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Abstract High velocity oxide fuel sprayed NiCrAlY

coatings on the Superni 76 superalloy have been oxidized

cyclically at 900 �C up to 200 cycles. Weight change

measurements were taken after each cycle to obtain

kinetics of the oxidation process. The surface and cross-

section of oxidized samples have been examined by XRD,

FESEM/EDS to characterize the corrosion products. The

formation of Al2O3 at the surface as well as at the coating/

scale interface as a sub-layer was observed. Other oxides

such as Ni (Al, Cr)2O4 and Cr2O3 were also present above

this Al2O3 sub-layer. An oxidation mechanism has been

proposed for the oxidation of the coating for 200 cycles by

correlating the results after different cycles of oxidation.

Keywords Coating � Oxidation � Diffusion

1 Introduction

Life time prediction of the coatings for any component is

required for its successful application. Different life time

prediction models have been developed and used to esti-

mate the life time of the coatings [1, 2]. To assess the life

time one has to understand the mechanism of degradation

in a given environment. The overall mechanism of degra-

dation can be understood by stepwise study where the

sample is subjected to oxidising environment for different

length of exposure time. By detailed examination of cor-

rosion products after different stages of exposure one can

determine the overall mechanism of degradation and can

also estimate the lifetime of the component in a given set of

environment. The NiCrAlY coatings have been used

commercially for protecting the gas turbine engine com-

ponents from the oxidizing environment. Various

researchers have studied the oxidation behavior of these

coatings both under cyclic and isothermal conditions [3–

8].Formation of slow growing Al2O3 in the scale is found

to provide the desired protection against high temperature

oxidation. However, formations of other oxides in the scale

along with the stable alumina have also been reported.

Some researchers have detected the h alumina in early

stages of the oxidation, the formation of which depends on

temperature and time of the oxidation [5, 9]. This meta-

stable state transforms itself to stable alumina upon suc-

cessive heating. The content of Al in the MCrAlY coating

is also crucial for the formation of a pure a-Al2O3 scale as

a protective layer on the surface to suppress the oxidation

[10, 11]. However from the machinability point of view,

MCrAlY coatings are usually selected with a low Al (less

than 12 wt%) and high Cr content (15–30 wt%) [12].

MCrAlY coatings have been developed by various thermal

spray processes. High velocity oxide fuel (HVOF) is

widely used technique to develop the bond coat as it is

reported to be superior to other thermal spray techniques

[13, 14]. Further it is reported that the dispersion of oxide

particles formed by the free interaction of powder particles

with air during the time of flight leads to improved oxi-

dation resistance of the coatings [15].

It is important to study the degradation of NiCrAlY

coatings under severe conditions. The mechanism of iso-

thermal oxidation for NiCrAlY coatings have been also
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studied with different times of exposure by some

researchers [5, 9]. However, there are no stepwise oxida-

tion studies reported on the Ni–21Cr–10Al–1Y coating,

under cyclic conditions. Therefore, the present work has

been focused to understand the oxidation mechanisms of

the NiCrAlY coatings developed by HVOF technique, at

900 �C, as a function of different exposure periods, up to

200 cycles. The oxidized coatings were characterized by

XRD and FESEM/EDS to elucidate the oxidation mecha-

nisms under different exposure periods of the coatings.

2 Experimental

2.1 Coating Formation

The Superni76 was procured from M/s Mishra Dhatu Ni-

gam Limited, Hyderabad, India, in the form of rolled sheets

from which specimens of desired dimensions were cut.

These specimens were polished and grit blasted with alu-

mina prior to coating. NiCrAlY powder with nominal

composition (Ni-bal, Cr-21 %, Al-10 %, Y-1 %) obtained

from Praxair Inc., US was sprayed by using HVOF gun

(JP5000) at Industrial Processors & Metallizers (P) Ltd,

New Delhi, India. The parameters used to deposit the

NiCrAlY coatings have been given in Table 1.

2.2 Oxidation Studies

The coated samples were weighed with alumina boat and

put in the constant temperature region of the furnace which

was maintained at 900 �C. After 1 h boat with the samples

were taken out from the furnace and cooled in air for

20 min by which time it came to the ambient temperature

and samples with alumina boat was again weighed. Two

samples of the coated alloy were subjected to cyclic oxi-

dation for 200 cycles with weight change being noted after

each cycle. A curve between specific weight change and

no. of cycles was then obtained from the weight change

measurements from the two samples at a difference of each

cycle.

To understand the mechanism of the oxidation at dif-

ferent stages, six coated samples were kept in the furnace

and were subjected to cyclic oxidation test at 900 �C. One

sample each was withdrawn after 5, 15, 30, 50, 75, 100 and

200 cycles respectively to understand the stepwise forma-

tion of the scale.

2.3 Characterisation Techniques

The surface and cross-section of the samples exposed to

200 cycles of oxidation were examined for morphological

and compositional details by means of FESEM with

attachment of EDS (FEI Company, Quanta 200F) and

X-ray mapping technique. For the cross-section study the

samples were cut by means of Low Speed Diamond cutter

(MS-10, Ducom Instruments Pvt. Ltd.). The phase analysis

was done by using the X-ray Diffraction (Bruker AXS

D-8Advance Diffractometer with CuKa radiation). Sam-

ples withdrawn after exposure of 5, 15,30,50,75 and 100

cycles were also subjected to similar analysis.

3 Results

3.1 As Sprayed Coating

The surface morphology and composition of the as sprayed

coatings is shown in Fig. 1a. Some melted and unmelted

particles of the powder can be seen on the as sprayed

surface. The EDS results show the presence of some oxy-

gen in the coating. The cross-sectional image shows the

presence of some oxide particles and some amount of

porosity as shown in Fig 1b. The coating thickness was

*220 lm.

3.2 Oxidation Kinetics

The curve between specific weight change and number of

cycles for each cycle is shown in Fig. 2. There is an

accelerated oxidation in a narrow region up to *15 cycles

after that the rate gradually tapers off and a power law is

followed with power equal to 0.2708. The best fit of the

curve has been drawn and it is found that the curve does not

follow the parabolic rate law but it is governed by fol-

lowing equation:

Y = 0:0004 X0:2708

where, Y is the specific weight change (g/cm-2), X is the

time (h)

Majority of the plot follows the above equation but there

are deviations which can be seen in the curve. This

Table 1 Spray parameters during deposition of NiCrAlY coatings by

HVOF technique

Parameters Detail

Oxygen flow rate 505.51 SL/h

Fuel flow rate 26.4 SL/h

Air flow rate 732 SL/h

Spray distance 380 mm

Feed rate 150 g/min

Fuel pressure 170 psi

Oxygène pressure 210 psi

Air pressure 50 psi
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indicates that there are steps at around 15th, 50th, 80th and

130th cycles. These steps may be related to the change in

compositional and microstructural features of the oxides as

described in next sections. The scale remained intact,

adherent and crack free and no spallation was seen even

after 200 cycles of oxidation as shown in Fig. 3.

3.3 X-ray Diffraction Study

The XRD pattern of as received coated samples and oxi-

dized samples after different no. of cycles is shown in

Fig. 4. As sprayed coating exhibit the Ni3Al and NiAl

phase. The different oxide phases which are observed after

different periods of oxidation cycles are: a-Al2O3, Ni (Al,

Cr)2O4 and Cr2O3. The smaller intensity of the oxide

phases as compared to the Ni3Al and NiAl phases indicates

the excellent oxidation resistance of the coating. After 15

cycles, the major oxide was a spinel Ni (Al, Cr)2O4 with

some peaks of Alumina. Al2O3 peaks continued to grow

and it became a major phase after 50 cycles. Some of

Cr2O3 peaks were also observed after 50 cycles.

3.4 SEM/EDS Analysis of Oxides

The surface morphology of the oxides grown on the coat-

ing is shown in Fig. 5. After 15 cycles of oxidation, some

needles started appearing which can be seen only at higher

magnification and after 50 cycles, this morphology became

very distinct. After 100 cycles, oxide nodules without

needles were observed. The surface composition of the

major coating elements at various times has been summa-

rised in Table 2. The Al concentration on the surface

increases up to 50 cycles and after that it becomes almost

constant up to 200 cycles. The cross-sectional SEM images

and mapping of the scale are shown in Figs. 6 and 7. After

five cycles, an oxide layer which is rich in Al and Cr has

formed as shown in Fig. 7a. There are some areas in which

Al2O3 stringers have started forming below the coating/

scale interface (Fig. 6a). The Al2O3 stringers continue to

form inside the coating, below the outer oxide scale in the

subsequent cycles. After 30 cycles, the discontinuous layer

Fig. 1 FESEM images of the as

sprayed coating a surface and

b cross-section

Fig. 2 Weight change curve for NiCrAlY coating oxidized at 900 �C

for 200 cycles. The solid line is indicating the best fit of the curve

Fig. 3 Macrographs of the oxidized samples after 200 cycles
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of Al2O3 has formed (Fig. 6b) which becomes almost

continuous after 75 cycles (Fig. 6c). After 100 cycles, the

distinct alumina sub-layer can be observed, which has

grown below the outer oxide layer (Figs. 6d, 7b). The outer

surface of the scale consisted of some oxidized and

unoxidized areas. The X-ray maps of the cross-section after

100 cycles clearly indicate that the coating is getting oxi-

dized internally as O is migrating inward through the

coating and oxidizing Al at the coating/scale interface.

Some Cr-rich regions are observed in the upper most layers

adjacent to the Al2O3 sub-layer. Further with the increasing

exposure time up to 200 cycles, the Al is getting oxidized

internally which is evident from the Fig. 6e and a thicker

Al2O3 layer is developed.

4 Discussion

The needle like morphology of the oxides observed up to

50 cycles corresponds to the fast and outward growth of the

Al2O3. This type of morphology has also been reported by

Toma et al. [9] where they have suggested that formation

of these needles supports the mechanism of outward

growth of the oxide. These needles appeared only up to 50

cycles and only oxide nodules were observed after 100

cycles. This change in morphology from needles to nodules

could be the indication of the change from outward diffu-

sion of Al to purely inward diffusion of oxygen.

Fig. 4 XRD pattern of oxidized samples after different number of

cycles

Fig. 5 Surace morphology of

oxidized samples after a 15

cycles, b 50 cycles, c 100

cycles, d 200 cycles
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The cross-sectional analysis of the scale after five cycles

exposure reveal that initially Al and Cr rich scale is formed

which grows outward by the diffusion of these elements.

The scale consists of mainly Ni (Al, Cr)2O4 and some

Al2O3 as revealed by XRD results. There are some regions

in which the Al2O3 is formed inside the coating, just below

Table 2 Surface composition of major elements at different times of oxidation cycles

0 h 5 h 15 h 30 h 50 h 75 h 100 h 150 h 200 h

Cr 22.65 23.47 21.55 22.33 19.56 17.24 18.21 18.41 17.42

Al 10.67 30.10 38.50 35.71 42.62 42.58 41.18 41.20 43.89

O 2.07 14.12 17.14 18.86 19.6 21.63 21.01 19.08 19.72

Ni 66.78 32.89 22.81 23.65 18.76 17.88 18.79 21.31 18.96

Fig. 6 Cross-sectional images

of the scale formed after a 5

cycles, b 30 cycles, c 75 cycles,

d 100 cycles, e 200 cycles of

oxidation of NiCrAlY coated

samples
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the coating/scale interface as shown in Fig. 6a. This

internal oxide has grown by diffusion of oxygen through

discontinuous Cr and Al rich scale. This type of behaviour

has also been explained by Kear et al. [16] in their study on

NiCrAl alloy where they suggested that initially spinels i.e.

Ni (Al, Cr)2O4 and NiO grow on the coating surface, then

Cr start diffusing and forms a healing layer at alloy/oxide

interface below the spinels and NiO layer. This healing

layer acts as getter for the formation of stable and slow

growing Al2O3 below the interface by the inward diffusion

of oxygen. However, in the present case, instead of distinct

Cr2O3 layer, a mixed layer of Al2O3 and Ni (Al, Cr)2O4 is

formed after five cycles. The inward diffusion of oxygen to

form Al2O3 precipitate could also be a consequence of the

presence of Y in the coating. Y in the coating is found to

retard the outward diffusion of Al and facilitate the inward

Fig. 7 X-ray mapping of

Cross-section of the scale after

a 5 cycles b after 100 cycles
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diffusion of oxygen by modifying electronic structure of

Al2O3 by condensation of Al-vacancies at the alloy/scale

interface and thus retards the cationic diffusion [17–19].

The excellent spallation resistance to the cyclic oxidation

which was observed in present case is also attributed to the

presence of Y. It has also been reported by Delaunay et al.

[20] that the stresses in the oxide are greatly reduced by

adding Y in MCrAl and NiAl coating.

Further, with increasing oxidation time, the Al2O3

continue to form below the external layer of oxides by the

inward diffusion of the oxygen shown in Fig. 6b. After 75

cycles, the complete and almost continuous Al2O3 sub-

layer has formed Fig. 6c. The X-ray maps after 5 cycles

and 100 cycles of oxidation clearly indicate the start and

continuous growth of the Al2O3. This Al2O3 sub-layer may

be blocking the diffusion of the Al to the surface and the

migration of the O into the coating as indicated by the

almost negligible weight gain of the coating between 100

and 200 cycles. Some Cr-rich regions just above the Al2O3

sub-layer could be Cr2O3 as detected by the XRD.

After 100 cycles, there was negligible oxygen uptake;

however thickness of Al2O3 sub-layer increased up to 200

cycles as shown in Fig. 6d. It means that the Al is getting

oxidized internally below the initially grown sub-layer of

Al2O3 due to availability of larger Al concentration. This

observation is also supported by the similar finding of the

fact which was observed by Giggins and Pettit [21] that the

initially grown oxides (spinels and Cr2O3) are dissolving to

release oxygen which combine with Al to form stable and

slow growing Al2O3. In present case, the Cr-rich oxides

which were observed just above the Al2O3 sub-layer had

got dissolved in alumina layer which is further confirmed

by disappearance of Cr2O3 peaks in XRD pattern after 100

cycles. From the above discussion, the oxidation mecha-

nism up to 200 cycles can be divided into four steps as

illustrated in Fig. 8.

The first step exists up to five cycles and indicates

accelerated weight change due to the formation of spinels

and some amount of Al2O3. This corresponds to very fast

diffusion of Al and its reaction with O. The second step up

to 50 cycles indicates decreased outward diffusion of Al

and increased inward diffusion of O resulting in formation

of slow growing Al2O3. In the third step these Al2O3

stringers grow into a continuous sub-layer up to 100 cycles.

The last step refers to growth of Al2O3 layer due to inter-

nally available O formed due to dissolution of the Cr2O3 in

the Al2O3 sub-layer.

5 Conclusions

Following conclusions can be drawn from the above study:

1. Ni–21Cr–10Al–1Y coating on Superni76 exhibits

excellent oxidation resistance to cyclic oxidation up

to 200 cycles at 900 �C in air.

2. The mechanism of oxidation of the HVOF sprayed

NiCrAlY coatings at 900 �C in air may be divided into

four stages:

i) Initially up to *5 cycles, spinels and alumina start

forming and growing on the surface by the

outward diffusion of the elements. This step is

the fastest step of the oxidation.

ii) Further increase in exposure time up to 50 cycles,

Al2O3 starts forming discontinuous sub-layer

below coating/scale interface by inward diffusion

of oxygen.

iii) Between 50 and 100 cycles, the discontinuous

Al2O3 becomes continuous sub layer.

iv) Last step from 100 to 200 cycles is the slowest

step, which corresponds to the dissolution of

Cr2O3 to form Al2O3.

Fig. 8 Schematic presentation of various steps involved in oxidation of NiCrAlY coating up to 200 cycles
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