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The purpose of this study is to analyze and compare the mechanical properties and microstructure details
at the interface of high-velocity oxyfuel (HVOF)-sprayed NiCr-coated boiler tube steels, namely ASTM-
SA-210 grade A1, ASTM-SA213-T-11, and ASTM-SA213-T-22. Coatings were developed by two different
techniques, and in these techniques liquefied petroleum gas was used as the fuel gas. First, the coatings
were characterized by metallographic, scanning electron microscopy/energy-dispersive x-ray analysis,
x-ray diffraction, surface roughness, and microhardness, and then were subjected to erosion testing. An
attempt has been made to describe the transformations taking place during thermal spraying. It is con-
cluded that the HVOF wire spraying process offers a technically viable and cost-effective alternative to
HVOF powder spraying process for applications in an energy generation power plant with a point view of
life enhancement and to minimize the tube failures because it gives a coating having better resistance to

erosion.
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1. Introduction

Alloys that are used at high temperature should possess
good mechanical properties along with erosion-corrosion resis-
tance. However, it is impossible for a single material to have all
these properties, along with ease of manufacturing. Therefore,
a composite system using a base material providing the neces-
sary mechanical strength with a protective surface layer that is
different in structure and/or chemical composition can be an
optimum choice in combining material properties (Ref 1).

There is increased attention on the energy conversion effi-
ciency of power plants to meet the need of industries along
with ensuring plant reliability, availability, and maintainability.
Coating technology is progressing at a steady rate with con-
tinuous improvements in coating performance. But perfor-
mance alone is not sufficient to determine the success of a new
technology, and it must be balanced against cost and environ-
mental impact. So, the use of different methods for depositing
the same coatings may lead to very different results in terms of
the quality/cost ratio (Ref 2).

The high-velocity oxyfuel (HVOF) process is reported to be
a versatile technology and has been adopted by many industries
due to its flexibility, cost-effectiveness, and the superior quality
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of coating produced. This spraying process has been designed
to retain the characteristics of the coating. The hypersonic ve-
locity of the flame shortens the time of interaction between the
powder and flame, whereas the low temperature of the sub-
strate limits the grain growth and decomposition of the coating.
Due to the high impact velocity of particles, the coatings show
a high adhesive strength, high cohesive strength of individual
splats, uniform microstructure, high density, and low porosity
(Ref 3-6). The various HVOF systems differ in their design
based on the use of water or air cooling, axial or radial powder
injection, wire or powder spraying, fuel flows and composition,
combustion chamber pressure and configuration, powder injec-
tion location, and nozzle design and length. The combustion
fuels include propylene, propane, natural gas, hydrogen, acety-
lene, liquefied petroleum gas (LPG), and kerosene. This wide
range of fuels permits the selection of the most economical fuel
to produce the required coating characteristics.

The thermal sprayed 50/50 nickel-chromium alloy is usually
recommended as an erosion-corrosion protection for boiler
tubes in power generation applications (Ref 7). As reported by
Sundararajan et al. (Ref 8, 9), the pure metal oxides of Ni- and
Co-base alloys are not protective enough when the working
temperature exceeds 550 °C. The addition of other elements,
namely Cr, Al, and Si, have improved their corrosion resistance
due to the establishment of more protective oxide layers such
as Cr,O; AlL,Os3, or SiO,, respectively. They further reported
that the thick and dense HVOF-deposited NiCr coatings yield
a better steam oxidation resistance than the thin porous air
plasma spray-deposited NiCr coatings.

Hearley et al. (Ref 10) evaluated the erosion behavior of the
NiAl intermetallic coatings produced by the HVOF spray pro-
cess. They concluded that the mass loss varies with velocity
and the angle of impingement. The microstructure and solid
particle erosion resistance of FeCrAlY-Cr;C, and NiCr-Cr;C,
cermet coatings with carbide levels ranging from 1 to 100% (in
the prespray powder) have been evaluated by Stein et al. (Ref
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Table 1 Chemical composition (wt.%) for various boiler tube steels

Type of

steel C Mn Si S P Cr Mo Fe
GrAl 0.27 0.93 0.1 0.058 0.048 .. . Balance
T-11 0.15 0.3-0.6 0.5-1 0.03 0.03 1-15 0.44-0.65 Balance
T-22 0.15 0.3-0.6 0.5 0.03 0.03 1.9-2.6 0.87-1.13 Balance

11) with a point of view of determining the optimum ceramic
content for the best erosion resistance.

2. Experimental Method

2.1 High-Velocity Oxyfuel Deposition

Three types of boiler tube steels, low carbon steel ASTM-
SA210 grade Al (GrAl), 1Cr-0.5Mo steel ASTM-SA213-T-11
(T110), and 2.25Cr-1Mo steel ASTM-SA213-T-22 (T22), were
used as substrate steels. The chemical composition of these
steels is shown in Table 1. These steel samples were cut to
form specimens approximately 3 x 15 x 15 mm? in size. The
specimens were polished and grit-blasted with Al,O5 (grit 45)
before coating.

Coatings were developed at M/S MEC (Jodhpur, India) by
using two types of commercial equipment. The Hipojet-2100
was used for powder spraying and the Hijet-9600 was used for
wire spraying; this equipment was operated using oxygen and
LPG gases. The chemical compositions of the coating materials
were 80 wt.% Ni and 20 wt.% Cr. The spraying parameters are
given in Table 2. The substrate steels were cooled with com-
pressed air jets during and after spraying. After coating, the
specimens were sectioned, mounted, and polished for metal-
lurgical examination along the cross section. Scanning electron
microscopy (SEM) analysis, energy-dispersive x-ray analysis
(EDAX), and x-ray diffraction (XRD) techniques were then
used to analyze various constituents of the coatings. The cross-
sectional microhardness was evaluated using a microhardness
tester (HMV-2 series; Mitsubishi, Tokyo, Japan). Surface
roughness and porosity were also evaluated for all of the coated
steels.

2.2 Erosion Testing

The solid particle erosion tests were performed on an air jet
erosion tester (IIT, Delhi, India) by using 150 to 200 wm an-
gular silica sand particles, according to the ASTM G76 (Ref
12) standard. A particle feed rate of 50 g/min was used for a
total of 8 kg of sand to achieve the steady-state conditions. The
particles were propelled at 28 m/s from a barrel 3 mm in
diameter onto the target coatings 10 mm from the nozzle. Im-
pingement angles of 30° and 90° were selected to provide the
severe erosion conditions for both ductile and brittle materials
(Ref 11). Weight loss was measured, and the results are re-
ported as the weight of the material eroded per unit weight of
the erodent particles (called the specific erosion rate in grams
per gram) used during the test.

3. Experiment Results

3.1 Coating Thickness, Porosity, and Surface
Roughness Measurement

The thicknesses of the coatings have been measured with a
traveling microscope at 100x magnification. The coating thick-
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Table 2 Spray parameters employed during HVOF
spraying

Hijet-9600 Hipojet-2100
Parameters (wire) (powder)
Oxygen flow rate, L/min 250 250

LPG flow rate, L/min 60 70
Air flow rate, L/min 900 6200
Spray distance, mm 200 200
Wire/powder feed rate, g/min 80 30
Wire diameter/particle size 3.17 mm —45+ 15 pm

nesses reported in Table 3 were close to the desired coating
thickness.

The porosity measurements for HVOF-sprayed coatings
have been made with an image analyzer (Soft-Imaging System,
Munster, Germany) at Research and Development Center TIET
(Patiala, India). The porosity for as-sprayed NiCr wire and
NiCr powder coatings was in the range of <1 and 2 to 3.5%,
respectively. The surface roughness of each coating has been
evaluated with a Surf-corder (SE-1200; Kosaka Laboratory,
Ltd., Tokyo, Japan).

3.2 Microhardness Analysis

The microhardness of the substrate steels has been mea-
sured to be in the range of 200 to 280 Vickers hardness (Hv).
The microhardness values of the NiCr powder and NiCr wire
coatings have been observed to be ~400 Hv. The profile for
microhardness versus distance from the coating-substrate in-
terface is presented in Fig. 1.

3.3 Morphology of the Coatings

The optical micrograph of the NiCr wire coatings (Fig. 2b)
indicates a uniformly distributed fine grain structure, whereas
that of the NiCr powder coating indicates a coarse grain struc-
ture (Fig. 2a). Unmelted particles and inclusion can also be
seen in the microstructure of the NiCr powder coating.

The optical microstructure along the cross section of the
HVOF coating is shown in Fig. 3. Some oxide inclusions and
porosity can be seen in the microstructures. The NiCr wire
coatings have a uniform, fine, and layered structure, whereas
the NiCr powder coating has a coarse and uniform structure.

3.4 Scanning Electron Microscopy/Energy-Dispersive X-Ray
Analysis, and X-Ray Diffraction Analysis

From the SEM analysis/EDAX of the coatings, it can be
inferred that there is a nickel-rich matrix. Some oxide inclusion
and a thin, dark contrast stringer, which is rich in oxygen
relative to the metallic matrix, have also been observed. The
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Fig. 1 Microhardness profile for various steels after NiCr coating across the cross section

Fig. 2 Optical micrograph of the surface of (a) NiCr powder-coated and (b) NiCr wire-coated steels

Table 3 Coating characteristics

Coating Roughness(a),
Type of coating thickness, pm um Porosity, %
NiCr (powder) 300 6.889 +0.32 2-3.5
NiCr (wire) 330 5.536 +0.37 <1

(a) Values are given as mean + SD.

dark black spots are the pores in the coatings and substrate
steels (Fig. 4). The XRD analysis for coatings, as indicated in
Fig. 5, has major peaks of Ni, whereas small-intensity peaks of
Cr have also been formed.

3.5 Erosive Wear

The erosion rate of the coatings is presented in Fig. 6. The
NiCr powder coating has a high erosion rate compared with the
NiCr wire coating. However, a relatively higher erosion rate
was observed at a 30° angle of impingement, which indicates
that the coating erodes in a ductile manner. Figure 7(a) shows
the larger damaged area, which is consistent with splat pullout,
whereas the more wear-resistant NiCr wire coating (Fig. 7b)
exhibited an evenly damaged area with no splat pullout.
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4. Discussion

NiCr wire coatings have no unmelted or semimelted par-
ticles, because in the case of NiCr wire spraying only molten
particles can detach from the wire, whereas in NiCr powder
coatings the particles may not be fully melted. The microstruc-
tures show the presence of some oxide inclusions in the coat-
ings (dark contrast phase) and reveal that most of this oxide is
located at the interparticle boundaries. A thin, dark-contrast
stringer corresponds to an oxide phase, with the higher amount
of oxygen detected by EDAX. This oxide stringer is believed to
be the result of the oxidation occurring at the surface of par-
ticles in flight as well as at the coating surface by the entrain-
ment of atmospheric oxygen into the jet prior to the deposition
of the next layer. A similar type of oxide phase at the interface
boundary has also been observed by Dent et al. (Ref 13) and
Sturgeon (Ref 14). The microstructures in the current study
have many similarities to those in HVOF-sprayed NiCr coat-
ings that have been reported elsewhere (Ref 8, 9, 13, 15). It is
clear from Fig. 2 and 3 that the NiCr wire coating has a fine,
layered, and uniform microstructure compared with some other
coatings reported by Ak et al. (Ref 15), Hearley et al. (Ref 10)
and Stein et al. (Ref 11).

In the case of the NiCr wire coating, a high proportion of the
feedstock wire appeared to have fully melted prior to the im-
pact on the substrate. The better microstructure integrity of the
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Fig. 3 Optical micrograph along the cross section of (a) NiCr powder-coated steel and (b) NiCr wire-coated steel
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Fig. 4 Back scattered electron imagery/EDAX analysis of a coating
showing the elemental composition (wt.%) at various points along the
cross section of (a) the NiCr powder coating and (b) the NiCr wire
coating

S
Z
| |
= |
= |
21| z
L) -
G . >
g1 | Wire
i3}
=1
| s
I = _ 5
Il‘. rl. Z‘ - prs i Powder
o N el ___.U TS e el
40 50 60 70 80 90 100 110

Diffraction angle (26)

Fig. 5 XRD spectra for NiCr-coated steel

NiCr wire coating may be due to the fact that material detached
from the NiCr wire only after melting and the degree of plastic
deformation was also large on impingement to the substrate. As
a result, flattened and fine particles were formed. But in the
case of powder, some unmelted or semimelted particles of the
powder may be sprayed. These unmelted or semimelted pow-
der particles decrease the splat-to-splat bonding and also in-
crease the porosity, which might have contributed to the higher
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erosion rate of the coating. The coating has a dense, layered
structure; the limited porosity is visible as very dark contrast
regions. The porosity of the NiCr wire coating (<1%) is less
than the porosity values reported by Sturgeon (Ref 14) and Ak
et al. (Ref 15) for NiCr coatings.

The microhardness values of the coatings are measured to
be greater than those of the substrate steels. A high microhard-
ness value is believed to be due to the high kinetic energy
acquired by the powder particles, which ensures good cohe-
sion, and a denser and more homogeneous structure, as sug-
gested by Verdon et al. (Ref 16) and Hawthorne et al. (Ref 17).
The NiCr wire coating has uniform microhardness values of
approximately 400 Hv, which is higher than the microhardness
values reported by Ak et al. (Ref 15) for NiCr coatings. The
microhardness values of the coatings are almost consistent with
the findings of Uusitalo et al. (Ref 18).

X-ray diffractograms for the NiCr coating has confirmed the
presence of higher amounts of Ni, the outstanding phase, be-
cause the powder has a composition of 80Ni and 20Cr. But,
apart from the Ni, small-intensity peaks of Cr have also been
observed. A peak of high intensity is indexed to both Ni and Cr,
but a large number of peaks are indexed to Ni. Broad maxima
in the range of 55 to 75 20 seams to indicate an amorphous
phase in the deposit. According to XRD analysis, very little
transformation occurred during spraying, and NiCr did not un-
dergo any decomposition during spraying. This result may be
believed to be due to the higher flame velocity and lower flame
temperature of the HVOF process, which would limit the de-
composition process. The identical peaks observed in the cur-
rent study have also been observed by Ak et al. (Ref 15) for
NiCr coatings. The XRD results are further supported by SEM
analysis/EDAX.

Microstructural characteristics of low porosity and oxides,
fine splat size, good adhesion, and the absence of cracks are
reported to enhance erosion resistance by Hearley et al. (Ref
10) and Wang and Lee (Ref 19). The porosity may initiate the
microcracking, leading to the loss of lamella and thus to the
removal of the coating. The low erosion rate of NiCr wire
coating is closely correlated with their low porosity, and fine
and uniform microstructure. The high erosion rate of the NiCr
powder coating may be due to the coarse structure, because
both of the coatings have approximately the same hardness
values. These coatings showed a high erosion rate at a 30°
angle of impingement, which corresponds to ductile erosion
behavior. This may be due to the low shear strength of the
coatings and their capability for absorbing the large amount of
energy produced by the impinging particles at a 90° angle of
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Fig. 6 Specific erosion rate of NiCr coatings at 30° and 90° angle of impingement

Fig. 7 Typical appearance of the (a) NiCr powder coating and (b) NiCr wire coating after erosion at 30° impingement (2000x)

impingement (Ref 7). Hawthorne et al. (Ref 17) have also
observed a higher wear rate at a low angle for ductile materials
in dry erosion.

5. Conclusions

NiCr coatings were successfully obtained up to the thick-
ness of ~300 to 330 wm by the HVOF process with LPG as fuel
gas. The microhardness measurement across the cross section
of the coating showed that the coatings have high hardness
values compared with the substrate steels. Micrographs showed
that NiCr powder coatings possess some semimelted particles,
inclusions, oxides, and a coarse grain structure whereas the
NiCr wire coatings possess a fine, layered, dense and uniform
structure. The NiCr wire coating also has very low porosity
compared with the NiCr powder coating. The NiCr wire coat-
ing has a higher erosion resistance compared with the NiCr
powder coating.
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