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spray material particles are exposed to air atmosphere, which re-
sults in oxidation in the coating structure. Due to low process
temperature, only mechanical bonding is obtained between the
coating and the substrate. In addition, thermal spray coatings
may include unmelted particles, weak splat boundaries, residual
porosity, and cracks, resulting in an inhomogeneous structure,
which may be detrimental to the corrosion performance.

Laser surface post-treatment can offer a controlled way to im-
prove the properties of the sprayed coatings without changing
the substrate properties. Laser surface modification of the nickel-
based alloys and coatings has been reported since the late
1970s.[1] Several studies have shown that laser surface melting
can be used to increase the density of the relatively porous
plasma-sprayed nickel-based coatings.[2,3,4] Rapid solidification
inherent to laser-treated surfaces results in coatings with colum-
nar and dendritic microstructures.[5] On the other hand, the
choice of inappropriate laser processing parameters can lead to
certain defects such as cracks, porosity, and excessive dilution
from substrate to coating, which all decrease the properties of the
coating.[6]

The laser device usually employed for surface treatments has
been a CO2 laser, because of its high power range (up to 25 to 45
kW). This laser, both in pulsed and continuous wave modes, has
been used successively in surface homogenization (remelting),[7]

cladding,[8] glazing,[3] and alloying[9] of nickel-based alloys with
quite narrow beam widths (up to 3 mm). In recent years, the de-

1. Introduction

High-strength, oxidation-, and corrosion-resistant nickel-
based superalloy Inconel 625 (INCO Alloys International, Hunt-
ington, WV) is widely used as a wrought material and thermally
sprayed coating in applications where a variety of aggressive
corrosive agents (chlorides, sulfides, etc.) are present at low or
high temperatures. Economically, it makes sense to manufacture
components with excellent resistance to corrosion and oxidation
by using a relatively expensive superalloy as a thermal spray
coating instead of the corresponding bulk material. However, in
spite of the efforts made to improve present spraying techniques
such as high-velocity oxy-fuel (HVOF), atmospheric plasma
spraying, and VPS, thermal spray coatings still exhibit certain
drawbacks compared to bulk material. In thermal spraying, the
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velopment in neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser technology has resulted in continuous wave
multikilowatt (up to 5 kW) high-power devices, which have cer-
tain advantages compared to CO2 lasers. Due to the shorter
wavelength of radiation (1.06 µm versus 10.6 µm) the laser
beam can be transmitted through optical fiber, which offers great
opportunities to utilize industrial robots and treat components re-
mote from the laser source. Moreover, most of the metals absorb
shorter wavelength radiation more efficiently, enabling, together
with high power, the use of wide beam optics.

In this paper, metallurgical properties of the laser-remelted
coating using wide beam width (10 mm) and HVOF-sprayed
coating are examined. In addition, corrosion resistance in 3.5
wt.% NaCl and high-temperature oxidation of the remelted and
HVOF-sprayed coatings are examined and compared to the
wrought Inconel 625 and plasma-transferred arc (PTA) coatings.

2. Experimental

Inconel 625 coatings were produced by using a Diamond Jet
Hybrid 2700 HVOF spray process manufactured by Sulzer
Metco. The spray powder was commercial Inconel 625 (Ni-Cr-
Mo) superalloy (−45 µm), the chemical composition of which is
shown in Table 1. The Diamond Jet Hybrid 2700 is considered
to be a third generation HVOF process equipped with a con-
verging/diverging nozzle, which enhances the velocity of the
powder particles, generating very high coating density and a low
amount of oxidation. Furthermore, the homogeneity of the
HVOF-sprayed coating quality and the uniform thickness of the
coating are features that favor subsequent laser remelting. The
spraying parameters used are presented in Table 2. The substrate
material was unalloyed low carbon steel Fe 37 with dimensions
of 100 × 60 mm and a thickness of 8 mm. Before spraying, the
substrates were roughened by alumina (Al2O3) grit blasting to
improve the bond strength between substrate and coating. The
thickness of the obtained coatings was approximately 300 µm.

The remelting experiments of the sprayed coatings were con-
ducted with a 4 kW continuous wave optical fiber coupled
HAAS HL 4006 D Nd:YAG laser. The processing end of the
fiber was equipped with hardening optics, which consists of a
collimator and an integrating mirror having an effective focal
length of 100 mm. The rectangular shape of the delivering beam
was defocused to a spot size of 10 × 8 mm, enabling melt widths
of 10 mm. Coating samples were mounted on a moving, numer-
ically controlled x-y table below the fixed laser processing head.

To remelt the entire surface area of the HVOF-sprayed coating,
a series of overlapping passes were made using different levels
of laser power (W) and scanning speed (mm/min), as shown in
Table 3. An overlap of 2 mm was used. Nitrogen shield gas was
blown through the hardening optics and from the distinct gas
nozzle onto the workpiece to minimize the oxidation of the sam-
ple and to protect the mirror in the processing head.

The coating microstructures were characterized longitudi-
nally and transversely by optical microscopy and scanning elec-
tron microscopy (SEM). To reveal the obtained microstructures,
the coatings were etched with a solution consisting of 15 ml HCl,
10 ml CH3COOH, and 10 ml HNO3.

In immersion tests, the samples were exposed to 3.5 wt.%
NaCl solution at room temperature for 7 days. At the same time,
open circuit potential of the coating/substrate system was mea-
sured with respect to the Ag/AgCl reference electrode using a
high resistance voltmeter. The area exposed to the electrolyte
was 7.6 cm2, which represents 13% of the entire surface of the
sample. The exposed area was restricted by a plastic tube, which
was glued to the surface of the sample and was filled with the
electrolyte.

Cyclic potentiodynamic polarization measurements were
performed in 3.5 wt.% NaCl electrolyte at room temperature
using a flat specimen cell from EG&G PARC in which a 1 cm2

area of coating surface was exposed to NaCl solution. The cor-
rosion cell was a glass cylinder horizontally sandwiched be-
tween two flat blocks. One block had a circular opening 11 mm
in diameter against which the coating surface to be studied was
pressed. The point of contact between 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, after 5
min immersion in the electrolyte. A platinum electrode was used
as a counter electrode. The scanning speed was 0.5 mV/s.

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

3. Results and Discussion

The laser parameters shown in Table 3 were high enough to
melt fully the HVOF-sprayed coating. The melt depth of the
samples was noted to increase from 260 to 840 µm when the spe-
cific energy absorbed by the surface was increased by slowing
down the traverse speed or raising the power (Fig. 1). When the
thickness of the sprayed coating was measured to be approxi-
mately 300 µm before laser treatment, it can be said that samples

Table 1 Nominal composition of spray powder in wt.%

Powder Ni Cr Mo Nb Fe Si

IN 625 Bal 21.5 9.0 3.6 2.5 0.25

Table 2 HVOF spraying parameters

Oxygen (L/min) 150 Feed rate (g/min) 60
Propane (L/min) 70 Spray distance (mm) 230
Air (L/min) 360 Surface speed (m/min) 100
Carrier gas Traverse speed (mm/r) 5
Nitrogen (L/min) 13

Table 3 Laser parameters used with coating remelting

Power (W) Traverse speed Beam width Specific energy 
(mm/min) (mm) (J/mm2)

2250 600 10 22.5
2000 500 10 24.0
2250 500 10 27.0
2500 500 10 30.0
2250 400 10 33.8



treated with parameters 2250 W, 600 mm/min and 2000 W, 500
mm/min showed the melt depths close to the original thickness
of the coating. Laser parameters with higher specific energy pro-
duced melt depths markedly higher than the thickness of 300
µm, indicating high dilution and mixing between coating and
substrate. It was also noted that the obtained surface smoothness
was strongly influenced by laser power and traverse speed. With
low traverse speed and/or high power, the melt pool solidified to
the shape in which the material was clustered from both sides of
the track to the center of the track, generating an irregular sur-
face (Fig. 2). According to Mahank et al.,[3] this happens because
of surface tension forces in the melt pool. Samples treated with
high specific energy also exhibited strong slag formation, par-
ticularly within the 2 mm area where the adjacent beams were
overlapped.

The microstructures of the as-sprayed and laser-remelted
coatings are shown in Fig. 3 and 4.

The layered microstructure in this HVOF-sprayed coating is
clearly seen. Layers of oxides at intersplat boundaries, as seen in
Fig. 3, 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 deposition of the subsequent layer.[10] The mi-

crostructure of the as-sprayed coating also seems to be of rela-
tively low porosity and without cracks.

The coatings obtained using laser remelting are metallurgi-
cally dense and free of cracks and porosity, as seen in Fig. 4. It
can be seen that the metallurgical bond between coating and sub-
strate was formed, indicating better adherence than in the case
of as-sprayed coating.

Figure 5 shows the etched microstructure of a laser-remelted
Inconel 625 coating. The microstructure consists of fine cells and
columnar grains resulting from the rapid solidification typical 
for the laser remelting process. The columnar grain growth has
originated from the substrate by self-quenching and followed 
the direction of liquid/solid interface propagation from the 
substrate/coating interface to the coating surface.

3.1 Immersion Test/OCP

In the case of the HVOF-sprayed coating, the open circuit po-
tential value versus Ag/AgCl reference electrode started to
change to a more negative direction immediately after exposure
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Fig. 1 Melt depth of laser-remelted Inconel 625 coatings as a function
of specific energy. Original coating thickness was 300 µm

Fig. 2 Optical micrograph of remelted (2250 W, 500 mm/min) and
HVOF-sprayed coating (transverse direction), in which the irregular
shape of the surface and slag formation can be seen. Coating thickness
is 300 µm

Fig. 3 Optical micrograph of HVOF-sprayed Inconel 625 coating.
Oxide layers at splat boundaries can be seen. Coating thickness is 300
µm

Fig. 4 Optical micrograph of remelted (2250 W, 500 mm/min) Inconel
625 coating (longitudinal direction). Coating thickness is 400 µm after
remelting



to the 3.5 wt.% NaCl solution, indicating active corrosion be-
havior. At the same time, it was noted that a couple of hours after
the beginning of the test, the first corrosion products appeared
more or less evenly on the entire surface of the exposed coating.
Perhaps because of interconnected pores, splat boundaries, and
microcracks characteristic of sprayed coatings, the electrolyte
quickly reached the substrate and corroded it, as shown in Fig.
6. If the sprayed coating structures are compared before and after
the immersion test, as in the SEM images in Fig. 7, it can be seen
that the coating material itself has corroded selectively. It seems
that the deterioration of the coating has begun along splat bound-
aries and corroded the material nearby. Dent et al.[10] have no-
ticed the same kind of degradation at splat boundaries in
HVOF-sprayed Ni-Cr-Mo-B coating exposed to 0.5 M H2SO4,
especially when significant oxidation had occurred during spray-
ing. Edris et al.[11] have found out that HVOF-sprayed Inconel
625 coating includes a certain amount of low-alloy Ni-based
metallic regions, which suffer from chromium depletion and the
existence of which depend on the amount of oxidation (predom-
inantly Cr2O3, but NiCr2O4 is also possible[10,11]). From Fig. 7,

one can conclude that those low-alloy Ni-based regions are lo-
cated right next to oxide layers (Cr2O3, NiCr2O4) between splats.
However, the potential difference between Inconel 625 HVOF-
coated and uncoated Fe 37 substrate was measured to be ap-
proximately 200 mV more negative for the uncoated Fe 37
substrate (Fig. 8). This indicates the more noble character of the
sprayed coating than the substrate. When electrolyte connection
is established between the coating and the substrate, a galvanic
pair is generated, with the substrate acting as anode and the coat-
ing as cathode. In this case, the coating is cathodically protected
and the substrate corrodes quickly (Fig. 6) due to electrolyte con-
nection and unfavorable surface area ratio.

Laser-remelted coatings showed another type of behavior. In
the case of 2250 W/600 mm/min coatings and 2250 W/500
mm/min coatings, the open circuit potential started to change to
a more positive direction after exposure to electrolyte, indicat-
ing passive corrosion behavior. After one week of immersion,
the surface of the exposed area was still free of any corrosion
products. Open circuit potential was noted to be 700 mV more
positive than that of uncoated Fe 37 substrate (Fig. 8.). Coatings
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Fig. 5 Optical micrograph of remelted (2250 W, 500 mm/min) and
etched Inconel 625 coating (longitudinal direction). Columnar grains
and cells can be seen. Coating thickness is 400 µm

Fig. 6 Optical micrograph of HVOF-sprayed Inconel 625 coating after
one week immersion test in 3.5 wt.% NaCl. Electrolyte has corroded 
the substrate and the coating selectively. Coating thickness is 
300 µm

Fig. 7 SEM image of HVOF-sprayed Inconel 625 coating. (a) Before
immersion test. (b) After one week immersion in 3.5 wt.% NaCl

(a)

(b)



remelted with parameters 2000/500, 2500/500, and 2250/400 al-
lowed the electrolyte to pass the coating through a single inter-
connected pore, causing crevice corrosion-like behavior (Fig. 9).
Corrosion products appeared from the substrate through this sin-
gle pore to the surface a couple of hours after the beginning of
the test. At the same time, it was noted that open circuit poten-
tial values decreased as in the case of the sprayed coating, being,
however, 200 mV more positive than values of the sprayed coat-
ing/substrate system.

The reason for the defects such as cracks or porosity allow-
ing the electrolyte to pass the remelted coating can be related to
the properties of the substrate and/or laser processing parame-
ters. Interconnecting pores are formed when atmospheric gases
are dissolved in the melt pool during remelting and entrapped
within the coating while rapid cooling takes place. At very high
processing speeds, air bubbles do not have enough time to es-
cape before solidification. On the other hand, at very low pro-
cessing speeds, the amount of dissolved gases increases causing
porosity.[6] In addition, low processing speeds lead to excessive
melting and evaporation of possible inclusions/impurities in the
substrate material, which is most probably the case at least in
2500/500 and 2250/400 remelted samples. In Fig. 9, the deteri-
orated area in the middle of coating hints also to compositional
inhomogeneity due to Fe dilution from the substrate.

As a reference, immersion test and OCP measurements were
also done with wrought and PTA samples. Wrought Inconel 625
exhibited passivation behavior identical to the best laser-
remelted samples (2250/600 and 2250/500) and PTA showed ac-
tive corrosion behavior, allowing the electrolyte to pass the
coating and corrode the substrate in spite of markedly higher
coating thickness (2.3 mm) in the PTA sample.

3.2 Electrochemical Measurements

Figure 10 shows the cyclic polarization curves for the laser-
remelted sample with parameters 2250/600 and HVOF-sprayed
coatings measured in 3.5 wt.% NaCl solution. The sprayed coat-
ing exhibits poorer corrosion resistance in the solution having
lower corrosion potential (−288 mV versus Ag/AgCl) and higher
corrosion current density (1.2 × 10−6 A/cm2) compared to
remelted (−197 mV versus Ag/AgCl, 3.6 × 10−7 A/cm2) coating.
Corrosion current densities were estimated from cyclic polar-
ization curves. In addition, the HVOF-sprayed sample shows a
rapid increase in current after narrow passivation area (from 
−200 to −60 mV versus Ag/AgCl), already at about −60 mV ver-
sus Ag/AgCl, which is breakdown potential. The remelted sam-
ple exhibits a rapid increase in current at +430 mV versus
Ag/AgCl, indicating higher breakdown potential. The remelted
sample also shows a substantially wider passivation region com-
pared to the as-sprayed sample. A rapid increase in current usu-
ally means the breakdown of passivity in the passivation layer
on the coating, indicating localized corrosion, commonly known
as pitting or crevice corrosion. In this case of the remelted and
sprayed samples, the rapid increase in current is probably not
due to pitting, but uniform corrosion of the coating material it-
self in the transpassive region. In addition, both the curves
showed negative hysteresis, which also does not support pitting
corrosion. Moreover, the surfaces of the samples were examined
visually after the cyclic polarization and both the exposed sur-
faces proved to be free of corrosion pits.

For comparison, the polarization curves of wrought Inconel
625 and PTA coating are displayed together with the remelted
coating in Fig. 11 and 12. The corrosion performance of the
remelted sample is very close to the corresponding wrought ma-
terial. Corrosion potential and corrosion current density in the
passive region are even slightly better in the case of the remelted
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Fig. 8 Open circuit potential vs time for the wrought, PTA, laser-
remelted, and HVOF-sprayed Inconel 625 alloy

Fig. 9 Optical micrograph of remelted (2500 W, 500 mm/min) Inconel
625 coating after one week immersion in 3.5 wt.% NaCl. Coating thick-
ness is 500 µm

Fig. 10 Cyclic polarization curves of remelted (2250 W, 600 mm/min)
and HVOF-sprayed Inconel 625 coatings



sample. The breakdown potential of the remelted sample is ob-
vious at about +430 mV versus Ag/AgCl and lower than that of
the wrought sample, for which it is difficult to point out the exact
breakdown potential. Perhaps, it is more correct to say that the
passivity of the wrought sample is maintained until about +600
mV versus Ag/AgCl. Compared to Inconel 625 PTA coating, the
corrosion potentials and corrosion current densities are very sim-
ilar. However, the remelted coating exhibits higher breakdown
potential and a larger passivation region than the PTA coating.
In addition, positive hysteresis of the PTA coating indicates pit-
ting corrosion, which was also confirmed visually from the sur-
face of the sample and under the gasket after cyclic polarization
measurements.

The corrosion resistance of the coating/substrate system is
more or less dominated by the substrate material if intercon-
nected porosity, micropores, or microcracks exist in the coating
material. From the above immersion test, open circuit potential,
and cyclic polarization measurements, it can be said that the cor-
rosion properties of the remelted (2250/600) sample were very
close to corresponding wrought material. In the immersion test
and open circuit potential measurements, remelted and wrought
samples behaved identically, indicating the fact that the influ-
ence of substrate was neglected in the case of the remelted sam-
ple due to a uniform, pore- and crack-free coating layer. The

minor difference in the breakdown of passivity on the surface of
the remelted and PTA samples is perhaps related to the different
microstructures or dissolution between coating and substrate.
The influence of dissolution is particularly interesting and will
be examined in the future, because it was noted that the break-
down potential decreased when the amount of specific surface
energy was increased in remelting the samples.

The samples that received too much energy also showed vis-
ible pitting corrosion behavior on the surface of the coatings,
crevice formation under the gasket, and positive hysteresis in
cyclic polarization curves after the test (Fig. 13). Nakao and
Nishimoto[12] have reported that the solidification rate of the
laser-treated Inconel 625 alloy has great influence on pitting cor-
rosion resistance. They varied the traverse speed of the laser
beam to achieve different cooling rates. It was noted that pitting
corrosion resistance of Inconel 625 was improved when solidi-
fication rates increased. At low traverse speed, that is, low 
solidification rate, the element distributions across the solidifi-
cation cell appeared to be inhomogeneous. The cell cores suf-
fered from the depletion of chromium and molybdenum, which
are important elements for pitting corrosion resistance. At high
solidification rates, the segregation of chromium and molybde-
num has no time to take place. Cooper et al.[13] have also noted
the detrimental effect of segregation of chromium and molyb-
denum on the corrosion performance of laser-treated Inconel
625 alloy in seawater. Depletion of chromium and molybdenum
together with substrate dissolution can explain the results ob-
tained from cyclic polarization measurements. The samples that
absorbed the highest specific energy (2500/500, 2250/400, and
PTA) and had the lowest solidification rate suffered from pitting
corrosion. The results of the corrosion tests are summarized in
Table 4. These results show clearly the decreasing tendency of
breakdown potential with respect to the amount of energy ab-
sorbed by the substrate/coating system (laser 2250/600 and
2000/500 versus laser 2500/500, 2250/400, and PTA).

3.3 HT Oxidation Test

Microstructures of the tested samples revealed that HVOF-
sprayed coating suffered from oxidation, whereas laser-remelted
(2000/500) and PTA coatings did not show any deterioration of
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Fig. 11 Cyclic polarization curves of remelted (2250 W, 600 mm/min)
Inconel 625 coating and wrought Inconel 625 alloy

Fig. 12 Cyclic polarization curves of remelted (2250 W, 600 mm/min)
and PTA Inconel 625 coatings

Fig. 13 Cyclic polarization curves of remelted Inconel 625 coatings
with different parameters



the structure, acting in a way similar to the corresponding
wrought material. It can be detected from Fig. 14 that the amount
of oxidation along splat boundaries has increased during the test.
The oxide layer, which seems to be relatively porous, formed on
the surface of the sprayed coating has allowed the oxygen to dif-
fuse through it and propagate along splat boundaries. The oxide
layer formed on the surface of the coating has the thickness of
about 15 µm. Remarkably thinner oxide layers were detected
from the surface of laser-remelted (2000/500) and PTA coatings.
The structure of the oxide layer with a thickness of 1 to 2 µm was
difficult to analyze by optical microscopy, but it is obvious from
the unchanged microstructures of the coatings that the oxide
layer is very dense, giving excellent protection against oxidation
at 800 °C in air atmosphere. Yang et al.[14] have reported similar
results when flame-sprayed and laser-cladded NiCrSiB alloys
were tested at 900 °C in atmosphere.

4. Conclusions

The tests performed in this study showed and confirmed the
fact that the resistance of the sprayed coating to corrosion and
high-temperature oxidation is still inferior compared to corre-
sponding bulk material despite the use of one of the most 
advanced HVOF processes. The inhomogeneous structure, in-

cluding oxide layers along splat boundaries and porosity, inher-
ent to sprayed coating is responsible for limited corrosion and
high-temperature oxidation performance, allowing electrolyte
and oxygen to destroy the less noble substrate. In addition, the
coating itself suffered from selective corrosion mainly along
splat boundaries.

The laser remelting of the sprayed coating improved corro-
sion and high-temperature oxidation performance markedly, if
appropriate processing parameters were chosen. Laser parame-
ters (power and traverse speed in this case) generating too high
a specific energy should be avoided, because of decreasing dilu-
tion (Fe) from substrate to coating, particularly the pitting cor-
rosion resistance of the coating. The origin of pores, found in
some of the remelted samples, needs to be examined in the fu-
ture, especially the effect of possible inclusions near the sub-
strate/coating interface. Nevertheless, it seems that it is possible
to achieve an excellent performance equivalent to wrought In-
conel 625 superalloy with laser remelting of sprayed coating by
selection of appropriate laser remelting parameters.
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Table 4 The results of corrosion test for Inconel 625 alloy

Sample Ecorr (mV) I corr (A/cm2) Ebp (mV) Eocp (mV)

Wrought −264 4.6 · 10−7 +600 −22
HVOF −288 1.2 · 10−6 −60 −526
PTA −207 3.1 · 10−7 +154 −242
Laser (2250/600) −197 3.6 · 10−7 +433 −3
Laser (2000/500) −221 1.8 · 10−7 +487 −342
Laser (2250/500) −282 4.2 · 10−7 +324 −8
Laser (2500/500) −219 3.0 · 10−7 −30 −307
Laser (2250/400) −209 4.4 · 10−7 +144 −259

Fig. 14 Optical micrograph of HVOF-sprayed Inconel 625 coating
after high-temperature oxidation test. Oxide layer thickness is 15 µm


