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Improvement of thermally sprayed coating properties by 
microstructure modification has been considered as a significant 
solution. Therefore, in this research the effect of dissolved oxygen 
content and post heat treatment on the formation and distribution 
of secondary phase particles, particularly in nano-scale in the 
coatings during spraying and after that were studied. Ni-5 wt% Al 
powders were sprayed by high velocity oxy-fuel (HVOF) 
technique under two different oxygen/fuel ratios to achieve 
different melting states for feedstock materials. As-sprayed 
coatings were exposed to complementary heat treatment including 
heating at 1100 °C under inert atmosphere, then furnace cooling to 
room temperature. The as-sprayed and heat treated coatings were 
evaluated for high temperature performance. Isothermal oxidation 
tests were carried out at 950 °C for 100 h. The results showed that 
depending on the spraying conditions and optimization of the 
coating microstructure, Ni-based sprayed coatings with low Al 
content could be utilized as an efficient bond coat or overlay 
coating. 
 

1. Introduction 

The most well-known compositions of efficient 
high temperature coatings include MCrAlY and 
Intermetallic alloys. Among intermetallics, Ni-
Al alloys have always received more attention 
due to their unique properties. Although a lot of 
researches have been carried out on dilute Ni-
Al bulk alloys [1], few studies have focused on 
oxidation behavior of dilute Ni-Al coatings [2]. 
Particularly, the oxidation behavior of HVOF 
sprayed Ni-based alloys with low Al content 
has not been extensively examined compared to 

MCrAlY coatings. 
In the HVOF process, the particles may melt 

completely or partially, which depends on the 
flame temperature, the residence time and the 
melting point of materials and affects the 
properties of the coatings [3]. It was generally 
admitted that a key factor to spray oxide free 
coatings is to avoid complete particle melting 
and to achieve high particle velocities [4]. On 
the other hand, high enough melting of 
powders should provided to assure certain 
homogeneity level in the coatings [5]. 
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In order to control the melting state of sprayed 
materials, the oxygen/fuel ratio was considered 
as a main parameter to achieve different types 
of microstructure. The melting degree of 
powders and the amount of dissolved oxygen 
during spraying process have significant effects 
on the formation and distribution of oxides in 
the coatings. For example, metal oxides 
residing along the splat boundaries can lower 
intersplat cohesion, whereas the oxide particles 
dispersed in the splat or the supersaturated 
oxygen can also strengthen the splat [6]. 

In the HVOF-sprayed coatings, the cooling 
rate of each heated particle upon impact is 
extremely high (~105 K/s), causing splat 
quenching and resulting in very fine sub-
micrometric crystals, metastable supersaturated 
solid solutions, and even amorphous phases 
within each splat [7]. Since the as-sprayed 
coatings mainly consist of supersaturated solid 
solutions, heat treatments allow the 
precipitation of the secondary phases which 
could strengthen the coatings and enhance their 
characteristics [8]. 

The aim of this research was to study the 
relationship between different microstructures 
obtained by HVOF spraying process and the 
influence of complementary heat treatment on 
the resulting properties of Ni-based coatings 
with low Al content. Isothermal oxidation tests 
were also carried out on the coatings to 
determine the resultant properties. 
 
2. Experimental  
A type of commercial pre-alloyed, spheroidal 
gas-atomized Ni–Al powder supplied by “GTV 
Verschleißschutz GmbH” was used as the 
starting spray material. The selection of Ni-5 
wt. % Al was due to its importance as a 
common and economical bond coat material. 

The powders were sprayed onto the stainless 
steel substrates by a commercial HVOF spray 
system which consumes propane as a fuel gas. 
In this study, freestanding coatings were used 
to exclusively study the behavior of the 
coatings and prevent the interference of the 
substrate. 

Two different spraying conditions were 
applied in order to obtain different degrees of 
melting and in-flight oxidation of powder 

particles which consequently resulted in two 
significantly different coating microstructures. 
Thus, two sets of spraying parameters were 
selected. The parameters differed in the 
oxygen/fuel flow rate ratio. The HVOF 
Spraying parameters are listed in Table 1. 
These as-sprayed coatings named as NiAl-1 
and NiAl-2, were named as NiAl-HT 1 and 
NiAl-HT 2 after heat treatment . To change the 
flame temperature, oxygen/fuel ratio was 
controlled in such a way that the ratio is 74% 
and 90% of stoichiometric ratio for NiAl-1 and 
NiAl-2 coatings, respectively. Compressed air 
jets behind the specimens were also used to 
cool them during and after spraying. 

The specimens were heat treated in a tube 
furnace under an inert gas atmosphere (Ar + 
5%H2) at 1100 °C for 4 h, followed by furnace 
cooling under the same atmosphere down to 
room temperature. 

For characterization of the oxidation 
behavior, the free-standing coatings were 
subjected to isothermal oxidation treatment at 
950 °C for up to 100 h to compare the kinetics 
of two kinds of coatings. Weight gain of the 
specimens was measured at specified intervals 
with a balance with an accuracy of 1×10-4 g. 

Morphology and microstructure of the 
powders and coatings were examined by field-
emission scanning electron microscopy 
(FESEM) equipped with energy dispersive 
spectroscopy (EDS). X-ray diffraction analysis 
was carried out with Cu Kα radiation (λ = 
1.54056 Å) with a step size of 0.026° to 
characterize the powder and the coatings. 

In order to obtain the same surface condition 
before heat treatment and oxidation test, all the 
specimens were ground with fine SiC paper to 
eliminate the oxide layer formed during 
thermal spraying. 
 
3. Results and Discussion 
3. 1. Characterization of powders 
Fig 1 shows the morphology of the as-received 
powders. Original Ni-5Al powders have a 
spherical shape (typical of gas atomization 
process). The equiaxed grain structure on the 
external surface of some powder particles is 
observed. Size distribution of the powders was 
in the 10-35 µm range. The average particle  
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Table 1. HVOF spraying parameters for Ni-5Al coatings 
Parameters NiAl-1 NiAl-2 

Propane flow rate (l/min) 60 50 
Oxygen flow rate (l/min) 220 225 
Powder feed rate (rpm) 450 400 

Carrier gas (N2) flow rate (l/min) 20 20 
Spray distance (mm) 280 280 

 

  
Fig. 1. Morphology of the as-received Ni-5Al powder Fig. 2. XRD patterns for powders and as-sprayed coatings 

 
size was determined equal to 21 µm. 
Composition analysis of the powders included 
Ni-5.2Al-0.9Fe-0.4Cr (wt %). Also, the raw 
powders contained 0.02 wt% oxygen. 

According to the XRD patterns (Fig 2), Ni-
5Al powders display only γ-Ni (FCC solid 
solution crystal structure). The powders show 
very sharp X-ray diffraction peaks. 
 
3. 2. Characterization of coatings 
Figure 3 shows the cross section of the HVOF 
sprayed coatings. The average thickness of the 
coatings was in the 300 ± 30 µm range. 

As can be seen in Fig 3(a), the NiAl-2 coating 
shows a typical lamellar structure. This layered 
structure is generated by flattening of molten 
particles which influence, along with high 
velocity, onto the substrate or the already 
deposited layer. In comparison with NiAl-2 
coating with high melting degree of the 
powders, Fig 3(b) shows a structure containing 
unmelted powder particles with a semi-
spherical shape. The dark veins between the 
splats in the NiAl-2 coating (Fig 3(a)) and the 
very thin shell around the particles in NiAl-1 
coating (Fig 3(b)) are Al2O3. As is well known, 
the materials during thermal spray suffer 
oxidation. When spraying in air is carried out, 
particle oxidation takes place in-flight, at the 
splat surface and between passes [9]. Therefore, 

it was tried to deposit the coatings with the 
acceptable oxide level by controlling the 
spraying parameters, primarily the oxygen/fuel 
ratio. 

The oxygen content in the coatings was 
determined to be about 0.18 and 0.29 wt% for 
NiAl-1 and NiAl-2, respectively. The coating 
mostly consisted of unmelted particles had the 
lower oxygen content and showed a little 
oxidation. In contrast, NiAl-2 coating 
containing completely melted particles had the 
higher oxygen and the thin oxide stringers are 
observed through the coating, due to higher 
flame temperature and more reaction of the 
melted particles with oxygen. Since the oxygen 
content of the initial powders was much lower 
than the coatings, it could be explained that the 
oxygen was entrained during spraying process 
[3]. 

Spraying condition under fuel-rich mixture 
for NiAl-1 with 0.74 stoichiometric ratio 
provided a lower flame temperature; therefore, 
very low percentage of powders melting 
occurred. Consequently, such a condition 
resulted in little oxidation of the powders, just a 
very thin string of alumina formed around the 
particles. It is noteworthy that with the aid of 
compressed air, the velocity of the particles in 
the flame propelled into the substrate is high 
enough to compensate for the low melting and  
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Fig. 3. Optical images of cross section of the as-prayed coatings, (a) NiAl-2 and (b).NiAl-1. 

 
produce a coating with the lowest amount of 
porosity. 

It is presented that the temperature of flame is 
the highest when the stoichiometric ratio is 
between 0.9 and 1.0 [10]. As the oxygen/fuel 
flow rate ratio for NiAl-2 reaches 0.9 of the 
stoichiometric ratio, it is predictable to produce 
a dense coating with high percentage of melted 
powders as a result of a flame jet with higher 
temperature. Of course, by optimized 
conditions during both coatings deposition with 
the moderate melting level, it was tried to avoid 
thick oxide veins around the particles or 
between splats. 

The XRD patterns of the coatings in Fig 2 
show that the matrix was composed of γ-Ni 
only, whereas there was no peak of Al2O3 
phase, despite the presence of very thin layers 
of oxide in the coatings. Its content is probably 
was lower than the limitation of X-ray detection 
(about 5%). Low amount of the oxide 
inclusions in the coatings is due to the short 
flight time of particles and hence reduction of 
the powder reaction with oxygen. This is one of 
the preferences of HVOF process [11]. 

As can be seen in Fig 2, the XRD patterns of 
the coatings became broader than those of the 
corresponding powders. Broadening of the 
peaks resulted from a smaller crystal size 
and/or existence of microstrains inside crystals 
[12]. Both phenomena are caused by thermal 
and kinetic history experienced by powder 
particles during HVOF spraying. During the 
spraying, the particles are heated and might 

impinge on the substrate in unmelted, partially 
molten or fully molten conditions. Unmelted 
material may be plastically deformed upon 
impact, resulting in crystal size reduction and 
high microstrains inside the crystals. The 
molten material cools down and solidifies at a 
fast rate (usually ≥105 K/s) upon impact. This 
cooling rate is much higher than that occurring 
during the powder manufacturing process [13].  

By comparison of XRD patterns of the 
coatings, the broadening of the peaks for the 
coating with higher melting degree is clearly 
observed, while the coating consisting of 
unmelted particles shows the peaks a little 
broader than its powder. 

It should be noted that quenching stresses 
arise due to rapid cooling and solidification of 
the molten particles upon impact. Moreover, 
during solidification of the sprayed molten 
droplets, the nucleation rate is higher than that 
during gas/water atomization, but the crystal 
growth rate is lower. Thus, finer crystals are 
found in the sprayed coating than in the 
original spray powders [13]. The grain size of 
the coatings estimated by Williamson-Hall 
method is about 204 nm and 60 nm for NiAl-1 
and NiAl-2, respectively. Therefore, smaller 
grain size and residual stress could be the 
reasons why higher melting during spraying 
brought about much broadening of the XRD 
peaks. 
 
3. 3. Heat Treatment 
Morphological variations for the coatings after  
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Fig. 4. SEM images of γ'-(Ni3Al) nanoparticles from 
the surface of NiAl-HT 1 coating after 
electroetching. 

 
heat treatment under inert gas were 
investigated. After annealing, the surface of 
coatings were ground and polished, and then 
electroetching with sulphuric acid solution with 
constant 4 V was carried out in order to reveal 
the likely precipitates in the alloy. 

What occurred in the NiAl-HT 1 coating is 
summarized in Fig 4. SEM images from top 
surface of the coating present γ'-(Ni3Al) 
nanoparticles as a secondary phase within the 
unmelted powder particles. The average size of 
γ' particles is almost 40 nm. These cuboidal 
precipitates are quite the same as those formed 
in the slow-cooled Ni-based superalloys [14]. It 
should be pointed out that the complex 
metastable state of the as-sprayed coatings 
which mainly consist of supersaturated solid 
solutions means that there is a large driving 
force for microstructural and compositional 
transformations when exposed to elevated 
temperatures. The most notable change is the 
precipitation of secondary fine phases [8, 15]. 

It is supposed that heat treatment at high 
enough temperature (1100 °C) for 4 h provided 
the condition for γ-Ni alloy to transform into an 
equilibrium solid solution. Then, during slow 
cooling under inert atmosphere, precipitation of 
γ'-(Ni3Al) nanoparticles was facilitated. It is 
reported  that the γ' phase is not a stable phase 
at high temperature but forms or re-precipitates 
on cooling below a temperature of 
approximately 750 °C in NiCoCrAlY coatings 
[16]. 

The composition range of γ'-(Ni3Al) (ordered 
face-centered cubic (FCC), L12) is 10~35 at% 
Al [17]. On the other hand, low oxygen 
pressure, high temperature, and low NiO 

activity promote the formation of NiAl and 
Ni3Al phases according to thermodynamic 
calculations [18]. Since the Al content in NiAl-
1 coating remains the same as in the initial 
composition of the powders (10.64 at%) due to 
low melting degree of the powders and 
consequently lower consumption of Al as a 
result of much lower oxidation during spraying 
process, the formation of γ' could be explained 
through proper heat treatment. 

In spite of what happened within the NiAl-HT 
1 coating, the significant change for NiAl-HT 2 
coating occurred on its surface. In this 
situation, the low oxygen partial pressure 
during heat treatment seems to suppress 
formation of any other oxides. Therefore, a 
dense, continuous, and protective Al2O3 layer 
was formed. The cross section of NiAl-HT 2 
coating can be seen in Fig 5. Of course, in 
some regions, mixed oxides were built. As 
specified by EDS analysis (Fig 5(b)), those 
regions are combination of Al 2O3, NiO and 
NiAl 2O4 (spinel), which indicates the local 
depletion of Al beneath the surface of the 
coating. It has been reported that in order to 
promote the exclusive formation and growth of 
an adherent and continuous α-Al 2O3 layer on 
the metallic bond coating (BC) during service, 
an initial thermally grown oxide (TGO) is 
usually grown on the BC surface as a separate 
processing step could be really efficient. They 
considered this processing step as a pre-
annealing and/or pre-oxidation treatment of the 
BC prior to deposition of the TBC [19-20]. 

It is presumed that because of higher amount 
of melting for NiAl-2 coating, the Al content 
reduced to below the critical amount for Ni3Al 
phase formation. Or even if it was formed, the 
precipitates would be too fine to be observed 
even by SEM; TEM would be employed to 
observe such precipitates. 
 
3. 4. Oxidation behavior of the coatings 
Fig 6 shows the kinetic curves of isothermal 
oxidation of the as-sprayed and heat treated 
coatings at 950 °C. According to the equation 
(∆m/A)=k.tn+C, the oxidation behavior of all 
coatings obeys the parabolic law. The parabolic 
rate constant (kp) was calculated by plotting the 
square of weight gain per unit area vs. time. 
The value of kP can be used to compare the  
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Fig. 5. The cross section of NiAl-HT 2 coating after heat treatment at 1100 °C for 4 h under inert gas. 

 

 
Fig. 6. Weight gain of as-sprayed and heat treated Ni-5Al coatings as a function of time. 

 
oxidation resistance of different materials. In 
addition, the lower the kP, the better the 
oxidation resistance. 

From the gradient of the best straight-line 
fitted to the results of the square of the weight 
gain per unit area against time, the kp was 

determined to be 0.187 and 0.063 mg2/cm4h for 
the NiAl-1, NiAl-2 coatings, respectively. In 
like manner, the parabolic rate constants 
calculated for NiAl-HT 1 and NiAl-HT 2 are 
0.04 and 0.001 mg2/cm4h, respectively. 

According to Fig 6(a), the as-sprayed coating  



A. Sabour Rouhaghdam et al, Journal of Advanced Materials and Processing, Vol.2, No. 2, 2014, 3-12 9 
 
 

 
Fig. 7. The cross section of the heat treated coatings after 100 h oxidation: (a) NiAl-HT1 and (b) NiAl-HT2. 

 
with higher melting degree showed more 
oxidation resistance in spite of more oxides 
present in the coating, whereas the as-sprayed 
coating with less melting and the lowest oxides 
showed higher kp than NiAl-2 coatings. It is 
supposed that the coating containing higher 
unmelted particles experienced lower 
temperature during spraying, thus only a thin 
Al 2O3 layer was generated around the powder 
particles and prevented the diffusion of oxygen 
into the particles. Through oxidation, this layer 
acted as a barrier against the diffusion of Al to 
reach the surface of the coating and became the 
protective alumina scale. Actually the elements 
were trapped inside the particles. 

On the other hand, the presence of very thin 
alumina oxide veins between splats acts as an 
effective obstacle to the oxygen diffusion 
into the coating and, more importantly, these 
finely dispersed α-Al 2O3 [21] within the 
NiAl-2 coating favor the nucleation and 
growth the alumina scale. Because of that, 
the transient stage of NiAl-2 coating is 
shorter than that of NiAl-1 coating. The 
presence of internal oxide was modeled for 
HVOF sprayed coatings with sufficiently 
melted particles and showed that the tiny 
oxides embedded in solidified splats are the 
oxide inclusions within molten droplets [6]. 

In comparison with as-sprayed coatings, heat 
treated coatings showed considerable reduction 
in parabolic rate constants, particularly for 
NiAl-HT 2 coating. The difference between the 
coatings is again attributed to the fact that the 
convection within the molten droplet will ease 

the formation of internal oxides, which causes 
the oxides to be distributed more uniformly 
through the bulk volume of the particles while 
oxidation of solid particles (below the melting 
temperature) during spraying occurs as a shell 
oxide around the particle [9, 22]. As it was 
mentioned above, dispersion of fine α-Al 2O3 
particles in the HVOF sprayed coatings with 
acceptable amount of material melting helps 
the continuous and protective alumina layer on 
the coatings. Furthermore, as it was mentioned 
earlier, the grain size of NiAl-2 coating was 
smaller than that of NiAl-1 coating. Since the 
grain boundaries act as easy diffusion paths [2], 
fast and continuous diffusion and supplying of 
Al outward to the NiAl-HT 2 coating was 
provided. It should be mentioned that low 
pressure of oxygen and high enough 
temperature during heat treatment are the 
prerequisites to form the protective α-Al 2O3 
thermally grown oxide.  

Despite the homogenous formation and 
distribution of γ' nanoparticles in NiAl-HT 1 
coating, no positive effect was observed on the 
oxidation behavior of the coating. It seems that 
the entrapment of γ' nanoparticles inside the 
powder particles is the main reason. Thus, these 
nanoparticles did not play any role in supplying 
Al into the surface of the coating. 

Cross section of the heat treated coatings after 
100 h oxidation is shown in Fig 7. According to 
Fig 7(a), in addition to thin alumina layer (dark 
layer), the massive spinel oxides (gray scales 
above dark layer) were formed on the NiAl-HT 
1 coating. Since spinel oxides are not capable 
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of protecting the coating against further 
oxidation, severe internal oxidation is also 
observed, whereas for NiAl-HT2 coating, a 
continuous and uniform Al2O3 scale is well 
attached to the coating, as seen in Fig 7(b). 
Also, internal oxidation of the coating is very 
little because of excellent protectiveness of 
alumina layer against diffusion of oxygen 
toward the NiAl-HT2 coating. 
 
4. Conclusions 
In this research, the influence of heat treatment 
on two different microstructures of Ni-based 
thermally sprayed coatings with low Al content 
was studied. The main difference of deposited 
coatings was the melting degree of powder 
particles which resulted in different dissolved 
oxygen content and in-flight oxidation of 
material during spraying. In order to obtain the 
different extent of melting, it was focused on 
the oxygen/fuel flow rate ratio to control the 
flame temperature. According to the two 
distinct microstructures, different properties 
were achieved through heat treatment.  
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