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Thermal spray processes are widely used to deposit high-chromium, nickel-chromium coatings to improve
high temperature oxidation and corrosion behavior. However, despite the efforts made to improve the pres-
ent spraying techniques, such as high-velocity oxyfuel (HVOF) and plasma spraying, these coatings may still
exhibit certain defects, such as unmelted particles, oxide layers at splat boundaries, porosity, and cracks,
which are detrimental to corrosion performance in severe operating conditions. Because of the process tem-
perature, only mechanical bonding is obtained between the coating and substrate. Laser remelting of the
sprayed coatings was studied in order to overcome the drawbacks of sprayed structures and to markedly
improve the coating properties. The coating material was high-chromium, nickel-chromium alloy, which
contains small amounts of molybdenum and boron (53.3% Cr, 42.5% Ni, 2.5% Mo, 0.5% B). The coatings
were prepared by HVOF spraying onto mild steel substrates. A high-power, fiber-coupled, continuous-wave
Nd:YAG laser equipped with large beam optics was used to remelt the HVOF-sprayed coating using differ-
ent levels of scanning speed and beam width (10 or 20 mm). Coating that was remelted with the highest
traverse speed suffered from cracking because of the rapid solidification inherent to laser processing. How-
ever, after the appropriate laser parameters were chosen, nonporous, crack-free coatings with minimal
dilution between coating and substrate were produced. Laser remelting resulted in the formation of a dense
oxide layer on top of the coatings and full homogenization of the sprayed structure. The coatings as sprayed
and after laser remelting were characterized by optical and electron microscopy (OM, SEM, respectively).
Dilution between coating and substrate was studied with energy dispersive spectrometry (EDS). The prop-
erties of the laser-remelted coatings were directly compared with properties of as-sprayed HVOF coatings.

Keywords corrosion, HVOF, SX-717, laser remelting, Nd-YAG
laser

1. Introduction

The high resistance of high-chromium, nickel-chromium al-
loys to high-temperature oxidation and corrosion makes them
widely used as welded and thermally sprayed coatings in fossil
fuel-fired boilers, waste incineration boilers, and electric fur-
naces[1, 2]. Modern thermal spray processes such as high-
velocity oxyfuel (HVOF) and plasma spraying are often applied
to deposit high-chromium, nickel-chromium coatings onto the
outer surface of various parts of boilers, e.g., tubes, to prevent
the penetration of hot gases, molten ashes, and liquids to the less
noble carbon steel boiler tube. However, the thermal spray coat-
ings exhibit certain drawbacks compared to cast alloy. During
thermal spraying the hot particles are exposed to air atmosphere,
which results in oxide layers at splat boundaries. In addition,
thermal spray coatings may include unmelted particles, residual
porosity, and cracks, resulting in an inhomogenous structure,

which allows the aggressive corrosive agents (chlorides and sul-
fates) to reach the substrate and destroy it. The coating layer also
can peel off because of a weak mechanical bonding inherent to
thermal spray coatings; this is a problem especially at high tem-
peratures and in wet corrosion environments. In contrast, in weld
overlays the problem is typically strong Fe dilution from the sub-
strate to the coating, decreasing the coating’s corrosion resis-
tance.

Laser surface post-treatment can offer a controlled way of
improving the protective properties and bond strength of the
sprayed coatings without affecting the substrate properties and
dimensions. Laser surface post-treatment of nickel-based alloys
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Table 1 Nominal Composition of SX-717 Spray Powder
in wt.%

Powder Ni Cr Mo B Si

SX-717 42.5 53.5 2.5 0.5 1.0

Table 2 Diamond Jet Hybrid 2700 HVOF Spraying
Parameters

Oxygen (L/min) 150 Powder feed rate (g/min) 60
Propane (L/min) 70 Spray distance (mm) 230
Air (L/min) 360 Surface speed (m/min) 100
Carrier Gas Nitrogen (L/min) 13 Traverse speed (mm/s) 7
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with low chromium content (<30 wt.%) has been well docu-
mented since the late 1970s.[3-5] Few studies have been reported
on laser modification of high-chromium, nickel-chromium al-
loys, perhaps because they are highly sensitive to cracking and
exfoliation during the rapid solidification characteristic of laser
processing. Moreover, the laser modification used was only su-
perficial laser glazing, where mechanical bonding between coat-
ing and substrate remained and alloying of the coating with sub-
strate was neglected.[6,7]

Industrial high-power lasers, CO2 (up to 45 kW) and
Nd:YAG (up to 10 kW) lasers are already well utilized in weld-
ing, cutting, and hardening production lines, but not yet in sur-
face engineering, despite the promising results from cladding,
alloying, hard phase dispersion, and remelting experiments.
High investment costs, low efficiency of the laser source, high
maintenance costs, and lack of fundamental knowledge have all
discouraged the use of lasers in coating processes. However, be-
cause of rapid technological developments of laser devices, es-
pecially in direct high-power diode lasers (up to 6 kW), and op-
tics in the last few years, laser surface treatments show very high
industrial potential. The lasers are becoming more powerful, en-
abling faster deposition rates and wider beam widths, which
make them interesting also in large surface area applications.
The use of optical fibers in Nd:YAG and fiber-coupled diode
lasers (previously, fiber coupling for diode lasers was only avail-
able up to 2.5 kW), and the development of compact diode lasers
offer great opportunities to use industrial robots to treat compo-
nents and workpieces remote from the laser source. The effi-

ciency of the laser source has been improved significantly, and is
30-50% in high-power diode lasers versus ∼15% in CO2, ∼3% in
lamp-pumped Nd:YAG, and ∼10% in diode-pumped Nd:YAG
lasers. Because of shorter wavelength, most of the metals absorb
Nd:YAG (1.06 µm) and diode laser (808-940 nm) radiation
more efficiently than they absorb CO2 laser (10.6 µm). High
power and efficient beam coupling enable the use of large spot
sizes.

This paper investigates wet corrosion properties of the
Nd:YAG laser-remelted and HVOF-sprayed high-chromium,
nickel-chromium coatings in 3.5 wt.% NaCl. In addition, high-
temperature oxidation resistance of the sprayed and remelted
coatings at 800°C is studied and compared.

2. Experimental

High-chromium, nickel-chromium coatings were produced
using the Diamond Jet Hybrid 2700 HVOF spray system (Sulzer
Metco Inc., Westbury, NY). The spray powder was commercial
Fukuda SX-717 high-chromium nickel-chromium alloy of par-
ticle sizes from 10-45 µm. The composition of powder is shown
in Table 1. The propane-fueled Diamond Jet Hybrid 2700 is con-
sidered to be a third-generation HVOF process equipped with
converging/diverging nozzle, which enhances the velocity of the
powder particles, generating very high coating density and a
relatively low amount of oxidation. Spraying parameters used
are shown in Table 2.

The substrate material was unalloyed low carbon steel Fe 37
with the dimensions of 100 mm × 60 mm × 8 mm. Before the
substrates were sprayed, they were degreased in acetone and
roughened by alumina (Al2O3) grit blasting. The rotating sample
holder was used. The thickness of the obtained coatings was ap-
proximately 330-350 µm.

The remelting experiments of the sprayed coatings were con-
ducted with a 4 kW, continuous-wave, fiber-coupled HAAS
(Haas-Laser GmbH, Schromberg, Germany) HL 4006 D lamp-
pumped Nd:YAG laser. The laser light was transported with
SiO2 fiber, 20 m in length and 600 µm in diameter, to hardening
optics, which consisted of a collimator and two optional inte-

Fig. 1 Experimental setup for laser processing: (1) Collimator, (2) In-
tegrating mirror, (3) Body, (4) Mirror head, (5) Mounting flange, (6)
Coating/substrate, (7) Optical fiber

Fig. 2 Melt depth of the laser remelted coatings as a function of tra-
verse speed; original coating thickness is approximately 330-350 µm

Table 3 Nd:YAG Laser Parameters Used in Laser
Remelting of HVOF-Sprayed Coating

Power, W
Traverse Speed,

mm/min
Beam Width,

mm

Specific Energy,
Theoretical

(J/mm2)

Mirror 1
4000 1100 10 21.8
4000 1400 10 17.1
4000 1700 10 14.1
4000 2000 10 12.0

Mirror 2
4000 400 20 30.0
4000 500 20 24.0
4000 600 20 20.0
4000 700 20 17.1
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Fig. 3 (a) Optical micrograph of HVOF sprayed SX-717 coating; coating thickness is 350 µm. (b) Optical micrograph and microhardness values
HV0.3 of SX-717 coating laser remelted with parameters 4 kW, 1700 mm/min, 10 mm; coating thickness is 350 µm. (c) Optical micrograph and
microhardness values HV0.3 of SX-717 coating laser remelted with parameters 4 kW, 700 mm/min, 20 mm; coating thickness is 350 µm. (d) Optical
micrograph and microhardness values HV0.3 of SX-717 coating laser remelted with parameters 4 kW, 600 mm/min, 20 mm; coating thickness is 350
µm. (e) Optical micrograph and microhardness values HV0.3 of SX-717 coating laser remelted with parameters 4 kW, 500 mm/min, 20 mm; coating
thickness is 350 µm. (f ) Optical micrograph and microhardness values HV0.3 of SX-717 coating laser remelted with parameters 4 kW, 400 mm/min,
20 mm; coating thickness is 450 µm
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grating water-cooled copper mirrors having effective focal
lengths of 100 mm. The first mirror (mirror 1) defocuses the
rectangular shape of the delivered beam to a spot of size 10 × 8
mm. The second mirror (mirror 2) defocuses the beam to a
spot of size 20 × 10 mm, enabling the melt widths of 10 and
20 mm, respectively. Coating samples were mounted on a
moving, numerically controlled x-y table below the fixed laser
processing head. The experimental setup for laser processing
of the coating samples is shown in Fig. 1. To remelt the
whole surface area of the HVOF-sprayed coating, a series of
overlapping passes were made using a constant power of 4 kW,
different scanning speeds, and different beam widths (Table 3).
Theoretical specific energy (J/mm2) absorbed by the surface is
given by

E = P/(bv) (Eq 1)

where P is laser power (W), b is beam width (mm), and v is
traverse speed (mm/min). An overlap of 1.5 mm was used with

mirror 1, and 1 mm overlap was used with mirror 2. Argon shield
gas was blown through the hardening optics onto the workpiece
in order to minimize the sample oxidation and to protect the mir-
ror in the processing head.

The coating microstructures were characterized longi-
tudinal and perpendicular to the processing direction
by optical microscopy and SEM. To reveal the obtained
microstructures, the coatings were etched with a solution
of 15 mL HCl (hydrochloric acid), 10 mL CH3COOH
(acetic acid), and 10 ml HNO3 (nitric acid). The etching time
was 40 min.

The SEM instrument used in composition characterization
was a Philips (Eindhoven, The Netherlands) XL-30 with an en-
ergy-dispersive system (EDS) analyzer.

Microhardness values were measured once on longitudinal
cross sections of the coatings starting from the top of the coating
and ending at the substrate material. The Vickers method was
used with 300 g loads (HV0.3 microhardness tester, Shimadzu,
Shimadzu Corporation, Kyoto, Japan).

Fig. 4 Optical micrographs of etched SX-717 coating remelted with a power of 4 kW and a traverse speed of (a) 1100, (b) 1400, (c) 1700, and (d) 2000
mm/min
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For the immersion tests, the samples were exposed to 3.5
wt.% NaCl solution at room temperature for seven days. During
the immersion, the open circuit potential of the coating/substrate
system was measured with respect to the Ag/AgCl reference
electrode using a high-resistance voltmeter. The area exposed to
the electrolyte was 7.6 cm2, which represented 13% of the whole
surface of the sample. The exposed area was restricted by a plas-
tic tube, which was glued to the surface of the sample and filled
with the 3.5 wt.% NaCl solution.

Cyclic potentiodynamic polarization measurements were
performed in 3.5 wt.% NaCl electrolyte at room temperature us-
ing a flat specimen cell (EG&G PARC, Princeton, NJ) in which
a 1 cm2 area of coating surface was exposed to the NaCl solution.
The corrosion cell was a glass cylinder horizontally sandwiched
between two flat blocks. One block had a circular opening of 11
mm in diameter against which the studied coating surface was
pressed. The point of contact between the corrosion cell and
coating surface was sealed with a plastic gasket. The potentials
were measured with respect to the Ag/AgCl reference electrode,
which was connected to the sample through a salt bridge. Mea-
surement started after 5 min of immersion in the electrolyte. A
platinum electrode was used as a counter electrode. The scan-
ning speed was 0.5 mV/s.

High-temperature oxidation tests were carried out in a tube
furnace at 800°C in air atmosphere for 100 h. The oxidized coat-
ing samples were then mounted in epoxy for microstructural
studies and for the thickness measurements of the formed oxide
layer.

3. Results and Discussion

The laser parameters used with mirror 1 were optimized to
fully melt the HVOF-sprayed coating except in one set of pa-
rameters (4 kW and 2000 mm/min), which melted the coating
only partly to the depth of 200-250 µm, leaving the sprayed
structure beneath the melted layer and causing mechanical bond-
ing between coating and substrate. The melt depths of the other
samples increased from 330-800 µm when the specific energy
absorbed by the surface was increased by slowing down the tra-
verse speed from 1700-1100 mm/min (Fig. 2). When the original
thickness of the sprayed coating was measured to be approxi-
mately 330-350 µm before laser treatment, the samples treated
with parameters 4 kW and 1700 mm/min showed the melt depth
close to the original thickness of the coating. Laser parameters
with slower traverse speed, i.e., higher specific energy, pro-
duced melt deeper than 350 µm, indicating high dilution and
mixing between the coating and substrate. It was also noted that
obtained surface morphology was strongly influenced by tra-
verse speed. With low traverse speed the melt pool solidified
to the shape, where material was clustered from both sides of
the track to the center of the track, generating an irregular
surface. According to Mahank et al.,[8] this happens because sur-
face tension forces are present in the melt pool. Samples treated
with slow traverse speed also exhibited strong slag formation
within the 1.5 mm area where the adjacent beams were over-
lapped.

The melt depths achieved with mirror 2 were more ambigu-
ous. The melt depth of a single track is always deeper in the side

of the track, where the laser beam enters more perpendicularly to
the surface, as shown in Fig. 1. In the other side of the track, the
laser beam enters less perpendicular to the surface and is there-
fore reflected strongly from the coating surface. Hence, the
power density of the laser beam was not as homogeneous after
mirror 2 than after mirror 1. Thus, for mirror 2 the melt depths
were measured from the center of the track, which is an average
melt depth of a single track (Fig. 2). It can be noted that param-
eters set 4 kW, 400 mm/min and 4 kW, 500 mm/min enabled the
sprayed coatings to melt fully. A traverse speed of 500 mm/min
showed the melt depth close to the original thickness of the coat-
ing. It is markedly lower than 1700 mm/min, which produced the
same melt depths in remelting with mirror 1. Increasing beam
spot decreases the specific energy absorbed by the surface,
which explains the difference in traverse speeds between mirrors
1 and 2.

The microstructures of the as-sprayed and laser-remelted
coatings are shown in Fig. 3(a-f ). The layered microstructure in
HVOF-sprayed coating is clearly seen. Layers of oxides at in-
tersplat boundaries as seen in Fig. 3(a) are typical for metallic
alloys. During spraying, molten powder particles are exposed to
air and are oxidized in flight to the substrate. Oxidation can also
occur at the exposed surface of splats prior to the deposition of
the subsequent layer.[9] Mechanical bonding between the coat-
ing and substrate as well as some pores can be seen. Microhard-
ness values measured from the sprayed coating varied between
351 and 533 HV0.3 because of the difference in the indentation
sites (pores and oxides). A relatively wide microhardness value
range is typical for an inhomogeneous sprayed structure. Micro-
hardness of the substrate is 180 HV0.3.

Fig. 5 (a) Composition of remelted SX-717 coatings versus traverse
speed at a depth of 20 µm. (b) Composition of SX-717 coating remelted
with parameters 4 kW, 1700 mm/min, 10 mm versus melt depth
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The coatings obtained using laser remelting were metallurgi-
cally dense, and free of cracks and pores, as seen in Fig. 3(b-f).
Some vertical cracks were, however, detected from the sample
processed with mirror 1 and with parameters 4 kW, 2000 mm/
min. The solidification rate of coating material increased, when
the traverse speed was increased. The sample, which included
vertical cracks, was processed with the highest traverse speed
of this experiment. Metallurgical bonding was obtained be-
tween coating and substrates, when the specific energy absorb-
ed by the surface was high enough. Microhardness values of
the remelted coatings were markedly higher than those of
the sprayed coating. Coatings remelted with mirror 2 showed a
clear increasing tendency toward microhardness, when the tra-
verse speed was increased from 400-700 mm/min. The highest
microhardness values were measured on the sample that was
remelted with mirror 1 and with parameters 4 kW, 1700 mm/
min. Microhardness of the substrate increased to values of
440-450 HV0.3.

Obtained microhardness values of the remelted coatings can
be explained by Fe dilution from the substrate to coating and

Fig. 6 Open circuit potential versus time measured in 3.5 wt.% NaCl solution for laser-remelted and
HVOF-sprayed SX-717 coatings

Fig. 7 (a) Optical micrograph of a HVOF sprayed SX-717 coating
after a 1 week immersion test in 3.5 wt.% NaCl solution. The electrolyte
has corroded the substrate and the coating selectively; coating thickness
is 350 µm. (b) Optical micrograph of laser remelted SX-717 coating
after a 1 week immersion test in 3.5 wt.% NaCl solution. The coating
seems to be unaffected; coating thickness is 450 µm.

Fig. 8 Optical micrograph of SX-717 coating remelted with param-
eters 4 kW, 2000 mm/min, 10 mm. A vertical crack is clearly seen.
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solidification rates. From the figures of the etched micro-
structures, it can be seen that higher traverse speed generates
finer microstructure because of the higher solidification rate
(Fig. 4a-d). The role of diluted Fe in the grain size of the
microstructure has not yet been studied. The amount of Fe
decreases from the 50.0 wt.% to below the detection limit
when the traverse speed was increased from 1100-2000 mm/min
measured at a depth of 20 µm from the top of the coating
(Fig. 5a). In a sample remelted with parameters 4 kW, 1700 mm/
min, for which the melt depth was very close to the original
thickness of the coating, iron concentration was still undetect-
able at a depth of 100 µm and only 1.5 wt.% at a depth of 200 µm,
from where it begins to increase to 36.8 wt.% at a depth of
250 µm (Fig. 5b).

3.1 Immersion Test/Open Circuit Potential (OCP)

For the HVOF-sprayed coating, the open circuit potential
value versus Ag/AgCl reference electrode started to move to the
more negative direction immediately after exposure to the 3.5
wt.% NaCl solution, indicating active corrosion behavior (Fig.
6). At the same time, it was noted that after a couple of hours
from the beginning of the test, the first corrosion products ap-
peared more or less evenly on the whole surface of the exposed
coating. Because of the interconnected pores, splat boundaries,
and microcracks characteristic of sprayed coatings, the electro-
lyte quickly reached the substrate and corroded it, as shown in
Fig. 7(a). The coating material itself also was corroded strongly.
It seems that the deterioration of the coating was initiated along
splat boundaries and corroded the material nearby. In our previ-
ous studies, similar degradation was found at splat boundaries in
HVOF-sprayed IN-625 (Ni-Cr-Mo) coating exposed to 3.5 wt.%
NaCl solution. Similarly, Dent et. al.[9] noticed the same kind of
degradation in HVOF-sprayed Ni-Cr-Mo-B coating exposed to
0.5 M H2SO4, especially when significant oxidation had oc-
curred during spraying. According to Edris et al.,[10] HVOF-
sprayed NiCrMo coating includes a certain amount of low alloy
Ni-based regions, which suffer from chromium depletion. The
existence of these regions depends on the amount of oxide

(Cr2O3, NiCr2O4) layers at splat boundaries. After 1 h from the
beginning of the test, the open circuit potential value stabilized
to the level of −540 mV, which is approximately 200 mV higher
than the potential measured from the uncoated Fe 37, indicating
the more noble character of the sprayed coating than that of the
substrate. When electrolyte connection was established between
the coating and substrate, a galvanic pair was generated, and the
substrate was acting as an anode and the coating was acting as a
cathode. In this case the coating was cathodically protected and
the substrate corroded quickly because of the electrolyte connec-
tion and high surface area ratio.

Laser-remelted coatings showed another kind of behavior.
For coatings remelted with traverse speeds 1100-1700 mm/min
(mirror 1) and 400-600 mm/min (mirror 2), the open circuit po-
tential started to change to a more positive direction after expo-
sure to electrolyte, indicating passivation of the coating material.
After 1 week of immersion, the surface of the exposed areas
was still free of any corrosion products and microstructure was
unaffected, as shown in Fig. 7(b). Open circuit potential was
noted to be 700 mV more positive than that of uncoated Fe 37
and 500 mV more positive than that of HVOF-sprayed coating.
Coating remelted with the highest traverse speed, 2000 mm/min
(mirror 1), allowed the electrolyte to pass the coating through
vertical cracks shown in Fig. 8, which were formed as a result of
too rapid solidification. Open circuit potential stabilized to the
level of −200 mV. Coating remelted with the traverse speed of
700 mm/min (mirror 2) allowed the electrolyte to reach the sub-
strate from near the area where two adjacent beams overlapped.
The specific energy absorbed by the surface was not high
enough to melt the side of the track, where the laser beam en-
tered less perpendicularly.

The open circuit potential measurement of the coating/
substrate system is, as shown in the above results, a rather simple
method to reveal connection between electrolyte and substrate.
The curves of the best laser-remelted coatings did not show any
effect of the substrate because the coating totally separated the
electrolyte from the substrate, whereas the curve of HVOF-
sprayed coating was strongly dominated by the substrate behav-
ior because of the interconnected paths.

Fig. 9 Cyclic polarization curves of remelted (mirror 1) and HVOF-sprayed SX-717 coatings
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The reasons the cracks allow the electrolyte to pass the coat-
ing and to corrode the substrate is a shrinkage stress and the
relatively hard and brittle nature of coating material. For high-
chromium, nickel-chromium alloy, the coefficient of thermal
expansion (11.7 × 10−6/°C for SX-717) is very close to that of the
substrate Fe 37 (11.7 × 10−6/°C for pure Fe, 12.0 × 10−6/°C for
0.25% C steel).[11] Despite the relatively similar coefficients of
thermal expansion, vertical cracking occurred. During laser re-
melting the transient and nonuniform temperature fields are usu-
ally formed. They cause different zones of the material to ex-
pand by different amounts. In addition, the coefficient of thermal
expansion in metals increases at elevated temperatures (52 wt.%
Ni-48 wt.% Cr; 11.8 × 10−6/°C from 26-93°C, 12.8 × 10−6/°C
from 26-260°C, 13.8 × 10−6/°C from 26-538°C, 15.0 × 10−6/°C
from 26-816°C, and 15.4 × 10−6/°C from 26-1038°C).[12] Con-
sequently, the hotter surface of the remelted coating expanded
more in rapid heating and shrunk more in rapid cooling com-
pared to the cooler part of the sprayed coating beneath the re-
melted zone. Shrinkage stress due to temperature difference and
mismatch of the coefficients of thermal expansion between the
top of the coating and the area close to the coating/substrate in-
terface exceeded the tensile strength of the coating material and
cracking occurred. SX-717 alloy as a sprayed coating resists
cracking and delamination during heating cycles better than tra-
ditional high-chromium, nickel-chromium alloys, which have
significantly smaller coefficient of thermal expansion (e.g., 7.5
× 10−6/°C for Ni-45%Cr). In laser remelting, however, relatively
high traverse speed (2000 mm/min) caused a sharp thermal gra-
dient, which influenced the thermal expansion behavior of coat-
ing material, resulting in the formation of cracks.

Crack formation can be reduced by preheating the coating/
substrate system before melting. As the temperature difference
between coating and substrate (i.e., the high thermal gradient
produced by intensive laser beam) is reduced, the probability of
crack formation is smaller. Another method to decrease the so-
lidification rate and to decrease the number of cracks is to de-
crease the traverse speed, but at the same time laser power must
be decreased as well in order to avoid excess dilution between
coating and substrate. To this end the use of a wider beam is
beneficial. It results in lowering of the solidification rate while
maintaining the high laser power by decreasing only the traverse
speed without slowing markedly the process speed, because the
area treated by one laser pass is twice as large.

3.2 Electrochemical Measurements

Figure 9 shows the cyclic polarization curves for the HVOF-
sprayed and laser-remelted coatings with mirror 1 measured in
3.5 wt.% NaCl solution. The coating remelted with slowest tra-
verse speed and the sprayed coating exhibited the poorest cor-
rosion resistance in the solution showing the highest current den-
sities, the narrowest passivation area, and the positive hysteresis
loops. HVOF-sprayed coating showed not a rapid, but a steady
increase in current density, and a small passivation area between
+300 and +350 mV. During cyclic polarization measurement,
the HVOF-sprayed coating suffered from substrate/coating in-
terface corrosion because of interconnected paths, which could
have been microcracks or pores, but most likely were splat
boundaries. It suffered also from crevice corrosion on top of the

coating because of a weak oxide layer or localized imperfections
in the passive layer, as shown in Fig. 10(a). The coating remelted
with the slowest traverse speed shows very rapid increase in cur-
rent density already at −104 mV, which illustrates the break-
down of passivity in the passive oxide layer, indicating strong
pitting or crevice corrosion. A positive hysteresis loop is also
formed as the direction of scan is reversed, owing to continued
and accelerated corrosion in the pits. Strong crevice formation
was detected visually from the surface of tested coating, espe-
cially from the areas that were under the plastic gasket during the
measurement. Strong iron dissolution from the substrate had
changed the composition of the coating, thus weakening the pro-
tective oxide layer on top of the coating. Coatings remelted with
higher traverse speeds showed markedly lower current densities
in the passive region, wider passivation areas, and negative hys-
teresis loops. In the coatings, for which dilution has been limited
(4 kW, 1700 mm/min) or zero (4 kW, 2000 mm/min), no break-

Fig. 10 (a) Optical micrograph of HVOF-sprayed SX-717 coating af-
ter cyclic polarization measurement; coating thickness is 350 µm. (b)
Optical micrograph of SX-717 coating remelted with parameters 4 kW,
1700 mm/min, 10 mm after cyclic polarization measurement; coating
thickness is 350 µm
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down potential could be seen, indicating excellent resistance to
localized corrosion resulting from a strong and dense oxide
layer. The unaffected microstructure of the laser-remelted coat-
ing after cyclic polarization measurement is seen in Fig. 10(b).
Coating remelted with parameters 4 kW, 1400 mm/min shows
breakdown potential at +450 mV; slight crevice formation was
also detected from the surface of the coating.

Figure 11 shows the polarization curves for the coatings laser
remelted with mirror 2. All of these coatings show markedly
lower current densities, wider passivation areas, and negative
hysteresis loops compared with sprayed coating. Because of pa-
rameters used with mirror 2, the dilution between coating and
substrate was very controlled, explaining the results from the
polarization measurements. All of these coatings seemed to be
unaffected without any signs of corrosion pits or crevices.
Again, the best corrosion behavior was exhibited by the sample

that was melted to the depth of the original sprayed coating
thickness, and the poorest corrosion behavior was exhibited by
the coating remelted with the slowest traverse speed.

If we compare the best curves from the remelting series with
mirror 1 and 2, the parameters 4 kW, 1700 mm/min show
slightly lower current densities than 4 kW, 500 mm/min (Fig.
12). Markedly higher traverse speed (1700 versus 500 mm/min)
generates finer microstructure, which perhaps causes the slight
difference in current densities in favor of coating remelted with
traverse speed 1700 mm/min.

3.3 High-Temperature (HT) Oxidation Test

Microstructures of the tested samples revealed that HVOF-
sprayed coating suffered from oxidation, whereas laser-
remelted coatings did not. The latter did not reveal any deterio-

Fig. 11 Cyclic polarization curves of remelted (mirror 2) and HVOF-sprayed SX-717 coatings

Fig. 12 Cyclic polarization curves of the SX-717 coatings remelted with mirror 1 and mirror 2 and dif-
ferent traverse speeds
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ration, indicating excellent HT oxidation resistance because of a
very thin and dense oxide layer on top of the coating. Micro-
structures of the sprayed coating before and after the HT oxida-
tion test showed clearly that the amount of oxidation along splat
boundaries had increased (Fig. 13). It can be concluded that the
oxide layer formed on top of the sprayed coating was not dense
enough to prevent the propagation of oxygen to the coating
structure. The unaffected microstructure of the laser-remelted
coating after the HT oxidation test is shown in Fig. 14.

4. Conclusions

The experiments performed in this study showed that the
general and localized corrosion resistance of the HVOF-
sprayed, high-chromium, nickel-chromium coating in an aque-
ous chloride solution can be improved significantly by using la-
ser surface remelting with appropriate processing parameters.

The laser parameters generating too high specific energy should
be avoided, because iron dilution from the substrate to coating
decreases the pitting corrosion resistance and microhardness of
the coating. Because the high-chromium, nickel-chromium al-
loy is highly sensitive to cracking, the high solidification rates
should be avoided by using lower traverse speed in remelting.
The traverse speed can be decreased by using a wider beam (20
mm instead of 10 mm) without lowering markedly the produc-
tivity of the surface treatment. This speed results in the elimina-
tion of cracks in laser-remelted coatings.

Laser remelting improved markedly the HT oxidation resis-
tance of the HVOF-sprayed coating. Laser remelting resulted in
the formation of a very thin and dense oxide layer on top of the
coating, giving excellent resistance to oxidation at 800°C in at-
mosphere.
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