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This article demonstrates the successful formulation of NiCrBSi, Cr3C2-NiCr, Ni-20Cr, and Stellite-6
coatings on an Fe-based superalloy by a high-velocity oxyfuel (HVOF) process for hot corrosion applica-
tions. The microstructure, porosity, coating thickness, phase formation, and microhardness properties of
the coatings have been characterized using the combined techniques of optical microscopy, x-ray diffrac-
tion, scanning electron microscopy/energy-dispersive x-ray analysis. A microhardness tester was used to
determine the hardness of the coatings. The coatings in general exhibit characteristic splat-like, layered
morphologies due to the deposition and resolidification of successive molten or semimolten powder par-
ticles. The NiCrBSi, Cr3C2-NiCr, and Ni-20Cr coatings have shown a nickel-base face-centered cubic (fcc)
structure as a principal phase, whereas Stellite-6 coating has an fcc Co-rich metallic matrix. Oxides/spinel
oxides are formed in small fraction as intersplat lamellae or globules oriented parallel to the substrate
surface. Coatings possess some unmelted/partially melted particles, inclusions, and porosity less than 2%.
The microhardness of the coatings is found to be higher than the superalloys. The Cr3C2-NiCr coating has
indicated a maximum microhardness of 990 Hv, while a Ni-20Cr coating has shown a minimum value of
about 600 Hv. This article is focused on the characterization of HVOF coatings. The hot corrosion behavior
of these coatings in a molten salt (Na2SO4-60%V2O5) environment at 900 °C under cyclic conditions is
being presented as part II included in this issue.
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1. Introduction

Superalloys have been developed for high-temperature ap-
plications, but they are not able to meet the simultaneous goals
of high-temperature strength and high-temperature corrosion
resistance, so protective coatings on superalloys are used to
counter the latter (Ref 1). Coatings provide a way of extending
the limits of use of materials at the upper end of their perfor-
mance capabilities by allowing the mechanical properties of the
substrate materials to be maintained while protecting them
against wear or corrosion (Ref 2). Coatings can aggregate value
to products up to 10 times their cost (Ref 3).

Coatings can be produced by thermal spraying (vacuum
plasma spraying [VPS], low-pressure plasma spraying [LPPS],
and high-velocity oxyfuel [HVOF]) by sputtering or by evapo-
ration; however, generally for industrial applications, thermally
sprayed coatings are preferred (Ref 4, 5). Whereas thermal
sprayed coatings have limited usefulness as corrosion protec-
tion coatings due to the presence of interconnected porosity in
the structure. However, with the advent of the HVOF process,
the coatings deposited by this technique are being studied ex-
tensively for their corrosion-resistant properties (Ref 6). The

HVOF process is now widely used to deposit various types of
coatings, which have low porosity and high hardness, and are
relatively well-bonded to the substrate being protected (Ref 5,
7-10). In recent years, there has been a considerable growth in
the use of this spraying process to deposit cermets, metallic and
ceramic protective overlay coatings, which are typically 100 to
300 �m thick, onto the surfaces of engineering components to
allow them to function under extreme conditions (Ref 7, 11).
So far, several HVOF spraying coatings have been subjected to
the corrosion test in seawater. In addition to the cermets (Ref
12-14), the anticorrosion alloys (Ref 15-17) were adopted as
the coating materials. These studies concluded that the HVOF
method is superior to other spraying techniques for depositing
coatings having higher corrosion resistance. The HVOF coat-
ings have formed many industrial applications in petrochemical
and offshore industries, automotive components and general
engineering applications (Ref 18). Therefore, in this study, the
HVOF process has been selected to deposit the coatings.

The composition and structures of the coatings are deter-
mined by the role that they have to play in the various material
systems and performance environments (Ref 19). The coating
should have a composition that will react with the environment
to produce the most protective scale possible, to provide cor-
rosion resistance with long-term stability, and to have resis-
tance to cracking or spallation under mechanical and thermal
stresses induced during the operation of the component
(Ref 20).

There is an increasing interest in the deposition of Ni-base
metallic alloys for protection against corrosion. Nickel-
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chromium alloys have been used as coatings to deal with oxi-
dation and corrosive environments at high temperature. When
nickel is alloyed with chromium, this element oxidizes to pro-
tective surface oxide Cr2O3 at rates that could make it suitable
for use up to about 1473 K (Ref 21, 22). Further, for high-
temperature applications requiring wear resistance, thermally
sprayed (CrxCy-NiCr) coatings are used in light of the excellent
corrosion and oxidation resistance of the nickel-chromium al-
loy and reasonable wear resistance of chromium carbides at
temperatures up to 900 °C (Ref 23). The largely used Ni-base
powder belongs to the Ni-B-Si system, with the addition of
other alloying elements (Ref 24, 25). Cobalt-base alloys con-
taining chromium, tungsten, and carbon, known as Stellite-6,
has high hardness at high temperature, high corrosion resis-
tance, and wear resistance (Ref 26, 27).

The objective of the present research work is to characterize
the HVOF-sprayed NiCrBSi, Cr3C2-NiCr, Ni-20Cr, and Stel-
lite-6 coatings deposited on an Fe-base superalloy, because it is
essential to evaluate the hot corrosion behavior of these coat-
ings for specific applications in energy conversion systems.
The hot corrosion behavior of these coatings in a molten salt
(Na2SO4-60%V2O5) environment is being presented in part II.
The superalloy selected for this study has been provided by
Mishra Dhatu Nigam Limited (Hyderabad, India) to find suit-
able protective coatings for extending the life of the superalloy
at the upper end of their performance capabilities. The micro-
structure, porosity, coating thickness, phase formation, and mi-
crohardness properties of the coatings have been characterized
using the combined techniques of optical microscopy, x-ray
diffraction (XRD), scanning electron microscopy (SEM)/
energy-dispersive x-ray analysis (EDAX).

2. Experimental Procedure

2.1 Development of Coatings

2.1.1 Substrate Material. The Fe-based superalloy Super-
fer 800H, which was developed by M/S Mishra Dhatu Nigam
Limited (Hyderabad, India), was used as a substrate material.
This superalloy is used in steam boilers, furnace equipment,
heat exchangers, and piping in the chemical industry, and re-
former, baffle plates/tubes in fertilizer plants. The chemical
composition of the Superfer 800H is 32Ni-21Cr-0.3Al-0.3Ti-
1.5Mn-1.0Si-0.1C-balance Fe. Specimens with dimensions of
approximately 20 × 15 × 5 mm were cut from the alloy sheet,
were polished with SiC papers down to 180 grit, and subse-
quently were grit-blasted with alumina powders (Grit 45) be-
fore development of the coatings by the HVOF process.

2.1.2 Coating Formulation. Four types of commercially
available coating alloys (Cr3C2-NiCr, NiCrBSi, and Stellite-6
in the powder form, and Ni-20Cr in the wire form) were used
in the study. Details of these coating alloys are given in Table

1. As evident from the micrographs of the coating powders
shown in Fig. 1, Cr3C2-NiCr powder particles have an irregular
shape, whereas NiCrBSi and Stellite-6 powders have a spheri-
cal morphology. A wide particle size range of all the coating
powders is found to be consistent with the nominal size pro-
vided by the manufacturer.

The coatings were developed at M/S Metallizing Equipment
Co. Pvt. Ltd. (Jodhpur, India) by using two types of commer-
cial HVOF thermal spray systems. The Hipojet-2100 HVOF
system was used for powder spraying, and the Hijet-9600
HVOF system was used for wire spraying. Liquefied petroleum
gas (LPG) was used as a fuel. All of the process parameters
were kept constant throughout the coating process. The speci-
mens were cooled with compressed air jets during and after
spraying. The spray parameters used for the Hipojet-2100 sys-
tem were an oxygen flow rate of 250 L/min (LPM), a fuel
(LPG) flow rate 60 LPM, an airflow rate of 900 LPM, a spray
distance of about 200 mm, a fuel pressure of 6 kg/cm2, an
oxygen pressure of 8 kg/cm2, and air pressure 6 kg/cm2. The
spray parameters used for the Hijet-9600 system were the same
except for an oxygen flow rate of 200 LPM, a fuel (LPG) flow
rate of 50 LPM, a fuel pressure of 4 kg/cm2, and an oxygen
pressure 6 kg/cm2.

2.2 Characterization of the Coatings

The coated samples were cloth wheel-polished and then
subjected to optical microscopy, XRD, and SEM/EDAX analy-
sis to characterize the surface and cross-sectional morphology
of the coatings. A Axiovert 200 MAT (Zeiss, New York) in-
verted optical microscope, fitted with imaging software (Ax-
iovision Release 4.1, Zeiss), was used for optical microscopy.
The XRD analysis was carried out with a Bruker AXS D-8
Advance Diffractometer (Germany) with CuK� radiation. A
scanning electron microscope (JSM-5800, Jeol, New York)
with an EDAX attachment (model 6841, Oxford, UK) was used
for SEM/EDAX analysis. The porosity measurements were
made with an image analyzer having Dewinter Material Plus
1.01 software based on ASTM standard B276. The image was
obtained through the attached PMP3 inverted metallurgical mi-
croscope. To identify the cross-sectional details, the samples
were cut across the cross section, mounted in transoptic pow-
der, and subjected to mirror polishing. The coating thickness
was measured by obtaining a backscattered electron image
(BSEI) with a scanning electron microscope (LEO 435VP),
which was attached to a Robinson Back Scattered Detector.
The microhardness of coatings was measured by the Leitz
Hardness Tester Miniload 2. A 15 g (147.1 mN) load was
provided to the needle because the penetration and hardness
value was based on the relation Hv � 1854.4 × F/d2 (where F
is the load in grams and d is the mean penetrated diameter in
micrometers).

Table 1 Composition of the coating alloys, coating thickness, and porosity

Coating alloys Chemical composition, wt.% Particle size and shape
Coating

thickness, µm
Porosity,

%age

Cr3C2-NiCr Powder (LA-6875), Blend of
75%LA-6304 and 25% LA-7319

75Cr3C2-25 (Ni-20Cr) −45 �m + 5 �m, irregular 290 <1.8%

NiCrBSi Powder (PA 101HV) Ni-15.3Cr-3.1B-4.8Si-4.2Fe-0.6C −45 �m, spherical 285 <1.4%
Stellite-6 Powder (Jet-Kote 7206) Co-1.2C-28Cr-4.9W-2.7Fe-2.3Ni-1.1Si −45 �m, spherical 298 <1.9%
Ni-20Cr wire Ni-20Cr Wire diameter 3.17 mm 236 <1%
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3. Results

3.1 Measurement of Coating Thicknesses

The thickness of the coatings has been measured from the
BSEI obtained from along the cross section of the mounted
samples. The BSEI for the coatings have been shown in Fig. 2.
The thickness of the coatings, as measured from the BSEI, has
been reported in the Table 1. The thickness of the coatings has
been found to be in the range of 250 to 300 �m.

3.2 Porosity of the Coatings

The porosity of the coatings has a significant role to play as
far as the corrosion resistance of thermal spray coatings is
concerned. Dense coatings usually provide better corrosion re-
sistance than the porous coatings. Porosity measurements were
made for the HVOF-sprayed coatings, which are found to be
less than 2%, and the values are shown in Table 1.

3.3 Cross-Sectional Morphology of the Coatings

The coatings have been deposited on a stationary substrate
by moving the HVOF gun, and the required thickness of the
coatings has been obtained by varying the number of passes.
This led to the development of a lamellar structure in the coat-
ings, as is evident from the micrographs in Fig. 2 and 3. Some
unmelted/partially melted particles and inclusions have been
observed in the structure. All of the coatings have a dense
structure with the porosity (less than 2%) randomly distributed
in the coatings. Oxides, which are believed to be formed as a
result of the oxidation of in-flight particles between successive
runs, have appeared in the microstructure in the form of inter-
splat lamellae or globules that are oriented parallel to the sub-
strate surface. Some dark spots that appeared in the structure of
the coatings or at the coating-substrate interface may be the
inclusions.

3.4 Surface Morphology of the Coatings

Figure 4 depicts the optical micrographs of the surface of
the coatings. It can be observed from the microstructures that
coatings in general possess some porosity, inclusions, and par-
tially melted particles. Cr3C2-NiCr and Ni-20Cr wire coatings
have almost uniformly distributed irregularly shaped fine-grain
microstructures, whereas the Stellite-6 coating has a regularly
sized globular morphology. Some unmelted particles are also
observed in the structure of as-sprayed Cr3C2-NiCr coatings as
well as Stellite-6 coatings (Fig. 4a, c). Unmelted particles are

identified in the coating by their size and surface morphology.
The structure of the as-sprayed NiCrBSi coating mainly con-
sists of a � nickel solid solution (Ref 28). Contrast black spots
in the coating structure indicate porosity, and dark black areas
may be the inclusions. Thin contrast stringers appearing in the
microstructure are presumably the oxide (Fig. 4c), as identified
by XRD analysis.

3.5 Microhardness of the Coatings

The microhardness data of the coatings has been compiled
in Fig. 5, which shows microhardness profiles along the cross
section of the coatings as a function of distance from the coat-
ing-substrate interface. The microhardness of the substrate has
been found to be in the range of 250 to 340 Hv. As indicated
by the profiles, the maximum value of the hardness has been
achieved by Cr3C2-NiCr coating of the order of 990 Hv,
whereas a minimum of 600 Hv has shown by the Ni-20Cr wire
coating. Further, an increase in the microhardness of the sub-
strate has been observed near the coating-substrate interface in
all cases (see points at a distance of −40 �m).

3.6 X-Ray Diffraction Analysis

X-ray diffractograms, as shown in Fig. 6, indicate that
Cr3C2-NiCr, NiCrBSi, and Ni-20Cr wire coatings have a
nickel-base face-centered cubic (fcc) structure as a principal
phase, whereas the Stellite-6 coating has a principal phase of
Cobased fcc. Very weak peaks of Cr2O3 oxide and CoNiO2

spinel oxide phases have also been identified in the XRD pat-
terns of the Ni-20Cr and Stellite-6 coatings, respectively.
Moreover, Cr3C2-NiCr and NiCrBSi coatings have also indi-
cated the presence of very low-intensity peaks of Cr7C3,

whereas the additional Ni3B phase is revealed by the latter.

3.7 Scanning Electron Microscopy/Energy-Dispersive X-Ray
Analysis

Micrographs obtained using a scanning electron microscope
of the as-coated surfaces of different coatings are given in Fig.
7. In general, these micrographs indicate that the coatings are
massive and that there are no cracks in the coatings. In case of
Cr3C2-NiCr coating, one can see melted, partially melted, and
black areas. Partially melted areas have a composition of 69%
chromium and 29% nickel, which is close to the composition of
powder. The black area in the coating is found to be rich in
nickel. In the case of the NiCrBSi coating, there are globular
melted particles in the matrix of the partially melted layer.

Fig. 1 SEM of different coating powders: (a) Cr3C2-NiCr powder; (b) NiCrBSi powder; and (c) Stellite-6 powder
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Fig. 3 Optical micrographs showing cross-sectional morphologies of different coatings on the Superfer 800H superalloy, at a magnification of
320×: (a) Cr3C2-NiCr coating; (b) NiCrBSi coating; (c) Stellite-6 coating; and (d) Ni-20Cr wire coating

Fig. 2 BSEI showing cross-sectional morphologies of different HVOF coatings on the Superfer 800H superalloy, at a magnification of 500×: (a)
Cr3C2-NiCr coating; (b) NiCrBSi coating; (c) Stellite-6 coating; and (d) Ni-20Cr wire coating
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These melted particles have nearly the same composition as
that of powder. Being limited by the equipment, the boron
element of the coating could not be analyzed. In the case of the
partially melted areas, the amount of nickel is slightly less and
silicon has increased. Whereas in the case of the Stellite-6
coating, there is an indication of melted regularly sized glob-
ules, which are Co-rich splats surrounded by a partially melted
zone having nearly the same composition as that of the matrix.
There is a presence of unmelted particles and porosity. In the
case of the Ni-20Cr wire-coated surface, one can see the melted

coating having a composition similar to the wire, with some
partially melted area where the nickel content is slightly higher
and is depleted of chromium. In the micrographs, the regions
marked “M” indicate the melted region, whereas “P” represents
the partially melted/unmelted particles.

4. Discussion

The HVOF-sprayed coatings have been used for a wide
range of industrial applications as this process produces uni-

Fig. 4 Optical micrographs showing the surface morphology of different HVOF coatings on the superalloy Superfer 800H, at a magnification of
320×: (a) Cr3C3-NiCr coating; (b) NiCrBSi coating; (c) Stellite-6 coatings; and (d) Ni-20Cr coating

Fig. 5 Microhardness profiles of different HVOF coatings on Super-
fer 800H superalloy along the cross section Fig. 6 The XRD analysis for the different as-sprayed coatings on the

Superfer 800H superalloy
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form and dense coatings, with very low porosity and high
hardness values (Ref 29).

The cross-sectional morphology of the coatings shows that
the coatings in general exhibit characteristic splat-like, layered
morphologies due to the deposition and resolidification of mol-
ten or semimolten powder particles. The long axis of the im-
pacted splats are oriented parallel to the substrate surfaces.
Micrographs show that a high proportion of the feedstock pow-
ders/wire appear to have fully or partially melted prior to im-
pact on the substrate, with negligible amounts of unmelted
particles observed in the microstructure. Further, the coatings
possess some porosity and oxide inclusions that are typical
characteristics of HVOF-sprayed coatings. The microstruc-
tures observed in the current study are almost analogous with
the findings of HVOF-sprayed coatings by Dent et al. (Ref 28),
Kong et al. (Ref 30), Sundararajan et al. (Ref 31, 32), Ak et al.
(Ref 33), and Zhao et al. (Ref 34). Some contrast stringers that
have appeared in the microstructure in the form of either in-
tersplat lamellae or globules most likely correspond to the ox-
ide phases, which are identified as very weak peaks in the XRD

spectrum. These oxides are oriented parallel to the substrate
surface and are believed to be due to the oxidation of in-flight
particles between successive runs. Similar findings of the for-
mations of oxides in the HVOF coatings have also been re-
ported by Dent et al. (Ref 28) and Sturgeon (Ref 35).

The coatings should have minimum possible porosities be-
cause they can do harm to the persistent corrosion resistance of
thermal spray coatings. The porosity of the HVOF coatings has
been found to be very much less. In the HVOF process, the
powder particles are propelled out of the gun nozzle at high
velocities toward the substrate. Due to the high velocity and
high impact of the sprayed powder particles, the coatings pro-
duced by the HVOF-spraying process are very dense. The mea-
sured value of the porosity is in good agreement with the
findings of Gil and Staia (Ref 36), Miguel et al. (Ref 37), Helali
and Hashmi (Ref 38), and Aalamialeagha et al. (Ref 39). The
coating thicknesses, as measured along the cross section for
some randomly selected samples, have been found very close
to the desired values.

Hardness is the most frequently quoted mechanical property
of the coatings (Ref 40). The microhardness of the coatings has
been found to be very high compared with the substrate super-
alloy (Fig. 5). The measured values of microhardness are in
good agreement with the findings of Zhao et al. (Ref 34),
Miguel et al. (Ref 37), Lee and Min (Ref 41), Gil and Staia (Ref
42), Wang and Lee (Ref 43), Wang and Chen (Ref 44), and
Vuoristo et al. (Ref 45). The substrate near the coating interface
shows a little higher value of hardness compared with the sub-
strate. The reason for this increased hardness value near the
coating-substrate interface (see points at a distance of −40 �m
in Fig. 5) might be due to the work-hardening effect of the
sandblasting of the substrate prior to the coating process, as
suggested by Sundararajan et al. (Ref 46). This substrate hard-
ening may also be partially attributed to the high-speed impact
of the coating particles during HVOF spraying. A similar phe-
nomenon has also been observed by Hidalgo et al. (Ref 47) and
Sidhu and Prakash (Ref 48). The improved values of the hard-
ness of the coatings in comparison with the substrate alloys is
believed to be due to the high density and cohesive strength of
the individual splats as a result of the high impact velocity of
the coating particles, as suggested by Verdon et al. (Ref 49) and
Hawthorne et al. (Ref 50).

The XRD pattern of the Cr3C2-NiCr coating reveals that the
coating structure mainly consists of a � nickel solid solution
with very weak peaks of Cr7C3. Vuoristo et al. (Ref 45) and
Murthy and Venkataraman (Ref 51) have also reported the
formation of these phases in the HVOF-sprayed Cr3C2-NiCr
coating. It is evident from the XRD pattern of NiCrBSi coating
that the principal phase is again one with a nickel-base fcc
structure with some low-intensity peaks of Ni3B and Cr7C3.
Similar phases have also been revealed by Dent et al. (Ref 28),
Modi and Calla (Ref 29), and Miguel et al. (Ref 37) for HVOF-
sprayed NiCrBSi/NiCrBC coatings. The XRD spectrum of
Stellite-6 coatings shows Cobased fcc structure as the principal
phase, whereas the Ni-20Cr wire coating has a principal phase
of nickel-base fcc. The XRD results are further supported by
EDAX analysis. The SEM observations of the presence of
oxide phase in the microstructure of the coatings have been
confirmed by XRD analysis. Similar findings of the presence
of oxide phases in the microstructure of HVOF coatings have
been reported by Dent et al. (Ref 28), Kong et al. (Ref 30), and
Zhang et al. (Ref 52). The hot corrosion behavior of these

Fig. 7 A SEM/EDAX analysis of the as-sprayed coatings on the
superalloy Superfer 800H, at a magnification of 800×: (a) Cr3C2-NiCr
coating; (b) NiCrBSi coating; (c) Stellite-6 coating; and (d) Ni-20Cr
wire coating
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coatings in a molten salt (Na2SO4-60%V2O5) environment at
900 °C is presented in part 2 of this article.

5. Conclusions

• Cr3C2-NiCr, NiCrBSi, Stellite-6, and Ni-20Cr wire coat-
ings have been successfully deposited by the HVOF-
spraying process to develop coatings 250 to 300 �m thick
on Fe-base superalloy substrates.

• The HVOF-sprayed coatings with given parameters have
dense and uniform lamellar microstructures with porosity
less than 2%. Further, a high proportion of the feedstock
powders/wire appeared to have been fully or partiality
melted prior to impact on the substrate surface. The SEM
micrographs indicate that the coatings are free from sur-
face/cross-sectional cracks.

• Among the coatings studied, the Cr3C2-NiCr coating has
shown a maximum hardness in the range of 900 to 990 Hv,
whereas the Ni-20Cr wire coating indicated a minimum
value in the range of 595 to 630 Hv. The microhardness of
the coatings is found to be higher than the superalloy.
Further, the microhardness of the coatings is found to be
variable with the distance from the coating-substrate in-
terface.

• X-ray diffractograms indicate that Cr3C2-NiCr, NiCrBSi,
and Ni-20Cr wire coatings have nickel-base fcc structure
as a principal phase, whereas the Stellite-6 coating has a
principal phase of Cobased fcc. An EDAX analysis of the
as-sprayed coatings has indicated the formation of the re-
quired compositions of the coatings.

• Cr2O3 oxides and CoNiO2 spinel oxides appeared in the
microstructure of the Ni-20Cr and Stellite-6 coatings, re-
spectively, in the form of either intersplat lamellae or glob-
ules. These oxides are oriented parallel to the substrate
surface.
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