdifuzijska cona (IDZ) in sekundarna reakcijska cona (SRZ) sta nastali med NiCrAlY prevleko in
substratom iz DD6 superzlitine, vendar pa niso opazili {kodljivega nastanka por zaradi Kirkendallovega efekta. Ta lahko nastopi
zaradi gradientnega prenosa oz. razli~ne hitrosti difuzije elementov s prevleke na substrat in obratno.
Klju~ne besede: izotermi~na oksidacija, NiCrAlY prevleka, elektroiskrilna depozicija, monokristal iz Ni superzlitine

1 INTRODUCTION
Ni-based single-crystal superalloys can have outstanding mechanical properties as high-pressure turbine
blades that work at up to 80 % of their absolute melting
temperature. The demand for enhanced mechanical properties at higher temperature in Ni-based single-crystal
superalloys has given rise to increasingly more additions
of refractory elements such as Ta, W and Re, which
comes at the cost of degrading the oxidation resistance.1–2 Therefore, coatings that possess excellent hightemperature oxidation resistance are necessities to
protect the turbine blades from oxidizing and corroding
during service.
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Among the protective coating materials, MCrAlY
(M = Ni and/or Co) coatings, with a good balance of
mechanical properties and oxidation resistance, have
been most widely applied for the protection of the
turbine blades.3–4 Generally, their deposition techniques
include physical vapor deposition (PVD), conventional
thermal spraying, low-pressure plasma spraying (LPPS)
and high-velocity oxygen fuel (HVOF). However, the
bond strength between the coating and the substrate obtained with these techniques needs to be further improved, and moreover, these techniques require expensive equipment and specific rooms. In contrast,
electrospark depositon (ESD) is a promising technique to
deposit coatings with a metallurgical bond between
coating and substrate. Moreover, ESD is also relatively
simple, cheap, and highly efficient for surface treatment.
In addition, the coating deposition process is ecologi389
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cally safe and can be characterized by a low energy consumption, a high profitability and a rapid return on
investment.5–6
ESD is a micro-welding process with a low heat input and high energy density. In the ESD process, the
electrode (anode) and the substrate (cathode) are instantaneously touched and discharged, and then the
physical and chemical reactions take place in their small
melting pool to form a splat. Because of the short pulse
duration and the high frequency during the deposition
process, heat is generated in 1 % of one pulse cycle, and
then transferred in remaining 99 % of one pulse cycle.
Therefore, the cooling rate in the ESD process may reach
in the range of 105–106 °C/s, and such rapid solidification can be utilized to produce coatings containing
nano-sized grains or even an amorphous structure. In
recent years, using the ESD technique to deposit highperformance coating seems quite promising, such as
chromium carbide-based coatings,7 Cu/Cu-MoS2 selflubricating coatings,8 WC-Co coatings,9 in-situ TiN
coatings,10 Zr-based amorphous-nanocrystalline coatings,11 CuNiSiTiZr high-entropy alloy coatings12 and
W-Ni-Fe-Co coatings.13
However, most research about ESD coatings focused
on the mechanical properties, so the oxidation resistance
of ESD coatings still needs further investigations. Y. J.
Xie et al.14 studied the isothermal oxidation behavior of
an ESD NiCoCrAlYTa coating on a Ni-base superalloy
IN-792, showing that the coating exhibits good oxidation
resistance. To the best of our knowledge, there is still no
relevant research report on isothermal oxidation behavior
of ESD MCrAlY coating on a Ni-based single-crystal
superalloy substrate, and therefore, the isothermal oxidation behavior of ESD NiCrAlY coatings on a Ni-based
single crystal superalloy substrate will be investigated.

Table 1: Chemical composition of DD6 superalloy (w/%)15

Cr
4.3

Co
9

Mo
2

W
8

Ta
7.5

Al
5.6

Hf
0.1

Re
2

Ni
Bal

Table 2: Processing parameters of ESD

Power
/W

Ar gas flow
/L·min–1

1000

15

Electrode
rotating rate
/r·min–1
3000

Deposition time
unit area
/min·cm–1
1.5

An isothermal oxidation test of the DD6 and the
NiCrAlY coating specimens was conducted in static air
in a muffle furnace. Prior to the test, the alumina crucibles were kept at 1300 °C until no mass change was
observed. The mass change of each specimen with a
crucible was measured discontinuously by interrupting
the oxidation process. An electronic balance (Sartorius
BP211D) with a sensitivity of 10–5 g was used to
measure the mass change of the specimens.
Surface morphologies were obtained by scanning
electron microscopy (SEM, Inspect F50, FEI Co., Hillsboro, Oregon), while the energy-dispersive spectrometer
(EDS, X-Max, Oxford instruments Co., Oxford, UK)
was used to analyze the chemical composition of the
selected area. The phase constitution of the coatings and
the oxide scales was identified by X-ray diffraction
(XRD, X’ Pert PRO, PANalytical Co., Almelo, Holland).
3 RESULTS AND DISCUSSION
3.1 As-deposited NiCrAlY coating microstructure
Figure 1 shows the morphologies and EDS results of
as-deposited NiCrAlY coating. It can be seen from Figure 1a that a typical splash feature appeared on the
NiCrAlY coating surface. When the electrode and the

2 MATERIALS AND METHODS
A second-generation Ni-based single-crystal DD6
ingot was selected as the substrate material and its
chemical composition is shown in Table 1. The bar of
DD6 superalloy was processed disk-shape specimens
with size of f20 mm × 3 mm, and the NiCrAlY alloy
(nominal chemical composition: 27 w/% Cr, 11 w/% Al,
0.5 w/% Y, balance Ni) was processed with a cylindershape electrode with size of f3 mm × 40 mm by using
wire electrical discharge machining. The specimens and
electrode were ground using SiC abrasive paper to 1000
grit finish and ultrasonically cleaned within ethanol and
acetone mixture. The NiCrAlY coating was prepared by
utilizing a DJ-2000-type adjustable power metal surface
repairing machine, and the preliminary optimized processing parameters set as outlined in Table 2. For the
convenience of the discussion, thereafter the NiCrAlY
coated DD6 specimen is referred to as the NiCrAlY
coating.
390

Figure 1: As-deposited NiCrAlY coating: a) surface morphology, b)
overall cross-section morphology, c) high-magnification cross-section
morphology, d) EDS line scanning
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gical bond has been obtained. The XRD analysis results
show that the as-deposited NiCrAlY coating consists of
two phases of b-NiAl and g-Ni (Figure 2).
3.2 Oxidation kinetics curves
Figure 3 shows the oxidation kinetics curves of DD6
superalloy and NiCrAlY coating at 1100 °C for 100 h.
Both the DD6 superalloy and the NiCrAlY coating
followed an apparently parabolic rate law, but the oxidation behavior of the NiCrAlY coating was far superior
to that of the DD6 superalloy, and after 100 h its weight
gain was only half that of the latter, indicating that the
oxidation resistance of DD6 alloy was obviously improved by depositing the NiCrAlY coating.
Figure 2: XRD pattern of as-deposited NiCrAlY coating

substrate come into contact in the form of a short circuit,
the capacitor energy is instantaneously released. A
plasma arc with a maximum temperature reaching
5000–25000 K is generated by the current pulse for a
short time, and it induces a droplet formation at the end
of the electrode, and then the plasma jet accelerates the
droplet towards the substrate surface at high velocity to
form a splash appearance. As shown in Figure 1b, a
fully dense and crack-free coating was obtained using
the ESD technique. It can be clearly seen from Figure 1c
that the microstructure of the coating consists of uniform
superfine columnar crystals with a column width of
about 0.2 μm, and between the subsequent layers there is
an obvious melting interface containing nanocrystallites.
The cooling rates of the coating in the ESD process can
reach 105–106 K/s, and with such a rapid cooling speed
the crystal nuclei grow up difficultly, resulting that the
coating consists of micro-scale and even nano-scale
structure. Figure 1d presents EDS line scanning of
NiCrAlY coating, indicating that the elements in the
electrode gradually transit from the coating to the substrate at the interface, which means an adherent metallur-

Figure 3: Oxidation kinetics curves of DD6 superalloy and NiCrAlY
coating at 1100 °C for 100 h
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3.3 Oxidation analysis
Figure 4 shows XRD patterns of the DD6 superalloy
and the NiCrAlY coating oxidized at 1100 °C for 100 h.
For the DD6 superalloy, the complex oxide peaks,
including a-Al2O3, Ni(Co)O, NiCr2O4, CrTaO4 and
CoTa2O6, were identified. For the NiCrAlY coating, two
kinds of oxides, q-Al2O3 and a-Al2O3, appeared. Meanwhile, only g-Ni was identified below the oxides for both
the DD6 superalloy and the NiCrAlY coating.
Figure 5 presents the surface morphology and EDS
results of the DD6 superalloy oxidized at 1100 °C for
100 h. Many granular oxides closely appeared on the
surface of the DD6 superalloy, and moreover, there were
holes and cracks distributed among the granular oxides
(Figure 5a). The area A EDS results showed that the
chemical composition of the oxides contained 56.54 x/%
O, 38.45 x/% Ni, 3.89 x/% Co and 1.13 x/% Cr (Figure 5b), and combining with the XRD results, this is
believed to be Ni(Co)O and minor NiCr2O4.
Figure 6 presents the surface morphology and EDS
results of NiCrAlY coating oxidized at 1100 °C for
100 h. A large amount of blade-like oxides covered on
the surface of the NiCrAlY coating (Figure 6a), and the

Figure 4: XRD patterns of DD6 superalloy and NiCrAlY coating
oxidized at 1100 °C for 100 h
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Figure 5: DD6 superalloy oxidized at 1100 °C for 100 h: a) surface
morphology, b) area A EDS results

area B EDS results showed that the chemical composition of the oxides contained 57.90 x/% O, 38.54 x/%
Al, 2.48 x/% Cr and 1.08 x/% Ni (Figure 6b). From the
XRD results and the typical morphology, the blade-like
oxide is believed to be q-Al2O3.
Figure 7 presents cross-section morphology and EDS
mapping of DD6 superalloy oxidized at 1100 °C for
100 h. The three layers of oxides formed on the DD6
superalloy, i.e. the gray granular oxide, the gray and light
one, and the dark one from top to bottom. The EDS
mapping revealed that a strong signal of Ni was detected
in the top layer, which suggests the oxide of this layer
belongs to Ni(Co)O; strong signal of Co, Cr, Ta was
shown in the middle layer, and from the XRD results,
this is believed to be CrTaO4 and CoTa2O6; strong signal
of Al was displayed in the bottom layer, combining with
the XRD results, the dark layer is a-Al2O3. In addition,
the transformation of g/g' to g took place underneath the
scales due to the consumption of Al during the high-temperature oxidation.
Many oxides can form in the early stage at 1100 °C
for DD6 superalloy, and Table 3 shows standard free
energy of forming oxides when reacted with 1 mol O2.16
As forming oxides of Cr and W are volatile at 1100 °C,
they are not shown in the Table 3. As shown in Table 3,
in the early stage of oxidation, the Al2O3 rapidly formed
392

Figure 6: NiCrAlY coating oxidized at 1100 °C for 100 h: a) surface
morphology, b) area B EDS results

first due to the fact that Al has the highest affinity for O;
however, the formed Al2O3 film could not completely
cover the DD6 superalloy due to the lower content, i.e.
the oxide scales are influenced not only by the thermodynamics, but also by the dynamics. Thus, since the
content of Ni(Co) was the highest, during the second
stage, the Ni and Co cations diffused outwards to form
Ni(Co)O at the oxide/gas interface, and with the growing
up rapidly of the Ni(Co)O layer, the previously formed
Al2O3 film spalled. At the same time, the O diffused inward through the newly formed Ni(Co)O layer to react
with Cr, Ta, W cations to generate the other compounds,
and then CrTaO4 and CoTa2O6 spinel phases in the
middle layer. In the last stage, with the growing up of the
middle layer, the diffusion rate of O through the middle
layer became slower to cause the O partial pressure at
the oxide/metal interface to attain a critical value, then a
continuous compact a-Al2O3 layer built up under the
middle layer. Finally, the oxidation rate greatly reduced
as it became governed by the transport through the
growing of the a-Al2O3 layer.
Table 3: Standard free energy of forming oxides when reacted with
1 mol O2

Oxides
DG°

Al2O3
–885

CoO
–318

NiO
–281

Ta2O5
–629
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Figure 7: Cross-section morphology and EDS mapping of DD6 superalloy oxidized at 1100 °C for 100 h

Figure 8 presents cross-section morphologies and
EDS results of NiCrAlY coating oxidized at 1100 °C for
100 h. As shown in Figure 8a, a continuous oxide scales
covered on the NiCrAlY coating. Figure 8b shows the

magnified oxide scales morphology to further observe
the detail, it can be clearly seen that the layered oxide
scales include a thin q-Al2O3 outer layer, and a thick,
dense and adherent a-Al2O3 inner layer. Z. Y. Liu, et al.17
have found that the coatings with a higher Al content had
a stronger tendency to generate q-Al2O3 than those with a
lower one. A q-Al2O3 scale grows much faster than a
a-Al2O3 one does. Actually, the superfine columnar
crystals and nanocrystallites in the NiCrAlY coating provided many short-circuit channels for the fast diffusion
of Al in the initial oxidation stage, which promoted the
formation of the fast-growing q-Al2O3.18–19 The q-Al2O3
might transform to a-Al2O3 after further oxidation, and
generally this transformation is observed to occur close
to or at the oxide/metal interface, but not at the gas/oxide
interface,20 thus the blade-like q-Al2O3 morphology at the
gas/oxide interface was preserved while the thickness of
the a-Al2O3 layer became thicker due to the transformation. The NiCrAlY coating exhibited excellent oxidation
resistance because of the thick, dense and adherent
a-Al2O3 layer preventing the diffusion of O and Al.
It can clearly be seen from Figure 8a that there is an
outer degraded layer below the oxide scales as the Al
consumption during oxidation had led to the transformation of b to g' to g, beneath that there are an unaffected
coating, an interdiffusion zone (IDZ) and an secondary
reaction zone (SRZ) in sequence. As shown in Figure
8c, the inward diffusion of Al, Cr in the coating and the
outward diffusion of Ta, W, Co in the superalloy substrate occurred due to the chemical potential difference.
Like the other MCrAlY/superalloy system,21 the IDZ and
SRZ always form below the coating due to the element
interdiffusion between NiCrAlY coating and DD6 substrate. However, significantly, different from the other
MCrAlY/superalloy system, the formation of deleterious
Kirkendall voids was not observed between the coating
and the substrate, which may be mainly due to the
gradient transition of the elements between the coating
and the substrate.

Figure 8: NiCrAlY coating oxidized at 1100 °C for 100 h: a) overall cross-section morphology, b) magnified oxide scales morphology, c) EDS
line scanning
Materiali in tehnologije / Materials and technology 53 (2019) 3, 389–394
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4 CONCLUSIONS
The as-deposited NiCrAlY coating, with uniform
superfine columnar crystals and nanocrystallites, is composed of b-NiAl and g-Ni double phases.
The oxidation resistance of the DD6 superalloy was
greatly improved by depositing the NiCrAlY coating at
1100 °C.
The three layers of oxides, including Ni(Co)O,
NiCr2O4, CrTaO4, CoTa2O6 and a-Al2O3, formed on the
DD6 alloy, while two layers of oxides, q-Al2O3 and
a-Al2O3, formed on the NiCrAlY coating at 1100 °C for
100 h.
The IDZ and SRZ formed below the NiCrAlY coating for the interdiffusion; however, no deleterious Kirkendall voids appeared, which may be mainly due to the
gradient transition of the elements between the coating
and the substrate at 1100 °C for 100 h.
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