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Abstract: Fe-based amorphous and nanocrystalline coatings were fabricated by air plasma spraying.
The coatings were further treated by laser remelting process to improve their microstructure and properties. The
corrosion resistance of the as-sprayed and laser-remelted coatings in 3.5wt% NaCl and 1 mol/L HCI solutions
was evaluated by electrochemical polarization analysis. It was found that laser-remelted coating appeared much
denser than the as-sprayed coating. However, laser-remelted coating contains much more nanocrystalline grains
than the as-sprayed coatings, resulting from the lower cooling rate in laser remelting process compared with
plasma spraying process. Electrochemical polarization results indicated that the laser-remelted coating has great
corrosion resistance than the as-sprayed coating because of its dense structure.
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1 Introduction

Amorphous and nanocrystalline materials
have been received great attention due to their
exhibiting attractive combinations of properties
such as high strength/hardness and excellent wear/
corrosion resistance as compared to the materials
with conventional grain size'"”. Singh et al found that
the surface microstructure and composition played
a crucial role in determining the surface dependent
engineering properties like resistance to wear and
corrosion”’. It was reported that the wear and corrosion
resistance of crystalline material could be improved by
depositing an amorphous coating on its surface'”. It is
well known that the amorphous metallic materials can
be obtained by rapid quenching technique. Therefore,
several coating technologies with high cooling rate
during processing, such as laser surface processing'’,
high velocity oxygen fuel spraying'®, kinetic spraying'”
and air plasma spraying, have been used to fabricate
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amorphous metallic coatings. Compared with the
synthesis methods mentioned above, air plasma
spraying is considered as a simple, versatile, and
efficient coating process method in both research
and industry fields due to its ability to produce much
denser, stronger, and cleaner coatings'.

However, the pores in as-sprayed coating are a
typical feature. The corrosion of Fe-based amorphous
coatings was prone to appear around pores”™'".
The porosity of coating fabricated by air plasma
spraying is about 3%. Laser treatment techniques
have been successfully employed to decrease the
porosity of as-sprayed coatings. It was reported that
amorphous and nanocrystalline composite coatings
could be prepared by laser cladding and remelting

" The cooling rate of laser remelting

techniques
process was normally about 103 K/s, and the critical
cooling rate for the formation of the Ni-Fe-B-Si-
Nb amorphous phase was about 233 K/s''>"*!. Zhu

et al™

stated that laser cladding technology was an
alternative approach to produce amorphous coatings.
They prepared Fe-Co-B-Si-Nb coatings on low carbon
steel surface by high power laser cladding using
[(FeqsCog.5).75B0.2S1g.05]os /Nbs 3 amorphous powder.
They found that the fraction of amorphous phase in the
cladded coatings increased with increasing scanning

speed. Although many attempts have been made to
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use laser cladding technology to fabricate amorphous
coating, the percentage of amorphous phase keeps a
low level. Compared to laser cladding, the extremely
fast cooling rate in laser remelting is ideal to retain
or develop non-equilibrium microstructure including
extended solid solution with amorphous/glassy state
on a chosen crystalline substrate. Snezhnoi et a/!'”
were the first to report the presence of an amorphous
phase on the laser remelted chilled (Iedeburitic) cast
iron surface showing an average hardness of 1200
HV. Therefore, the laser remelting is believed to be a
promising technology to enhance amorphous phase
fraction and remove porosity defects of coatings.

In this work, the effects of laser remelting on the
microstructure, phase composition and the corrosion
resistance of the as-sprayed and laser-remelted coatings
were investigated.

2 Experimental

2.1 Materials

Fe-based metallic alloy powder (Beijing
SunSpraying Technology Co., Ltd., China) was used
as the feedstock material. The Fe-based powder was
prepared by gas atomization in the argon atmosphere
after the master alloy was melted by a medium
frequency vacuum induction furnace and passed
through 160 mesh screen. The composition of Fe-based
powder is listed in Table 1.

Table 1 Compositions of Fe-base powders
Element Mo Cr Ni P Si B C Fe
wt% 34 73 263 634 241 0.82 3.84 Bal

2.2 Spraying process

Fe-based coatings were deposited on sand-blasted
45 steel plate (30 mmx15 mmx=3 mm) surface by
atmospheric plasma spraying. A GP -80 atmospheric air
plasma spraying system was used to spray the coatings
with a thickness of about 300 um. Argon was used
as primary gas, and hydrogen was used as auxiliary
gas. The pressures of both argon and hydrogen were
operated at 0.7 and 0.68 MPa, respectively, during
spraying. The flow of the primary gas was fixed at 60
L/min, and that of the auxiliary gas was fixed at 6 L/
min. Argon was used as powder feed gas and powder
feed rate was 10 g/min. Plasma jet was operated
to deposit the coatings at a power level of 25 kW
(500A/50V).
2.3 Laser processing

After spraying the as-sprayed coatings were
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remelted quickly by laser system (HWLW-300A).
A high scanning speed of 8000 mm/min was used
to remelt the coating under a power of 2 kW. The
parameters could give a broad width and a deep depth
of remelted layer and lead to a high cooling rate in
the remelted layer. During the laser processing, a
continuous flow of argon gas was maintained to prevent
oxidation of the molten pool.
2.4 Characterization

The microstructure of the coatings after plasma
spraying and laser remelting was characterized by
scanning electron microscopy (SEM, S-4800). The
phase compositions of the powder and coating were
analyzed by X-ray diffraction (XRD, D/max 2500PC,
Rigaku, Japan) with Cu Ka radiation (A=1.5418 A) in
the range of 20°-80° (26). Prior to potentiodynamic
polarization test, the surfaces of as-sprayed coating and
laser remelted coating were ground with silicon carbide
papers and polished with 0.5 um diamond pastes,
followed by ultrasonic cleaning in acetone, washing
in distilled water, and drying in air. The samples for
the corrosion test were closely sealed with epoxy
resin, leaving only an end-surface (with a surface area
of 1 cm?) exposed for testing. The potentiodynamic
polarization experiments were performed at room
temperature in 3.5wt% NaCl and 1 mol/L HCI
solutions, respectively.

3 Results and discussion

3.1 Structure and morphology of the coatings

. g
Fig.1 Surface SEM images of the coating;

é fabricated by .
plasma spraying(a,b) and laser remelting(c,d)

Fig.1 shows the surface morphologies of the as-
sprayed and the laser-remelted coatings. As shown
in Figs.1(a) and 1(b), there exist lots of pores on the
surface of as-sprayed coating fabricated by plasma
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spraying. This is the typical structure of plasma-
sprayed coating due to the overlapping of flatten splats.
Our previous studies conformed that pores went against
the formation and repairation of the passive film!"®.
Figs.1(c) and 1(d) are the topography of the laser-
remelted coating. It clearly shows the strip of laser
scanning tracks and the effect of intense combination
between the tracks. The scanning tracks present a
peculiar fishbone feature after laser melting treatment.
There exists trench between two overlapped tracks,
and also exists ridge on single track. Moreover, some
small pores appear in the remelted coating, as shown in
Fig.1(d). During the laser melting process, some gases
were trapped into melting pool. With the temperature
decreased, the gases released and left the paths in the
coating. These paths are the pores observed in Fig.1(d).

Fig. 2 Cross-sectional SEM images of (a) as-sprayed and (b) laser
remelted coatings

Fig.2(a) presents the cross-sectional structure of
Fe-based coatings prepared by air plasma sparying.
Generally, all samples show typical lamellar structure
in plasma sprayed coatings where the sprayed powders
deformed and solidified when they impinged on the
substrate surface to form splats. The splats piled up
during spraying to gain the coating thickness. Many
pores and in-plane microcracks exist in Fe-based
coatings. Fig.2(b) shows the cross-sectional SEM
images of the laser remelted coating near the top
surface. After the laser remelting, a melting depth of
250 um could be observed in the coatings. Compared
with Fig.2(a), it can be seen that laser remelting
changes the microstructure of the coating dramatically.
There are no lamellar structure and fewer pores in the
laser remelted coating.

Fig.3 shows XRD patterns of the as-sprayed
and laser remelted coating. With the coating prepared
by plasma spraying, the XRD pattern shows a broad
halo peak at a diffraction angle of 44.8° (26), which
is a typical characteristic of an amorphous structure.
However, the pattern of laser remelted coating shows
some sharp peaks, which means that crystals are also
formed in the remelted layer. The crystalline peaks are
identified as Fe,B phase and body centered cubic a-Fe
phase.
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Fig.3 XRD patterns of as-sprayed and laser remelted coating

Fig.4 TEM images and selected area electron diffraction patterns
of (a) as-sprayed and (b) laser remelted coating

TEM analysis was undertaken to obtain more
detailed information on microstructure formation of
the Fe-based coatings. Fig.4 gives the bright field
electron micrographs and corresponding selected area
electron diffraction (SAED) patterns of the coatings.
For the main area of Fe-based coating, SAED pattern
shows a diffuse ring, demonstrating the characteristic
of the amorphous phase, as shown in Fig.4(a). Some
nanocrystalline grains with average size of about 30
nm appear in local areas of laser remelted coating, as
shown in Fig.4(b). The SAED pattern shows a diffuse
ring and some diffraction spots.

3.2 Corrosion resistance

The polarization curves for the as-sprayed and
laser remelted coatings in NaCl and HCI solutions
are presented in Fig.5. There are some differences
between the two processes in either curve shapes or
current densities. As shown in Fig.5(a), corrosion
potentials exhibit a difference of about 170 mV,
which demonstrates that laser treated samples are not
easy to corrode with less defects and high density.
The laser remelted samples in HCI solution has the
same corrosion behavior, as shown in Fig.5(b). The
difference lays in that the corrosion potentials of
as-sprayed coating and remelted coating exhibit a
difference of about 73 mV. The laser-remelted coating
is more inclined to corrosion in HCI solution than in
NaCl solution.
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Fig.5 Potentiodynamic polarization curves of both as-sprayed
and laser remelted coatings in 3.5wt% NaCl (a) and in
1 mol/L HCI Solution (b)

Table 2 Corrosion potentials and polarization current
densities of the coatings

Corrosion Curre_nt
Solution Sample potential density
A% /(nA-cm”)
As-sprayed —0.525 109
3.5%NaCl 1 er treated —0.355 5
As-sprayed —0.524 688
TmolVLHCL -y et treated —0.451 394
The corrosion current density (i) values

estimated by Tafel extrapolation method are listed
in Table 2. The corrosion current densities of laser
remelted samples in NaCl and HCI are 5 and 39.4
A-cm’, respectively. Compared with the as-sprayed
sample, a marked decrease in corrosion current density
for the laser remelted sample can be found, indicating
the beneficial remelting process. As for the as-sprayed
sample, plenty of pores provide extra reaction area,
resulting in poor corrosion resistance. After the laser
remelting, most of the pores are eliminated and a
dense structure forms. As a result, real reaction area is
decreased significantly and the corrosion resistance is
enhanced accordingly.

4 Conclusions

Laser remelting was applied in surface treatment
of Fe-based amorphous and nanocrystalline coatings
fabricated by air plasma spraying. The microstructure
of the coatings changes with laser remelting treatment.
The laser remelting influences not only the amount of
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amorphous phase, but also the shape and distribution
of the crystallization grains. The polarization curves
for the as-sprayed and laser remelted coatings confirm
that the laser remelting can improve the corrosion
resistance of plasma-sprayed Fe-based amorphous and
nanocrystalline coatings in NaCl and HCI solutions.
Though the amount of amorphous phase is reduced
during laser remelting process, the dense structure
resulted from laser remelting plays an important role in
the enhancement of the corrosion performance.
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