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Mechanical Properties and Thermal Shock
Resistance of HVOF Sprayed NiCrAlY
Coatings Without and With Nano Ceria
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NiCrAlY coatings without and with 0.2 wt.% nano ceria were prepared by high velocity oxygen fuel
spraying. The microstructure, mechanical properties, and thermal shock resistance of as-sprayed coatings
were investigated. The results showed that in the as-sprayed coatings, the number of un-melted particles
was reduced drastically, the microstructure was refined and compact due to the refinement of sprayable
powders. Both the hardness and adhesive strength of the NiCrAlY increased due to the refinement of
microstructure and the decrease of the defects, such as pores and oxides, after adding nano ceria. The
thermal cycle life of NiCrAlY coatings was improved by 15% after adding 0.2 wt.% nano ceria, which is
attributed to the low content of spinel NiCr,O4 and high content of Cr,Oj; in the thermal cycling, the
refined and compact microstructure, and increased interfacial boundary.

Keywords high-velocity oxyfuel, nano ceria, NiCrAlY,
ultrasonic gas atomization

1. Introduction

MCrAlY coatings are widely used to protect components
of gas turbines and aero engines against high temperature
degradation due to their excellent high-temperature oxi-
dation and corrosion resistance, similar coefficient of ther-
mal expansion (CTE) with the substrate and relatively good
mechanical properties (Ref 1). The coatings can be used as
either single overlay coating to promote high temperature
oxidation resistance of substrates or bond coat for thermal
barrier coatings (TBCs) to decrease the inter-laminar stress
between ceramic top coat and substrate.

As an important protective coating at elevated tem-
perature, MCrAlY coatings was applied for turbine
engines over two decades ago, but its premature failure
during thermal cycling is still a critical problem, which
limits the lifetime of the coated components (Ref 2). So,
great attentions have been focused on improving their
high temperature properties such as thermal shock resis-
tance and oxidation resistance (Ref 3-7).

Ceria has been proved effective for optimizing the
mechanical properties and corrosion resistance of coating
due to its unique properties (Ref 8, 9). One of our authors,
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You Wang (Ref 10-13), firstly introduced ceria to improve
wear and corrosion of coatings. Jayaganthan et al. (Ref 8,
14-16) recently did meaningful work on the corrosion
behavior of NiCrAlY +0.4 wt.% CeO, coatings. In recent
years, there has been a great scientific interest in the study
of nano ceria due to its distinctive characteristics and
novel options for a wide range of applications (Ref 17).
The fine particle of nano ceria exhibits unique UV
absorbing ability, high stability at high temperatures, and
high hardness (Ref 18, 19). To the best of authors’
knowledge, no attention was paid to the researches on
nano ceria modified MCrAlY coatings.

The present work aims to investigate the thermal shock
behavior of NiCrAlY coatings without and with nano ceria
and clarify the effect of nano ceria on the thermal shock
resistance of NiCrAlY coatings. The results could be
helpful on developing the high temperature protective
coatings.

2. Experimental Procedure

5Cr21Mn9Ni4N heat-resistant steel was used as sub-
strate. Nano ceria and pure metals of Cr, Al, Y, and Ni
were used as raw materials of the coatings. The nominal
composition of NiCrAlY (with nano ceria) coatings is
253 wt.% Cr, 10.3 wt.% Al, 1.1 wt.% Y, (0.2 wt.% nano
ceria), and balance Ni. The sprayable powders were pre-
pared by induction melting and ultrasonic gas atomization
method. The parameters for ultrasonic gas atomization
are shown in Table 1. Before coating deposition, the
substrates were cleaned in acetone for 5 min and grit
blasted using alumina with particles size of 20 mesh to
remove surface oxides and obtain a rough surface.
NiCrAlY coatings without and with nano ceria were
deposited by high velocity oxygen fuel (HVOF) spraying
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technique (DJ 2700, Sulzer Metco). The spraying param-
eters are listed in Table 2.

The morphology and chemical composition of powders
and coatings of NiCrAlY without and with nano ceria
were examined by a scanning electron microscopy (SEM,
FEI, QuanTA-200) equipped with an energy dispersive

Table 1 Parameters of ultrasonic gas atomization

Parameters Details
Vacuum of melting, Pa 35 x 1072
Atomizing medium Ar
Atomizing pressure, MPa 11
Transducer frequency, KHz 50
Transducer amplitude, pm 50
Atomizing temperature, °C 1200
Inner diameter of nozzle, mm ®3.2
Table 2 Parameters of HVOF spraying

Parameters Details
Fuel pressure (C3Hsg, psi) 85
Oxygen pressure, psi 150
Air pressure, psi 110
Feed rate, g/min 42
Flow rate of carrier gas, L/min 9
Spray distance, mm 240

<

spectrometer (EDS). The particle size distribution of
powders was measured by a particle size analyzer. The
flowability was measured using a Hall Flowmeter (HYL-
102, Hengyu). The phase compositions of coatings were
detected by x-ray diffraction (XRD, Rigaku, D/MAX2400).
The surface roughness of the as-sprayed coatings
was measured by a surface profiler (Taylor Honson,
S4C-3D).

The microhardness was measured with a Vickers
indenter under a load of 100 g for 10 s. The adhesive
strength of coatings was tested according to the ASTM
C633-01 standard.

Thermal shock tests were conducted with a muffle
furnace at 1000 °C in static air. Each cycle consisted of
5 min immersion in the furnace followed by quenching in
water of 20 °C. The thermal shock cycles corresponding to
spallation of 10% surface area of the coatings were
defined as the lifetime. Three samples were tested in the
identical condition to obtain the average value of cyclic
oxidation life of the coating.

3. Results and Discussion

3.1 Morphology of the As-Atomized Powders

Figure 1 shows the SEM images and particle size dis-
tribution of the NiCrAlY powders without and with
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Fig. 1 SEM images and particle size distribution of the NiCrAlY (a) and NiCrAlY-0.2 wt.% nano ceria (b) powders
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0.2 wt.% nano ceria. Most of the powders have a spheri-
cal, smooth, and dense surface. But there are also powders
with irregular shape because small particles with size
below 10 um agglomerate, as satellites, to the large ones with
size around 40 pm during solidification. This phenomenon
is much more visible for the NiCrAlY powders than that
modified by nano ceria (as shown in white arrows), which
is related to the particle size distribution. According to
statistics, the size of 90% of the NiCrAlY powders ranges
from 10 to 45 pm and the mean size is around 33.6 um.
However, the size of 90% of the NiCrAlY powders with
nano ceria ranges from 5 to 15 pm and the mean size is
around 10 pm, which means that the particle size is uni-
form and refined after adding minor nano ceria.

The nano ceria takes important role in the refinement
of the powders. Cerium is a surface-active element and
thus reduces the surface tension and the interfacial energy
between the crystal nucleus and the melt during the pro-
cess of solidification (Ref 20), and the reduction of surface
energy prohibit the agglomeration of melt droplets.

There will be further reduction in the surface energy if
two particles combine. As we know, the trend for a rela-
tively big particle combining a small particle is much
easier than that for two small particles because there will
be bigger reduction in the surface energy for the former

one. The particle size is refined and the size distribution is
much narrow after adding nano ceria, so the amount of
satellites decreases. Because the existence of satellites can
affect the flowability of the powders, the flowability of the
powder with nano ceria also increases, which was con-
firmed by the experimental results.

3.2 Microstructure and Mechanical Properties
of the As-Sprayed Coatings

Figure 2 shows the surface and cross-section morphology
of both as-sprayed coatings. It can be seen from Fig. 2(a) and
(b), there are un-melted particles, pores, and grazed regions
(indicating melting and re-solidification of powders during
spraying) in the NiCrAlY coating. The coating is composed
of numerous splats overlapping together.

After adding nano ceria, the number of un-melted
particles was reduced drastically, the microstructure of
coatings was refined and the coating surface was smoother.
The small particles melt easier than bigger ones, which
result in the reduction of un-melted particles and surface
roughness. As is detected, the surface roughness Ra of the
as-sprayed NiCrAlY coating without and with nano ceria
is 9.5 and 7.6, respectively.

Moreover, the coating was more compact after adding
nano ceria. There was much less micro-pores in the

Fig. 2 Surface and cross-section morphology of the NiCrAlY (a and b) and NiCrAlIY-0.2 wt.% nano ceria (c and d) coatings
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NiCrAlY-0.2 wt.% nano ceria coating (Fig. 2c and d),
which was also closely related to the reduction of un-melted
particle. It is easier to produce space between un-melted
particles that hard to be filled with melt.

A certain amount of oxides, which were observed as
black contrast at the interface of lamellar structure,
formed in both as-sprayed coatings. In HVOF spraying
process, particles flying at high-speed impact on substrate
or previously deposited coating layer and form typical
lamellar structure. As HVOF spraying was performed in
air, the scale-forming elements, such as Al and Cr showing
high affinity with oxygen, in an in-flight molten particle
easily react with the dissociated oxygen atom entrapped
into the flame from environment. The oxidation behavior
of the thermal spraying coating occurs in the following two
processing: the in-flight melting powders and the particles
impacting on substrate or previously sprayed coating lay-
er. Moreover, spraying progress also affects the oxidation
behavior of coatings. HVOF is characterized by shorter
residence time in flame and higher kinetic energy of par-
ticles impacting, which is capable of depositing coatings
with lower oxidation degree than many others thermal
spraying technologies (Ref 21, 22).

Figure 3 shows the XRD patterns of both as-sprayed
coatings. The main phases were composed of Ni;Cr, and
Ni3zAl for both coatings. A few a-Al,O5 was detected in
the coating with nano ceria, which act as protective film
produced in the spraying process. Nano ceria is surface-
active and may adsorb oxygen from air easily. During
HVOF spraying, the molten Al reacted easily with oxygen
adsorbed on the surface of nano ceria particles and forms
Al Os.

Figure 4 shows the microhardness and adhesive
strength of both coatings. Both the hardness and adhesive
strength of the NiCrAlY-0.2 wt.% nano ceria coating are
higher than that of NiCrAlY coating, which is due to the
refinement of microstructure and the decrease of the
defects, such as pores and oxides. The homogeneous and
refined microstructure as well as the increased solubility of
Cr of as-spayed coatings with nano ceria are responsible
for the improvement of microhardness (Ref 7).
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Fig. 3 XRD pattern of the as-sprayed NiCrAlY (a) and
NiCrAlY-0.2 wt.% nano ceria (b) coatings
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Adhesive strength is an important criterion to evaluate
advanced coatings. The adhesive strength of NiCrAlY
coatings deposited by HVOF technology is more than
50 MPa, while it only reaches about 30 MPa by plasma
spraying. HVOF is characterized by depositing coating
with residual compressive stress which is favorable for the
adhesive strength of coating (Ref 21, 23). The compact
microstructure between the coating and substrate is ex-
pected to be beneficial to the improvement of adhesive
strength after adding nano ceria (Ref 24).

3.3 Thermal Shock Resistance at 1000 °C

The NiCrAlY and NiCrAlY-0.2 wt.% nano ceria
coatings endured 85 and 98 cycles, respectively, before
failure in thermal shock resistance test at 1000 °C. The
thermal cycle life of NiCrAlY coatings is improved by
15% after adding 0.2 wt.% nano ceria. As is known, the
oxidation resistance of coatings at elevated temperature is
greatly influenced by the microstructure of as-sprayed
coatings. Firstly, the boundary between splats plays an
important role in the high resistance of coatings. The
increase of the boundary can prohibit the inward diffusion
of oxygen. The initial feedstock of the NiCrAlY coating
with 0.2 wt.% nano ceria is refined, so the interfacial
boundary between splats increases aftering depositing on
the substrate and is useful to inhibit the inward diffusion
of oxygen. In addition, the pores in the coating can easily
become the penetration paths for oxygen, which acceler-
ates internal oxidation of coatings (Ref 25). The NiCrAlY
coating with 0.2 wt.% nano ceria has less pores and is
more compact, this also contributes to the prolonged
lifetime at high temperature.

The surface morphologies of both coatings after 85
cycles at 1000 °C are shown in Fig. 5. The coatings show
different surface morphologies. Cracks are visible on the
surface of NiCrAlY coating. And there is a great amount
of spinel structure phase on the surface. According to the
XRD analysis (Fig. 6), this phase is NiCr,Oy4, which is
formed between NiO and Cr,O; through a solid state
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Fig. 4 The microhardness and adhesive strength of the
NiCrAlY and NiCrAlY-0.2 wt.% nano ceria coatings
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Fig. 5 Surface morphology of the NiCrAlY(a and b) and NiCrAlY-0.2 wt.% nano ceria (c and d) coatings after thermal shock for 85

cycles at 1000 °C
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Fig. 6 XRD pattern of the NiCrAlY (a) and NiCrAIY-0.2 wt.%
nano ceria (b) coatings after thermal shock for 85 cycles at
1000 °C

reaction during oxidation (Ref 26). After adding nano
ceria, there is no visible crack even after experiencing the
same thermal shock cycles with NiCrAlY coating. The
morphology is characterized by spherical agglomeration,
which is mainly composed of Cr,O5 confirmed by the
XRD result. Although both coatings have Ni;ggCry 1,

822—Volume 21(5) September 2012

NizAl, AlL,O3, and NiCr,0y4, the coating with nano ceria
has high proportion of Cr,O;. Usually, Cr,O; reacts with
NiO and forms NiCr,0O, in NiCrAlY coatings under high
temperature. NiCr,O4 is protective in hot corrosion
environment, but it is a brittle phase and easily cracks in a
thermal cycling process. Cr,Oj3 is thermodynamically sta-
ble at temperatures higher than 500 °C (Ref 27). It is
isostructural with sapphire (Al,O3) and has desirable
mechanical and chemical properties, such as high hard-
ness, chemical inertness, and high-temperature stability
(Ref 28, 29). The increase of Cr,Oj in the NiCrAlY-
0.2 wt.% nano ceria coating indicates that the formation
of spinel NiCr,Oy is inhibited, which can prolong the
lifetime of the coating by restraining the origination and
propagation of crack under thermal shock process.

The cross section morphology and elements distribu-
tion of both coatings after thermal shock for 85 cycles at
1000 °C are shown in Fig. 7. The elements distribution
indicates that Al and O concentrated on the interface
between coating and substrate, which easily result in the
spalling of the coating from the substrate in thermal cy-
cling process. However, there is a net-like distribution of
Cr, Al, and O in the coating with 0.2 wt.% nano ceria,
which is beneficial to the bonding between coating and the
substrate and maintain the integration of the coating. The
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Fig.7 Cross section morphology and elements distribution of the NiCrAlY (a) and NiCrAlY-0.2 wt.% nano ceria (b) coatings after

thermal shock for 85 cycles at 1000 °C

diffusion of Al, Cr from coating to substrate could hardly
be seen in both coatings, which is beneficial for prolonging
the lifetime. At 1000 °C, Al,O5 is more easily formed in
coating due to its greater formation Gibbs energy than
that of Cr,03 (—1270.5 KJ/mol Al,O3 and —803.0 KJ/mol
Cr,03). But the content of Al is less than that of Cr. After
85 thermal cycles, there is less available Al to form AL Os.
Once the Al,O; film is damaged, Cr,O5 will form as soon
as possible when oxygen atoms in atmosphere penetrating
into the coatings, which can hinder further penetration
of oxygen and improve the thermal shock resistance of
coating. So, the significantly improved thermal cycle life of
NiCrAlY-0.2 wt.% nano ceria confirmed that Cr,O3, to
some extent, can prolong the lifetime of NiCrAlY coatings
under thermal cycling.

4. Conclusions

In this paper, effects of nano ceria on microstructure,
mechanical properties, and thermal shock resistance of
NiCrAlY coatings were investigated. Some useful conclu-
sion was obtained. Because the high surface-active nano
ceria reduced the surface tension of the melt and prohib-
ited the agglomeration of melt droplets, the particle size of
NiCrAlY powders was uniform and refined. There content
of satellite particles in the powders decreased, which in-
creased the flowability of the powders. In the as-sprayed
coatings, the number of un-melted particles was reduced
drastically, the microstructure was refined and compact
and the coating surface was also smoother due to the
refinement of sprayable powders. Both the hardness and
adhesive strength of the NiCrAlY increased due to the
refinement of microstructure and the decrease of the
defects, such as pores and oxides, after adding nano ceria.
The thermal cycle life of NiCrAlY coatings was improved
by 15% after adding 0.2 wt.% nano ceria. In the thermal
cycling, the content of spinel NiCr,O,4 was low and that of
Cr,05 was high, which contributed to the improvement of
thermal shock resistance. The refined and compact
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microstructure and increased interfacial boundary also
played important role in the high thermal shock resistance.
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