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NiCrAlY and CoNiCrAlY powders were thermal-sprayed using the high frequency pulse detonation method
(HFPD) onto AISI 310 austenitic stainless steel samples to obtain dense, adherent, high temperature oxida-
tion resistant coatings. The oxidation behavior of both types of coatings in a 1000 °C simulated gas turbine
environment was experimentally determined. The porosity, hardness, coating thickness, and microstructure
were not significantly modified by the high temperature oxidation cycles, but the internal oxidation increases
significantly after a very low oxidation time. Surface phase composition was evaluated using x-ray diffraction
(XRD) and scanning electron microscope (SEM) techniques, revealing the formation of a continuous and
highly protective alumina layer. The oxidation kinetics of both coatings can be characterized by parabolic
rate constants, which are very close to those for the formation of aluminum oxide on nickel or cobalt based
alloys at similar conditions.
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1. Introduction

Gas-fired gas turbine combined-cycle systems are expected
to account for a significant proportion of the projected new elec-
tricity generation units to be constructed over the next 10 years.
Such plants are available in a range of sizes of up to more than
200 MW per turbine and current combined-cycle plants have
professed cycle efficiencies on the order of 49% and are capable
of achieving environmental compliance for SO2 and NOx. The
ultimate goal of these new systems is to reduce the cost of elec-
tricity by at least 10%.[1]

To achieve the aforementioned goals, the gas turbine indus-
try is making the utmost effort to allow increased firing tempera-
tures so as to improve engine efficiency and is also using a re-
duced cooling air/fuel ratio. At the same time, increasing
efficiency reduces fuel consumption and therefore reduces emis-
sions of nitrogen oxides (NOx), carbon monoxide, and hydrocar-
bons to meet the expected lower limits for pollution in the fu-
ture.[2]

The main requirements for land-based gas turbines are long
life, maximum efficiency, reliability, and minimum cost. The
durability of a gas turbine is limited by components operating at
high temperatures.[3] Ni-based superalloys are the materials nor-
mally used for first stage blades, which operate at the highest gas
temperature. The oxidation and high temperature corrosion of
these nickel based alloy components is improved by the appli-

cation of protective coatings. MCrAlY coatings (M = Ni, Co or
both) are used worldwide for this purpose. They owe their pro-
tective effect to the fact that they form a continuous thermally
stable oxide layer on the coating surface. These coatings are usu-
ally applied using vacuum plasma-spray (VPS) or electron beam
physical vapor deposition (EB-PVD) processes. Both methods
produce dense coatings (low porosity) with excellent adherence
to the substrate and minimize oxidation during the application.

Other thermal-spray processes have been developed such as
the high velocity oxygen fuel (HVOF) and the detonation gun
methods to produce dense coatings with a good adherence to the
substrate. These spray processes are also much more economical
and convenient than VPS and EB-PVD methods. More recently,
the new high frequency pulse detonation thermal-spray process
(HFPD) represents a cost-effective alternative for the production
of premium quality coatings.[4]

In this paper, the high temperature oxidation behavior in a
simulated gas turbine environment at a temperature of 1000 °C
of two MCrAlY coatings produced by the HFPD is analyzed.

1.1. HFPD Process

The HFPD spray system is based on a carefully designed gun
able to produce a discontinuous behavior (cycled explosions)
from a continuous supply of the detonatable gases and the pow-
ders. The system lacks mechanical moving parts, being designed
with aerodynamic valves that allow the self-generation of dis-
crete batches of gases and powders for each cycle, opening up
the possibility of working in a wide range of explosion frequen-
cies (up to more than 100 Hz) and gas mixtures. In the HFPD
process, the flow of gaseous products from cycled explosions in
the gun is used to accelerate and heat the sprayed particles. Typi-
cally, these particles attain very high speeds and sufficiently
high temperatures leading to quite dense, well-bonded coatings
from most commercially available powders (cermets, metallic
alloys and ceramics).[5]
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One of the most important consequences of the particular
physical process involved in the HFPD cycled explosions is the
low consumption of gases, especially when compared with al-
ternative continuous HVOF systems, mainly due to two factors:
the different oxyfuel ratios (low oxygen) and the pulsed nature
of the process. Another important economic consideration is its
extended operating time and low maintenance needs.[4]

2. Experimental Procedure

Two types of commercial MCrAlY powders (Sulzer Metco,
Switzerland) were sprayed onto an AISI 310 austenitic stainless
steel by means of the HFPD thermal-spray method. The speci-
mens were cylindrical with a diameter and height of 25 mm, in
agreement with the ASTM C-633 Standard.[6] Table 1 shows the
chemical composition and size range of both powders. The dif-
ferences in morphology of both powders are better seen in Fig. 1.

A PK 200 HFPD thermal-spray apparatus (Aerostar Coat-
ings, Irún, Spain) was used to spray both powders. The most
relevant spraying parameters are listed in Table 2 along with the
final coating thicknesses. Samples were first cleaned and blasted
with alumina grit with an average size lower than 1 mm at 0.7
MPa, and their flat surfaces (25 mm diameter) were automati-
cally thermal-spray coated immediately after cleaning.

The thickness of the coatings, along with their microstruc-
ture, porosity, and oxide content, were determined by optical
microscopy techniques. The porosity and oxide content of the
coatings were evaluated by point counting under an optical mi-

croscope in accordance with the ASTM E-562 Standard,[7] and
the Vickers microhardness test was also performed on the coat-
ing layers using a load of 300 g. The phase composition of the
coatings was determined by x-ray diffraction analysis using a
Philips PW 1729-1710 (Amsterdam, The Netherlands) device
equipped with a copper anode.

High temperature cyclic oxidation tests were carried out in a
300 kW experimental combustor specially designed to attain
temperatures as high as 1300 °C in environments that simulate
the operating conditions of gas-fired gas turbine combined-cycle
systems very closely (Fig. 2). The heating system of the com-
bustor uses propane and air, previously heated with the flue gas
stream generated in the combustion reaction. The atmosphere
free oxygen content can be regulated, and a value of 11 vol.%
was selected in our experimental tests to reproduce the most oxi-
dizing conditions reported in these installations,[8] which was
determined with a computerized gas analyzer. To simulate the
operating conditions of the first stage blades of gas turbines, the
tested samples were internally cooled with air (0.4-0.5 bar), thus
obtaining a temperature difference of 100-200 °C between the
surface of the samples and an internal region located at 1-2 mm.
Figure 3 shows the sample geometry used in the experimentation
and the location of two thermocouples used to measure the coat-
ing and substrate temperatures. Two similar samples were tested
simultaneously.

Table 1 Composition and Grain Size of the Powders

Powder
Ni,

wt. %
Co,

wt. %
Cr,

wt. %
Al,

wt. %
Y,

wt. %

Size
range,

µm

NiCrAlY, gas
atomized balance … 25 10 1 −106 + 56

CoNiCrAlY, gas
atomized 32 balance 21 8 0.5 −62 + 11

Table 2 Spraying Parameters

Spraying System:
HFPD-PK200 NiCrAlY CoNiCrAlY

Oxygen, 1/min 135 110
Nitrogen, 1/min 25 120
Fuel, 1/min 47 (propylene) 80 (natural gas)
Carrier gas, N2, 1/min 20 20
Frequency, Hz 45 75
Spraying distance, mm 150 150
Powder feeding, g/min 26 30
Translation velocity, cm/s 10 10

Gun length: 250 mm
Internal diameter: 20 mm

Fig. 1 Morphology of NiCrAlY and CoNiCrAlY powders
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The experiments were performed at an atmosphere tempera-
ture of 1000 °C during different time periods: 1, 2, 4, 8, 20, 40,
and 160 h, with the ultimate aim of determining the progression
of coating damage as well as the oxidation kinetics of these coat-
ings. All the experiments of more than 8 h were carried out by
repeating an 8 h cycle several times until the total time of
exposure was attained. As shown in Fig. 4, average cycle heating
and cooling rates of 30 and 12 °C/min were also measured in
these tests and a temperature difference of about 150 °C was
always maintained between coating and substrate. At the end of
each test, the sample weight gain due to surface oxygen intake was
determined using a balance with a sensitivity and accuracy
of 0.1 mg.

All the specimens were nickel plated after the oxidation tests
to preserve the surface oxide layer and were then diametrically
cut, mounted in a plastic resin, ground, and polished. Finally,
optical microscopy evaluation, x-ray diffraction (XRD), scan-
ning electron microscopy (SEM) (JEOL 6100, JEOL LTD, To-
kyo, Japan) and x-ray energy dispersive analysis (EDS) (Link
EXL-1000, Oxford, UK) were performed to assess the structural
changes and coating damage produced during high temperature
oxidation testing.

3. Results and Discussion

Figure 5(a) and (b) shows the microstructure of NiCrAlY and
CoNiCrAlY coatings in the as-sprayed condition. Both images

show a low level of porosity. NiCrAlY powders exhibited a
much larger grain size than CoNiCrAlY powders did; hence
most of the projected particles were unable to melt completely
during the spraying flight, giving rise to a lower density coating
layer with many unmelted particles, some irregular porosity, and
a lack of homogeneity. On the other hand, the CoNiCrAlY pow-
ders had a more appropriate grain size for spraying by means of
this low temperature procedure, and a denser coating was ob-
tained, although greater internal oxidation was measured in the
as-sprayed condition due to the smaller particle size (Fig. 5).

Table 3 shows the total coating thickness, porosity, oxide
content, and Vickers microhardness measured for both coatings
in the as-sprayed condition and after different oxidation periods
at 1000 °C. Porosity and hardness do not vary significantly with
oxidation time. After 160 h exposure the hardness of NiCrAlY
and CoNiCrAlY coatings, respectively, decreases and increases
lightly, though finally, after long oxidation exposure times, the
hardness of both coatings is equivalent. On the other hand,
CoNiCrAlY coatings maintain their thickness, but NiCrAlY
coatings show a slight decrease in thickness during the oxida-
tion experiments due to the higher porosity and lack of homo-
geneity, which have been shown in these coatings. The internal
oxidation of these coatings increases significantly after a very
short oxidation time (first hour), but then, according to the data
shown in Table 3, does not change any more. The oxidizing
atmosphere penetrates the coatings through their open poros-
ity, and when all the accessible internal surfaces have been
oxidized, the process apparently stops. Subsequently, the
oxidation phenomenon takes place only on the external surface
of the coating in contact with the atmosphere, so that the pres-
ence of a surface protective layer is needed to avoid further oxi-
dation. Figure 6 shows the external oxide layer as well as the
internal oxidation of NiCrAlY and CoNiCrAlY coatings after 80
h at 1000 °C; while the NiCrAlY coating has its internal oxida-
tion concentrated around its porosity, the CoNiCrAlY coating

Fig. 2 Experimental combustor used in the oxidation tests
Fig. 3 Specimen geometry showing air cooling system and thermo-
couple location
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has a more finely dispersed oxide network. Figure 7 shows the
continuous oxide layer built up on the surface of one of these
coatings (NiCrAlY after 160 h of oxidation). Two continuous
layers of oxides were seen in some areas under the SEM. Ac-
cording to the analysis carried out using the electronic micro-
probe, the inner layer, which has a uniform thickness, is alumina,
and the exterior layer, which was intermittently present and also
has a more irregular morphology, is the corresponding mixed
spinel-type oxide (NiAl2O4 and CoAl2O4, respectively). Similar
results were obtained by other authors when characterizing the
oxidation behavior of low-pressure plasma-sprayed MCrAlY
coatings.[9-11] The presence of alumina and mixed spinel-type
oxides was also revealed from the diffraction pattern of the sur-
face of these samples as can be seen in Fig. 8, which corresponds
to the NiCrAlY sample after 80 h in the combustor. It is the
dense and continuous alumina layer that prevents inward diffu-
sion of oxygen and explains the excellent resistance of these
coatings against oxidation. It must also be remarked that no sur-
face cracks or internal cracks were detected after any of the high
temperature oxidation tests.

Figure 9 represents the weight change per unit surface of the

NiCrAlY and CoNiCrAlY coatings measured during the 1000
°C oxidation tests. As only the flat surface of the samples were
spray-coated (� 25 mm), it was not possible to obtain the net
weight gain of the coatings. These data can be used only quali-
tatively, since at this temperature (1000 °C), the chromium ox-
ide (Cr2O3) developed on the sample steel surface transforms
into the volatile oxide CrO3.[12] This fact may explain the weight
loss observed in all the samples after long exposures at 1000 °C.
Thus, the only point that can be deduced from Fig. 9 in relation
to the oxidation behavior of both coatings is that, assuming the
weight loss due to the formation of CrO3 is the same for both
coatings (no spalling has been detected), the apparently higher
oxidation resistance characteristic of the CoNiCrAlY coating as
its total weight loss was always greater (lower sample net
weight).

Since the kinetics of the oxidation reaction cannot be ob-
tained by weight measurements, the thickness of the Al2O3 layer
was accurately measured under the SEM after different oxida-
tion periods. The oxidation kinetics of the coatings obeys a para-
bolic rate law and are both quite similar (Fig. 10), giving rise to
the parabolic rate constants shown in Table 4. K1 expresses the

Table 3 Coating Parameters Modification After Different Oxidation Times at 1000 °C (± Standard Deviation)

As-
Sprayed 1 h 2 h 4 h 8 h 40 h 80 h 160 h

NiCrAlY
Thickness, µm 180 ± 20 145 ± 15 130 ± 25 130 ± 15 130 ± 20 120 ± 15 150 ± 25 130 ± 40
Porosity, % 2.6 ± 0.8 1.4 ± 0.4 1.7 ± 0.5 2.4 ± 0.7 2.3 ± 0.8 2.5 ± 0.5 2.1 ± 0.7 2.8 ± 0.5
Internal oxidation, % 0.4 ± 0.2 8.3 ± 2.5 6.4 ± 0.8 7.3 ± 1.6 7.8 ± 1.2 7.1 ± 1.7 7.9 ± 1 9 ± 1.5
HV300 433 ± 40 490 ± 60 500 ± 50 470 ± 40 480 ± 35 435 ± 40 425 ± 25 385 ± 30

CoNiCrAlY
Thickness, µm 180 ± 25 160 ± 15 155 ± 15 140 ± 20 165 ± 20 145 ± 20 160 ± 15 170 ± 15
Porosity, % 0.8 ± 0.2 0.9 ± 0.5 1.3 ± 0.5 0.4 ± 0.3 0.4 ± 0.4 1.4 ± 0.3 1.4 ± 0.4 1.1 ± 0.3
Internal oxidation, % 1.4 ± 0.3 10.4 ± 2.6 9.3 ± 1.5 8.5 ± 0.8 10.4 ± 1.7 7.3 ± 1.1 6.2 ± 1.6 6.1 ± 2.0
HV300 320 ± 20 415 ± 50 415 ± 40 410 ± 40 395 ± 40 395 ± 30 385 ± 35 365 ± 30

Fig. 4 8 h thermal cycle showing coating and substrate temperatures
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oxidation behavior in terms of the alumina thickness, and K2, the
same behavior in terms of oxygen gain per unit coating surface
(the density of pure alumina used in the calculation of K2 was, in
accordance with Ref. 13, 3.86 Mg/m3). These parabolic rate con-
stants are usually used as a measure for the growth rate of oxide;
the behavior of the CoNiCrAlY coating thus seems to be slightly
better. The parabolic rate constants obtained in this study present
values very close to those measured for the formation of alumi-
num oxide on bulk nickel or cobalt based alloys under oxygen or
air atmospheres.[14, 15]

4. Conclusions

NiCrAlY and CoNiCrAlY coatings may be thermal-sprayed
using the HFPD process. The coatings are dense and exhibit
small, interconnected porosity along particle boundaries. During
high temperature cyclic oxidation in a simulated gas turbine at-
mosphere, the oxidizing atmosphere penetrates into the coatings

Fig. 5 As-sprayed coatings: (a) NiCrAlY and (b) CoNiCrAlY
Fig. 6 Oxidation of coatings after 80 h at 1000 °C: (a) NiCrAlY and
(b) CoNiCrAlY

Fig. 7 Al2O3 layer built up on the surface of the NiCrAlY coating after
160 h oxidation
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through their open porosity; this internal oxidation occurs until
all the accessible internal surfaces are oxidized. Subsequently,
oxidation takes place only on the external surface, where a con-
tinuous and uniform layer of alumina protects the coating from
further oxidation.

The CoNiCrAlY coating exhibited a slightly better behavior
than NiCrAlY, manifested by a lower growth rate of the protec-
tive alumina layer. The more appropriate size range of CoNi-
CrAlY powders produces a more homogeneous microstructure,
and this is the main reason that justifies this behavior.

Finally, the kinetics of the oxidation reaction could be deter-
mined only indirectly by measurements of the thickness of the

Al2O3 layer. The oxidation kinetics of the coatings is parabolic
and can be characterized by parabolic rate constants that are very
similar to those measured for the formation of aluminum oxide
on bulk nickel or cobalt based alloys reported in air and oxygen.

Table 4 Oxidation Parabolic Constants of HFPD
Thermal-Sprayed Coatings

Parabolic Constants NiCrAlY CoNiCrAlY

K1, µm2/h 0.050 0.038
K2, mg2/cm4s 2.07 × 10−6 1.57 × 10−6

Fig. 8 Diffraction pattern of the surface of NiCrAlY coating (after 80 h of oxidation)

Fig. 9 Weight gain per unit surface (g/cm2) of NiCrAlYand CoNi-
CrAlY coatings Fig. 10 Coating oxidation kinetics in air at 1000 °C (thickness of alu-

mina layer, in µm, vs time)
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