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a b s t r a c t

Thermal-sprayed MCrAlY coatings have become widespread in various industries such as power plants,
aeronautics, and oil and gas firms. High-temperature oxidation behavior of these coatings is therefore of
significance. Spraying of two prevalent MCrAlY powders (NiCoCrAlY and CoNiCrAlY) on Hastelloy sub-
strate by high velocity oxygen and fuel method and exposing them to 1000 �C air for resolving of their
cyclic oxidation behavior are presented in this paper. The coatings were characterized by x-ray diffrac-
tion, scanning electron microscopy and energy-dispersive x-ray spectroscopy. The obtained oxidation
kinetic indicated that at 1000 �C, the thermally sprayed NiCoCrAlY coating has greater resistance to
oxidation than CoNiCrAlY. While oxidation rate of the former follows a parabolic rate equation with
specific rate of 5.1� 10�3 (mm)2 h�1 at 1000 �C, the oxidation rate for the latter has a specific rate of
12.1� 10�3 (mm)2 h�1.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Progress in turbine technology requires highly developed coat-
ings with qualified specifications such as resistance to diverse
aggressive environments, consistent coating-substrate thermal
expansion and prolonged resource of the advantageous elements
like Al and Cr [1,2]. Simultaneous meeting of these demands is
arduous for overlay coatings. After so many attempts for
improvement of the efficiency of various coatings, MCrAlY (M¼Ni,
Co, or both) has been announced as the fitting case [3]; capable of
forming (a) Al-rich layer resistant to type 1 hot corrosion and (b) Cr-
rich layer highly resistant to type 2 hot corrosion [4].

MCrAlY coatings have widely been used in gas turbine engines
as (a) overlay protective layer and (b) bond coat for Thermal Barrier
Coatings (TBCs) [3e5]. Al plays a vital role in these coatings because
its selective oxidation produces a continuous, compact and stable
Al2O3-rich scale on the surface of the layer. Diffusion of oxygen
through Al2O3 is slow; so the protective oxide scale gradually
thickens with least stress exertion [4,6]. Another vital element in
MCrAlY is Yttriumwhich can enhance the protective scale adhesion
to the coating [7,8].
haad).
There are diverse thermal spraying methods to implement
MCrAlY overlay coatings on the substrates such as Vacuum Plasma
Spraying (VPS), High Velocity of Oxygen and Fuel (HVOF), Atmo-
spheric Plasma Spraying (APS) and Low-Pressure Plasma Spraying
(LPPS) [9]. As the cost of under-vacuum operation is high, other
techniques have gotten more usage [10]. Recent researches have
proved that the High Velocity Oxygen and Fuel (HVOF) coatings
have better property in comparison to the other methods because
HVOF can form an Al2O3 dispersion on the surface during the
coating process [11e13]. It has been proved that the efficiency of
the overlay coatings not only depends on the used thermal spraying
method but also on the chemical composition of the coating
[14e16].

In this study, NiCoCrAlY and CoNiCrAlY are first coated on
Hastelloy samples by HVOF method. Oxidation behaviors of both
coatings are then studied and compared with each other and with a
bare Hastelloy sample. Rate equations for oxidation of the coatings
are determined and possible prevailing mechanisms are suggested.
Due to long-term dominance of ~1000 �C in most turbine blade
parts and their exposure to cyclic condition, cyclic oxidation studies
are carried out at 1273 K.
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Table 2
HVOF process parameters.

Parameter Value

Spray distance, mm 320
Powder feed rate, g/min 50
N2 carrier gas flow rate, L/min 5
O2 gas flow rate, L/min 820
Kerosene flow rate, mL/min 360
Speed of robot, mm/s 500

Fig. 1. XRD patterns of the CoNiCrAlY coating: (a) as-coated, (b) after 80 h oxidation
and (c) after 160 h oxidation.
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2. Materials and methods

2.1. Materials

Gas Atomized NiCoCrAlY and CoNiCrAlY powders (made of
Metco Com., USA) of spheroidal morphology and 20e45 and
5.5e38 mm respective diameters and nominal chemical composi-
tions given in Table 1 were used as coating feedstock. The nominal
chemical composition of the Hastelloy substrate is also listed in
Table 1.

2.2. Coating

Prior to spraying the powders, the Hastelloy sheets were grit
blasted using alumina powder to increase the adherence of the
coating to the substrate. Then we cleaned the substrate by using
acetone ultra-sonication. Both sides of the sheets were entirely
sprayed with MJ500 (Sulzer-Metco) gun and KR16 robot (KUKA,
Germany) which used kerosene as fuel and nitrogen as carrier gas
for accomplishment of the HVOF process. The approximate thick-
ness of the final coating was 200± 20 mm. During and after the
spray, air jets cooled down the surfaces of the samples. When both
surfaces were totally coated, we cut the substrate into
20� 10� 2mm specimens. Table 2 summarizes the working pa-
rameters used to coat the Hastelloy samples.

2.3. Oxidation

We oxidized all samples at 1000 �C with air at a heating rate of
20 �C/min via either 4 or 8 heating cycles which took 20 h, each.
After every cycle, we took the sample out of the furnace and cooled
it down to the room temperature, which took ~30min and
measured its weight by an electronic balance of 10�4 g precision
and its TGO thickness using Scanning Electron Microscope (SEM).

2.4. Analysis

Scanning Electron Microscope (SEM) (Hitachi, Japan; Model: S-
3400N) equipped with EDS microanalysis unit revealed micro-
structure, surface morphology and chemical composition of the
coatings. X-ray diffraction (XRD, Model D/Max 2500PCRigaku,
Japan: Cu Ka radiation) asserted composition and phase analysis of
the coatings. To maintain the surface oxide layer, samples were
Nickel plated before metallographic preparation.

3. Result and discussion

Figs. 1 and 2 show the XRD results of the as-coated samples.
While the major phase in both sprayed coatings is g/g ՛, an
important difference between the two samples is stronger peaks of
the main b phase in NiCoCrAlY as compared with the CoNiCrAlY
coating. This b phase is more stable and resistant to high temper-
ature oxidation than most other phases of both samples (except
Al2O3), as indicated by previous authors [7,11,17]. Exposing both
coatings to high temperature (i.e. 1000 �C) reveals higher oxidation
Table 1
Nominal chemical composition of the materials used in this research.

Material Constituents (wt%)

Ni Co Cr Al Y Fe Mo C W

NiCoCrAlY Bal. 23.0 17.0 12.5 0.45 e e e e

CoNiCrAlY 32.0 Bal. 21.0 8.0 0.45 e e e e

Hastelloy Bal. 1.5 22.0 2.0 e 15.8 9.0 0.15 0.6
resistance of NiCoCrAlY than CoNiCrAlY. Experimental results have
displayed the former as the owner of the highest thermal efficiency.

Figs. 1 and 2 also show the formation of a-alumina after 80 h
oxidation on both NiCoCrAlY and CoNiCrAlY coatings. Due to the
higher density and uniformity of a-alumina protective layer in
comparison to the other generated layers on the surface of the
coating, it has been referred to as the main protective layer on the
surface of the specimens [18,19]. Other detected oxides like NiAl2O4
and CoAl2O4 spinels have not been as beneficial as the a-alumina
phase; because of their reduction of resistance to oxidation [20]. By
increasing the oxidation time from 80 to 160 h, NiO, another
detrimental phase, may appear in the CoNiCrAlY coating. This
phase severely reduces the lifetime of the coating, according to the
literature [21]. It uses much higher depth of the coating to be
generated while acting as nucleation site for creation of crack [22].

Let's divide both coatings into the following three zones shown
in Fig. 3:

1 Outer-b-depleted zone (OBDZ)
2 b-left zone (BLZ)
3 Inner-b-depleted zone (IBDZ)

Fig. 3 depicts the mechanism of formation of Al2O3 by high
temperature oxidation of the coatings. The first step is the forma-
tion of a protective aluminum oxide layer on the oxide-less surface



Fig. 2. XRD patterns of the NiCoCrAlY coating: (a) as coated, (b) after 80 h oxidation
and (c) after 160 h oxidation.
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of the sample. This is due to lower Gibbs free energy of formation of
Al2O3 at 1000 �C than other possible oxides [21]. Diffusion of
aluminum from the b phase of the coating results in thickening of
the protective alumina layer (OBDZ) [23]. Large difference between
the Al concentration of the coating and the substrate leads to
diffusion of Al from the coating to the substrate, which makes the
IBDZ thick.

Sufficient Al in the b phase can provide adequate aluminum for
formation of uniform alumina layers in both CoNiCrAlY and NiC-
oCrAlY coatings. Produced alumina layer can act as an obstacle to
inward and outward diffusion of oxygen anions and metal cations.
As is displayed in Fig. 3, before the formation of spinel oxides, the
predominant oxidation mechanism is diffusion of cations towards
the interface. After formation of the spinel, simultaneous diffusion
of anions and cations within the defect-full permeable oxide layer
is the prevailing mechanism according to the literature [4]. Anions
Fig. 3. Mechanism of oxidation of Al before
diffusion causes the sub-scale alumina formation underneath the
thermally grown oxide (TGO) phase, too [24].

Problem arises when b phase does not have enough aluminum
to support the generation of the protective layer. Minimum
aluminum content for re-healing the alumina layer is 3 percent,
according to the previous researches [25].

Selective oxidation of Al, depletes close-to-surface b phase of
the coating. By lowering of the b phase to a specified critical level,
other elements such as Ni, Cr and Co can diffuse through defects of
the alumina phase towards the surface [23]. These elements may
then begin to oxidize to cause nucleation of spinel-oxides on the
surface. Fast growth of these spinels will increase the oxidation rate
of the coatings at the surface and since the spinel oxides are more
permeable and less spallation resistant than the alumina phase,
formation of any mixture containing alumina together with spinel
oxides reduces resistance to high temperature oxidation, too.

Plotting the thermodynamic stability diagram of Ni-Al-O system
can be so beneficial due to its description about the equilibrium
between different phases that can be generated in this system. This
diagram can be provided utilizing the standard free energies of
formation of phases at 1000 �C. The obtained diagram is presented
in Fig. 4 and all the equilibriums presented in this diagram are as
follows:

2Alþ 3
2
O2 ¼ Al2O3 (1.1)

Niþ 2Alþ 2O2 ¼ NiAl2O4 (1.2)

Niþ 1
2
O2 ¼ NiO (1.3)

3Niþ 4Al2O3 ¼ 3NiAl2O4 þ 2Al (1.4)

NiAl2O4 þ 3Ni ¼ 4NiOþ 2Al (1.5)

In the present system, although oxygen pressure at the surface is
enough for formation of the spinel oxide phases, it is not as much in
the depth to change exclusivity of the alumina layer. On the other
hand, aAl is minimum at the surface and will have its maximum
amount at the bulk. Using the mentioned information and the
thermodynamic stability diagram can justify the cause for forma-
tion of the duplex oxide layer on the surface as shown in Figs. 5 and
6.

According to Fig. 2, the spinel oxide peaks of the CoNiCrAlY
and after formation of spinel oxides.



Fig. 4. The thermodynamic stability diagram of Ni-Al-O system.
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coating after 160 h oxidation is stronger than 80 h. This change
suggests increasing of the thickness of the spinel oxide layer by
oxidation time. Fig. 5 compares the SEM cross-sectional images of
the CoNiCrAlY coating after 80 and 160 h oxidation. The figure
approves the thickening of the spinel oxide layer by oxidation
duration.

Unlike CoNiCrAlY coating, NiCoCrAlY layer demonstrates much
higher resistance to oxidation. Spinel oxides are not as predomi-
nant as alumina layer on the surface of the NiCoCrAlY coating. This
indicates that the NiCoCrAlY coating does not totally deplete from b
phase in its depth even after 160 h oxidation. For these reasons, the
NiCoCrAlY coating shows higher resistance, greater service-life and
lower kp than CoNiCrAlY coating, as will be discussed in the coming
sections.

SEM images shown in Figs. 5 and 6 are also of help to recognize
the much higher resistance of NiCoCrAlY layer to oxidation than
CoNiCrAlY coating. Comparison of the images shows that 80 h
oxidation of CoNiCrAlY forms a dense and uniform oxide layer
much thicker than that of NiCoCrAlY. Although higher diffusion rate
of aluminum in the first stage of oxidation of CoNiCrAlY coating can
be advantageous, long time exposure of the coating to high tem-
perature may cause detrimental effects due to depletion of the
aluminum reserve in CoNiCrAlY. This depletion can decrease the aAl
in CoNiCrAlY coating and as it is visible in the thermodynamic
stability diagram in Fig. 4, it can prepare the situation for genera-
tion of spinel oxides. As the TGO layer is growing much faster in the
CoNiCrAlY coating it can be derived that the aluminum diffuse with
Fig. 5. Cross-sectional representation of the SEM image showing CoNiCrA
higher rate in this coating than the NiCoCrAlY. So the b depleted
zone in the coating-oxide interface is much thicker in the CoN-
iCrAlY coating than the other. Fig. 6 shows that by increasing the
oxidation time, TGO will become thicker and thicker. That may
generate tensile stress in the coating, as indicated by previous au-
thors [26,27]. The generated stress can cause spallation and loss of
TGO uniformity as shown in Fig. 7 and this will result in service-life
reduction. From greater life time of NiCoCrAlY, it is deduced that
TGO of NiCoCrAlY is more resistant to diffusion than CoNiCrAlY.
Lower diffusion rate of elements in NiCoCrAlY reduces the growth
rate of TGO and this will lead to smaller Al assumption from the b Al
reservoir which results in higher resistance to oxidation.

As is visible in Fig. 7, devastation of some areas of the protective
layer on CoNiCrAlY, partly exposes the sample to the oxidizing hot
atmosphere. The TGO layer of NiCoCrAlY coating of Fig. 7 is, how-
ever, free of any spallation and the dual-layer oxide (Spinel oxide
and a-Alumina containing outer and inner layers) seems contin-
uous and uniform.

As can be seen in Fig. 7, roughness of both coatings have
increased by time of oxidation; but CoNiCrAlY is much rougher. The
average surface roughness (Ra) of the coatings measured after
160 h oxidation using the Mitutuyo SJ-210 surface roughness tester
was 4.6 mm for NiCoCrAlY and 5.5 mm for CoNiCrAlY. Since the
failure of the coating can start from the surface, intense roughness
of CoNiCrAlY can be an indication of its low resistance to spallation.

The elemental concentration profile of both coatings before and
after 160 h oxidation are presented in Figs. 8 and 9. The data proves
our previous claim about less Al consumption in the case of NiC-
oCrAlY coating. As can be seen in Figs. 8 and 9, the concentrations of
Co, Ni and Cr are higher on the surface of CoNiCrAlY after 160 h
oxidation (Due to the higher lattice parameter of q-Alumina in
comparison to the a-Alumina) than NiCoCrAlY. The Al in-depth
reservoir of CoNiCrAlY is, hence, much lower than NiCoCrAlY af-
ter 160 h oxidation.

SEM images taken from the surfaces of both coatings after 160 h
oxidation are presented in Fig. 10. More cracks are observable on
CoNiCrAlY than NiCoCrAlY which confirms lower protection po-
tency of the former. The reason for the higher crack density of
CoNiCrAlY is to be discussed further.

From XRD results, it is deduced that prolonged oxidation of the
samples results in the conversion of the b-BCC phase (with
0.286 nm lattice parameter) into g-FCC phase (with 0.354 nm lat-
tice parameter) due to the Al depletionwhich results in straining of
the coated layer [28,29]. The CoNiCrAlY coating that endures faster
b to g transformation will experience much higher strain induction
lY coating after: (a) 80 h and (b) 160 h high-temperature oxidation.



Fig. 6. Cross-sectional representation of the SEM image showing NiCoCrAlY coating after: (a) 80 h and (b) 160 h oxidation.

Fig. 7. Cross-sectional SEM images of the coatings after 160 h oxidation: (a) CoNiCrAlY and (b) NiCoCrAlY. Average TGO thickness is tagged in the figure.
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and crack initiation than NiCoCrAlY, as also reported by previous
researchers [30].

Formation of q-Alumina in the first stage of oxidation on the
CoNiCrAlY is another reason for its low protection strength. After
160 h oxidation, the quantity of this phase is too low to be detect-
able by XRD test. Its needle-like shape is, however, recognizable in
Figs. 10(a) and 11(a). Monoclinic q-Alumina has ~12 percent lower
density than rhombohedral a-Al2O3 and its transformation to the
lower lattice phase after long time exposure to high oxidizing
temperature contracts the volume and imposes high stress to the
coating which facilitates crack formation [31,32]. As it is visible in
Fig. 11, the surface of the CoNiCrAlY coating after 80 h oxidation is
partly covered with needle-like q-Alumina which is almost crack-
free. However, it is shown in Fig. 10 that after 160 h oxidation
most q-Alumina has transformed to crack covered a-Alumina
phase. The main reason that the q-Alumina transient phase is more
prevalent on the surface of CoNiCrAlY coating can, hence, be
referred to the grain boundary effects of b-NiAl. Yang et al. [33],
have found that the a-Alumina will nucleate at the grain bound-
aries of b-NiAl phase. The grain size of this phase in both coatings
before high temperature oxidation test are calculated from the
well-known Scherrer equation:

t ¼ 0:9l
B cos qB

(2)

where t is themean size of the grains, l is the X-ray wavelength, b is
the line broadening at half peak intensity and q is the Bragg angle
[34].

The calculated grain size of the b-NiAl phase of NiCoCrAlY and
CoNiCrAlY coatings are 11 and 16 nm, respectively. So, it is clear that
the NiCoCrAlY coating has a higher specific grain-boundary than
CoNiCrAlY coating which can act as nucleation site for the a-
Alumina phase. On the other hand it was discussed before in the
XRD results that the stronger peaks of b-NiAl in NiCoCrAlY coating
can be referred to the higher density of this phase in this coating, so
that's why, the proper locations for the nucleation of a-Alumina
phase in the CoNiCrAlY coating is lower in comparison to the other
coating.

To draw a better perspective of the matter, we use the Pilling-
Bedworth ratio, as explained below [35]:

PBR ¼ Voox

Vom
(3)

where PBR is Pilling-Bedworth Ratio, Voox is volume of the oxide
formed and Vom is volume of metal consumed to form the oxide
layer.

As it is known from the previous studies, oxides of most metals
have higher volume than the utilized metal with PBR>1. This cre-
ates a compressive coating stress. But in some cases, such as the
transformation of the q-Alumina to a-Al2O3, tensile stress is created
by utilization of q-Aluminawhich have higher volume than a-Al2O3
and PBR being less than 1. The progressive increase in tensile stress



Fig. 8. Elemental concentration profiles across the thickness of CoNiCrAlY: (a) as coated and (b) after 160 h.
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will enhance the oxide growth rate, as was seen in our experiments.
So the tensile stress and other mentioned reasons, make the oxide
growth rate much higher in CoNiCrAlY than the other implemented
coating [26]. Transformation of q-Alumina to a-Al2O3 can make
some defects that increase the nucleation of cracks, too.

It is necessary that the generated phases on the coatings make
uniform, thick and well-adhered layer on the surface to protect the
coating and substrate under the service temperature. But in most
cases, the large difference between thermal expansion coefficients
of the generated phases can impose high strain to the coating that
can result in creation of large stresses which cause crack initiation
[26,36].

The strain energy produced in the coating-oxide interface upon
cooling of the specimen can be calculated from Equation (4) [37]:

W* ¼ Eoxhð1� VoxÞðDTÞ2ðDaÞ (4)

where W* is the strain energy, Eox is Young's Modulus of the oxide,
h is the oxide thickness, Vox is Poisson's ratio of the oxide, DT is
change in the temperature and Da is the difference in the thermal
expansion coefficients.
As it is visible in Equation (4), the thickness and the difference
between the thermal expansion coefficients (CTE) are the distinct
parameters of the oxides generated in the coating. CTE for q-
Alumina is 7.0� 10�6, for a-Al2O3 is 8.5� 10�6 and for CoNiCrAlY
and NiCoCrAlY both are approximately the same (~18.4� 10�4).
The difference between the thermal expansion coefficients of the
formed q-alumina and CoNiCrAlY coating causes much higher
strain in the coating which will lead to stresses on the coating.
While these generated stresses exceed the fracture energy of the
Alumina on Ni substrate, which is 0.66 Jm-2, cracks will be created
[38,39].

As can be seen in Fig. 10(b), although NiCoCrAlY coating has
much higher resistance to cracking and spallation, some visible
cracks still exists on the coating surfaces. The most logical reason
for generation of these cracks is high density of b phase in NiC-
oCrAlY after 160 h oxidation. As it was mentioned before there are
diverse sources of stress and crack initiation on coating surfaces
such as conformational changes in the b phase [40]. In the oxidation
process, the b phase having B2 structure will change to L10
martensite upon cooling which imposes high stress on the coating
due to its ~2% volume contraction. This can cause crack nucleation



Fig. 9. Elemental concentration profiles across the thickness of NiCoCrAlY: (a) as coated and (b) after 160 h oxidation.
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on the surface of the coating. This transformation can be the
principal reason for the observed cracks on the NiCoCrAlY coating.

To obtain better perspective of difference between the produced
coatings, we studied kinetics of oxidation of the samples [41].
Parabolic rate law have shown best fitting by previous researchers
[28,42]. We used both TGO thickness and specific weight change of
the samples for determination of the kinetic parameters. The
experimental results were plotted against the oxidation time for
NiCoCrAlY and CoNiCrAlY, as indicated in Fig. 12. Using TGO
thickness data showed prevalence of a parabolic regime (Equation
(5)), with different rate constants for different coatings:

d2 ¼ 2:k=p:t (5)

Rate constants obtained from the TGO thickness data were
0.0051 and 0.0121 (mm)2 h�1 for NiCoCrAlY and CoNiCrAlY,
respectively. It was concluded that at the same oxidation temper-
ature, the CoNiCrAlY coating has higher oxidation rate than NiC-
oCrAlY which seems to be the ideal coating in oxidation system of
this research.

In an alternative evaluation procedure similar to that of previous
authors [43,44], squared specific mass-change was plotted against
the oxidation time (Fig. 13). The curve obtained for NiCoCrAlY was
semi-linear indicating prevalence of the parabolic law (Equation
(6)) with a rate constant value of 6.2� 10�3 (mg cm�2)2 h�1:

�
Dm
A

�2

¼ kp:t (6)

Unlike NiCoCrAlY, curve fitting for the CoNiCrAlY coating
showed sub-parabolic behavior expressed byWagner Equation (7):

�
Dm
A

�n

¼ kp:t (7)

Rate constants of the first regime (before 80 h) was 1.7� 10�2

(mg cm�2)2.5.h�1 (with the growing exponent of n¼ 2.5) and
14.6� 10�3 (mg cm�2)2 h�1 (after 80 h). Higher weight-gain rate of
CoNiCrAlY in the first stage of oxidation seemed due to q-Alumina
and heavier spinel oxides formation. Unlike CoNiCrAlY, the NiC-
oCrAlY coating showed much higher resistance to the formation of
spinel and other unwanted oxides and the principal resource of the
mass gain was the generation of the a-Alumina layer.



Fig. 10. Surface morphology of the (a) CoNiCrAlY and (b) NiCoCrAlY coating after 160 h oxidation.

Fig. 11. Surface morphology of the (a) CoNiCrAlY and (b) NiCoCrAlY coating after 80 h oxidation.
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As mentioned before when squared TGO thickness vs. time
(squared specific mass-change vs. time) plot follows a linear rela-
tion, it means that the oxidation kinetic follows the parabolic law
which is preferred in oxidation kinetic of coatings. It is obvious that
having a linear plot of squared specific mass-change vs. time is
somehow implausible practically. So it is necessary to find a
parameter to check how much each plot is close to the linear
preferable plot. To do this, the first step is to plot the best fit line
through the points of the scatter plot.

The second step is to find the total deviation of the actual
variables from the predicted values by the best fit line. The total
amount of these deviations is called residuals that can be utilized to
compare the oxidation kinetic behavior of different coatings. As
some of the residuals are negative and some are positive, the sum of
the square of the residuals is used. The following equation is uti-
lized to find out the mentioned parameter. The best fit line and
residual parameter can be obtained as shown in Fig. 14. The lower
amount of the R parameter, the closer behavior to the parabolic law
will be seen.



Fig. 12. TGO thickness and specific weight gain vs. time curves for both coated and bare substrate.

Fig. 13. Parabolic and sub-parabolic weight gain plots of the coatings during cyclic oxidation at 1000 �C.
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Fig. 14. Plotting the best fit line and residual in a sample scatter plot.
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By using Equation (8), R parameter for NiCoCrAlYand CoNiCrAlY
coatings were calculated 0.037 and 0.063 respectively based on
TGO thickness procedure and 0.022 and 0.046 based on mass gain
procedure. So it can be deduced that the NiCoCrAlY coating have
better oxidation resistance because its oxidation kinetic curve has
better parabolic behavior.

Comparing the ratio of the calculated rate constants based on
different procedures, (kpCoNiCrAlY/kpNiCoCrAlY)¼ 2.55 and (kp՛ CoNiCrAlY/kp՛
NiCoCrAlY)¼ 2.37, demonstrate lower oxidation rate in the CoNiCrAlY
coating based on the TGO thickness procedure. The main reason for
the observed difference in these results is due to inner oxidation of
the coatings, caused by some other parameters such as powder size,
which can influence the mass change of the samples after each
cycle. As in such a short time, 160 h, at the temperature of 1000 �C
most of the MCrAlY coatings follow parabolic law, the sub parabolic
behavior of the CoNiCrAlY coating in the first region may be caused
by the internal oxidation of this coating too [28,45]. Using the TGO
thickness may be a beneficial way for reducing these unwanted
effects in obtaining the oxidation kinetic of coatings, instead of
measuring the mass change.

4. Conclusions

The results of this study demonstrate that, unlike the NiCoCrAlY
HVOF thermal sprayed coating which is covered with a-Alumina
protective phase, the first oxide phase which forms on the CoN-
iCrAlY coating during high temperature cyclic oxidation at 1000 �C
is q-Alumina. The difference in coefficients of thermal expansion of
CoNiCrAlY and q-Alumina and, q to a-Alumina conversion at higher
oxidation time, impose high stress to the CoNiCrAlY coating and
this transformation will cause high crack density in the CoNiCrAlY
coating. Utilizing both TGO thickness and mass change of the
coatings in calculating the rate constants of high temperature
oxidation showed the higher resistance of NiCoCrAlY coating.
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