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Abstract. New developments and emergence of nanotechnologies have stimulated efforts to
develop high performance coatings. In the present study, the influence of laser surface modifica-
tion on the corrosion characteristics of an electrodeposited nanostructured Ni-Co thin coating is
examined. Electrodeposited coatings were peeled-off from the substrate surface and subjected
to laser surface irradiation using three different laser power levels; 90 W, 110 W, and 140 W. It was
observed that the irradiated sample at 140 W was bent towards the irradiation direction. The
surface of this sample experienced cracking upon observation using SEM and following electro-
chemical test. The effect of laser irradiation on the overall corrosion performance of the elec-
trodeposited Ni-Co coatings was assessed. It was found that laser irradiation had no noticeable
effect on the corrosion potential. Nevertheless, there was a systematic shift of the pitting potential
towards more active values as the laser power intensity increased despite of the formation of a
semi-passive film accompanied by lower current densities.

1. INTRODUCTION

The use of nanostructured coatings for high perfor-
mance engineering components is extremely im-
perative for many industries. Amongst alloys used
for coating materials, Ni-based alloys have gained
considerable attention for their notable success.
They exhibit remarkable properties which include
good mechanical properties, reasonable adhesion,
good tribological properties, improved corrosion re-
sistant and enhanced thermal stability. When it
comes to alloying elements, Co is preferred because
of its effect on enhancement of properties. One of
the widely reported characteristic of Ni-Co alloys is
their superplastic behavior [1]. Their promising prop-
erties and the possible inexpensive ways of devel-
oping these alloys can make them the ultimate

choice for many industries. These coatings can be
developed in many routes depending on the desired/
predetermined properties. Electrodeposition tech-
nique can be implemented in the development of
Ni-Co nanostructured coatings with improved prop-
erties. This technique showed to be extremely
promising and affordable in producing alloys with
controlled grain sizes. In industrial practices, elec-
trodeposition is preferred due to many reasons which
include being, scalable and can easily overcome
shape limitations, economically viable, and produces
pores-free and high purity nanostructures [2].

Several researchers investigated the Ni-Co sys-
tem by the production of these binary nanostructured
alloys along with a ternary addition. This addition
could be oxides [3,4] nitrides [1,5], carbides [6-8],
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and carbon nanotubes [9]. The interest in these al-
loys has expanded to include some successful fab-
rication of Ni-Co Nanowires [10]. However, not so
much work was reported on the modification of this
binary system and the possible manipulation of their
structures to bring about other interesting proper-
ties. This is especially true when comparing the
amount of research that was devoted for Ni alloys
with steels. More specifically, the evaluation of these
alloys in corrosive environments, which requires
greater resistance and the possible means of im-
proving their performance. For evaluation of steels
in corrosive environments, dramatic improvements
in the understanding of the corrosion behavior of dif-
ferent types of steels such as low carbon chromium
steel and high-speed steel can be brought about by
understanding the corrosion behavior at the
nanoscale. For instance the passive films found in
chromium steels and high-speed steels show su-
perior resistance than carbon steels because of the
presence of spheroidal nano-particles of ~ 40 nm.
This is mainly because of the localized grain bound-
ary of ferrite which allows a more protective film to
be formed compared to carbon steel [11,12]. As for
other alloy systems, it has recently been shown
that the nano-precipitates of Al3SiC can significantly
affect the passivity of Al-Mg alloys [13,14]. Unfortu-
nately, no systematic studies on the mechanism of
passivation of nanocrystalline materials have been
made yet. On the other hand, thermally sprayed
coatings of stainless steel, nickel, and nickel al-
loys are being used to maximize the corrosion re-
sistance. It is clearly observed from the extensive
studies on steels and Ni-based alloys that the best
corrosion resistance was found on nickel with small
particle size 16-44 m. One of the biggest prob-
lems with microcrystalline coating is the damage
by Pitting and erosion-corrosion. It can be expected
that if a nanocrystalline coating of nickel is applied,
even a higher resistance to corrosion can be
achieved [15], which is a topic under study these
days. Also, Ni-hydroxide is widely used as a posi-
tive electrode material in alkaline secondary batter-
ies such as Ni/MH, Ni/Zn, Ni/Cd, and Ni/Fe. The
nano-sized  Ni(OH)2 electrolyte exhibits an excel-

lent electrochemical performance which was mark-
edly superior to spherical  Ni(OH)2 [16].

As for the processing routes, there has been
some interest in producing electrodeposited amor-
phous alloys for better corrosion resistance. The
corrosion behavior of Ni-Co-based amorphous alloy
was evaluated and found to have better resistance
to pitting corrosion but it is susceptible to crevice
corrosion [17]. In another study, the electrochemi-
cal characteristics of Ni-Co-P amorphous alloy ob-
tained by electrodeposition were investigated. It was
found that the presence of Co in Ni-P alloy has sig-
nificant effect on the performance of the deposit in
the studied corrosive environment. The amorphous
structure also played significant role in the increased
corrosion resistance of the alloy [18]. In one of the
very few studies [19] on corrosion behavior of
nanostructured electrodeposited Co and Co-P alloy
it was observed that developing alloys in the nano-
scale improved the corrosion behavior. It is, there-
fore, an interesting direction to try to modify the
surface of the electrodeposited alloys in an attempt
to evaluate the effect of surface modification on cor-
rosion characteristics.

In this research work, the corrosion behavior of
electrodeposited nanostructured binary Ni-Co alloy
subjected to laser surface modification will be pre-
sented. The intensity of the irradiated laser was var-
ied to assess the effect of variable power on the
induced corrosion behavior. Potentiondynamic tests
were carried out along with morphological studies
to evaluate the corrosion characteristics of the al-
loy.

2. EXPERIMANTAL PROCEDURE

2.1. Electrodeposition

In this work, electrodeposition experiments were
carried out to prepare a nanostructured Ni-Co alloy
coating using variable applied currents densities and
additives in the deposition path. In this particular
alloy system, twins were observed as a result of
low stacking fault energy “SFE”. The electrode]osi-
tion set-up was comprised of a power supply and a
beaker, containing the electrolyte. The container was

  Scanning    Power(W)    Frequency(Hz)    Nozzle    Nozzle          Focus        N2

speed(cm/s)  Gap(mm) Diameter(mm)      setting(mm)       Pressure(kPa)

        10      60 -140  1000       1.5       1.5   127       600

Table 1. Laser nitriding conditions used in the experiment.
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placed in a digitally controlled thermal path that was
maintained at a temperature of 35 °C. The electro-
lyte-containing beaker was placed for about 20 min-
utes in the path before testing, to assure thermal
equilibrium. A magnetic stirrer was operated through-
out the process to facilitate dispersion of the elec-
trolyte. Two anodes were used consisting of
99.995%Co and 99.995%Ni. The following table
shows the base composition of the bath used in
these experiments. Measurements of pH was con-
stantly performed using a calibrated digital
pH(meter). Pulsed current was used as a way of
avoiding stress accumulation in the developed films
and to promote nucleation of grains. Duty cycle was
fixed at 50% (pulse on-time and off-time was set to
5 ms). The path composition at the table above was
used with an average current density ~ 2 A/dm2. A
well-polished Ti cathode was used for depositing
the film and it was found that the deposited film can
be peeled off easily from the cathode surface, while
still reusing this cathode. Upon developing the elec-
trodeposited Ni-Co films, the laser treatment was
carried out.

2.2. Laser treatment

A CO2 laser (LC-ALPHAIII) delivering nominal out-
put power of 2 kW was used to irradiate the
workpiece surface. The laser power intensity is re-
duced through reducing the duty cycle of the laser
repetitive pulses. The nominal focal length of the
focusing lens was 127 mm. The laser beam diam-
eter focused at the workpiece surface was ~0.3 mm.
Nitrogen assisting gas emerging from the conical
nozzle and co-axially with the laser beam is used.
The laser scanning speed is kept constant during
the experiments. Laser treatment conditions are
given in Table 1.

As for the electrochemical test, a corrosion flat
cell was used for all electrochemical experiments
described. The reference electrode was an Ag/AgCl
electrode from Bioanalytical systems. The nickel
substrate was the working electrode under investi-
gation. The area under investigation was 1 cm2. The
solution was composed of 0.1M NaCl. Electrochemi-
cal polarization experiments were performed using
the PCI4/750 Gamry potentiostat. The DC corro-
sion techniques software, DC105, supplied also by
Gamry was used to control the potentiostat and
analyze the Tafel region. The specimen were
degreased in isoporpanol and polished with emery
paper with grits 200-1200 then rinsed thoroughly with
deionized water. The specimen were then polished
with 1 m alumina and rinsed with deionized water.

The data sampling started after a potential drift of
less than 0.1 mV/s was observed. The experiments
were repeated in triplicate to ensure reproducibility
of the voltammograms. The Scan rate was 0.1667
mV/s.

2.3. Characterization

Characterization was performed using variety of tech-
niques which included: XRD, TEM, and SEM/EDS.
Prepared films were observed in SEM and compo-
sitional analyses were taken using EDS. For the
instrument, LEO (438VP, Carl Zeiss, SMT,
thornwood, NY) was used with a detectability limit
close to 2%. X-ray diffraction was primarily used
for phase identification and estimation of crystallite
size by employing the Scherer formula [20]. The
Cauchy-Gaussian assumption was applied as cor-
recting additive for instrumental peak broadening.
PANalytical X’-Pert Pro system was used with CuK
radiation source. Transmission electron microscope
was also used to confirm crystallite size and un-
ravel the presence of twinning. JOEL 2010FX was
used at 200 keV and sample was carefully prepared
by dimpling and subsequent ion-milling at cryo-tem-
perature (Liquid N2).

3. RESULTS AND DISCUSSION

With proper adjustment of the aforementioned elec-
trodeposition setup the production of nanostructured
Ni-Co coatings with controlled grain sizes was suc-
cessful. Fig. 1 shows the surface of the coating along
with an EDS analysis of the whole area. Multiple
samples were examined and it was found that no
compositional fluctuation was noted and the result-

Fig. 1. SEM and EDS of the surface of the devel-
oped coating using electrodeposition.
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Fig. 2. X-ray diffraction pattern of the selected alloy.

Fig. 3. TEM image of electrodeposited Ni-Co alloy,
showing crystallite size and the distribution of grains.
Shown also the dark field image of the same loca-
tion.

Fig. 4. Apparent twining in the crystals.

ing composition was close to Ni-23%Co. Fig. 2
shows an X-ray diffractogram of the electrodepos-
ited alloy. The broadening of the Ni peaks is appar-
ent, which is primarily due to the reduced crystal-
lite size and the presence of strain. The average
crystallite size is calculated by fitting the non-over-
lapping diffraction peak profiles using both the
Scherrer procedure from XRD results and direct TEM
observation using dark field (DF) images. These two
procedures are used for comparison purposes in
order to assess the indirect procedure of Scherrer
with direct TEM observation. The procedure for cal-
culating the average crystallite size using Scherrer
equation has been detailed elsewhere [20].

According to the calculated values using
Scherrer equation, the average crystallite size is in
the vicinity of 17 nm. This result shows the capabil-
ity of electrodeposition techniques in developing
nanostructured alloy systems. Since this measure-
ment is an indirect mean of measuring crystallite
size, it needs to be verified using more direct TEM
observation. A selected TEM image of the electrode-

posited Ni-Co alloy is shown in Fig. 3, which shows
the presence of small crystallites with different sizes.
It can be seen that distribution in crystallite size is
present and the values varied between 15-80 nm.
Another DF image, of the same area is provided
and shows clearly the aforementioned crystallite
size. Moreover, by carefully examining these TEM
images, it is evident that these alloys have high twin
densities “as ex]ected by their low stacking fault
energy”. One more observation on these alloys is
the presence of some twins in the crystals (Fig. 4).

After the successful development of these
nanostructured Ni-Co alloys, the process of laser
treatment was carried out. Additionally, the influence
of laser remelting of alloy surface on the corrosion
properties was examined following treatments with
different laser power outputs. Fig. 5 shows SEM
micrographs of the top surface of the laser treated
at 90 W of laser power which can be compared to
the untreated workpiece. Since the as-received struc-
ture is composed of nanograins, a smooth surface
is observed for as-received workpiece. Moreover,
laser treated surface is free from voids and cavities.
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Fig. 5. SEM of the front of laser irradiated at 90 W.

Fig. 6. Actual samples after laser irradiation at dif-
ferent laser powers, notice the bending on the
sample treated at 140 W.

Fig. 7. Variation of grain size and cracking details at different laser irradiation powers, a) 90 W, b)110 W,
and c)140 W.

Consequently, surface temperature remained below
the evaporation temperature of the alloy during la-
ser irradiation; in which case, evaporation induced
cavity formation was avoided. Although thermal
stress, which is compressive, bends the workpiece
treated at 140 W (Fig. 6) slightly towards the laser
treated surface, no crack formation was observed
at the surface. This reveals that stress level in the
surface region was less than the plastic limit of the
substrate material.

Surface melting and fast cooling rates result in
the formation of the large grains in the laser treated
surface. The average grain size is in the range of 4-
10 m; in which case, rapid solidification replaces
with the fast or gradual cooling of the surface. The
grain sizes are non-uniformly distributed at the sur-
face, which indicates the non-uniform cooling in the
surface region. Fig. 7 shows that grain size in-

creases with increasing laser power intensity. This
indicates that the increasing depth of the melt layer
and non-uniform cooling of the irradiated region is
responsible for the formation of the large grains. It
should be noted that increasing melt depth results

Fig. 8. Cracking of the upper layer of the alloy
treated at 140 W at the point of bending.
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Fig. 9. SEM micrographs of samples after electrochemical test before and after laser treatments; a) as-
deposited, b) treated at 90 W, c) treated at 110 W, and d) treated at 140 W.

Fig. 10. Compositional analyses of areas around
pits showing that no variation in composition, sample
treated at 110 W.

Fig. 11. Sample treated at 90W after electrochemi-
cal test.

in reducing cooling rates. Moreover, EDS spot analy-
ses and line scans were performed on all samples
treated at different laser powers and no composi-
tional fluctuation or gradient was observed. Never-
theless, cracking of the upper layer of the Ni-Co
alloy was observed at the point of surface bending
of the alloy treated at laser power of 140W which is
shown in Fig. 8.

Fig. 9 shows SEM micrographs of the workpiece
surfaces after the electrochemical tests. The mi-
crographs include laser treated and untreated sur-
faces. It is evident that no-pitting wide spread corro-
sion is observed across the as-received surface.
However, few locally distributed small and shallow
pitting sites are present at the surface. This indi-
cates that once the corrosion site is activated, a
passive film is formed preventing the propagation of
pitting site, similar observation was reported else-
where [21]. In the case of laser treated surfaces,
large pit sites are observed particularly for the sur-
faces treated at higher laser power intensities. This
is attributed to: i) the compressive stresses formed
in the surface region after the laser treatment, which
enhances the corrosion rate, and ii) formation of large
grains and grain boundary defects which ultimately
accelerate corrosion rate. Although, structural
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Fig. 12. Potentiodynamic polarization plots of Ni-
Co alloy irradiated with three different laser powers
of 90, 110, and 140 W.

Fig.13. SEM of sample irradiated at 90 W and elec-
trochemically tested; showing surface damage.

changes in the surface region alter corrosion rate,
chemical composition of the surface in the region of
the pit sites remains unchanged, which can be ob-
served from Fig. 10. In the case of low laser power
treatment (90 W), the presence of nanostructures
is evident around the edges of the pit sites (Fig. 11).
This structure suppresses the expansion of the pit
sites at the surface through forming a passive film
[21]. Consequently, relatively small sized pits and
less dissolution of the substrate material is observed
at the pit sites.

Fig. 12 shows the potentiodynamic scans of the
untreated Ni-Co and three specimens treated by
laser powers of 90, 110, and 140W. The Tafel region
is not linear indicating a passivation control or com-
plex electron transfer and chemical reactions oc-
curring at the interface. This is confirmed by SEM
showing significant damage at the surface as in Fig.
13. The potentiodynamic scans show no significant
changes in the corrosion potential. An interesting
feature is the systematic shift of the pitting poten-
tial in the active region with an increase in laser
power treatment despite the formation of a semi-
passive film at lower current densities. The pitting
potentials decreases successively upon increasing
laser power from 22.6 mV to -25.2 for the 110 W
and in the case of the 140 W continuous corrosion
is observed. This indicates the formation of unstable
passive film that is subtle to severe pitting with in-
crease laser power which is confirmed by SEM
analyses.

4. CONCLUSIONS

The effect of different laser treatments on the corro-
sion behavior of electrodeposited Ni-23%Co alloy
was examined. The conclusions derived from the
present work are listed below:
- Electrodeposition technique process is success-

ful in developing a nanostructured Ni-Co alloy with
grain sizes ranging from 15-40 nm.

- In this specific system, it is found that high den-
sity of twinning is observed, which is associated
with the low stacking fault energy of the system.

- At high laser power levels (140 W), the surface
experiences tremendous bending due to the ex-
cessive compressive stresses. However, at the
bending point, cracking is observed.

- By comparing the corrosion behavior of the un-
treated alloy and the treated ones, it is found from
the potentiodynamic scans that no significant
changes occur in the corrosion potential following
the laser irradiation treatment.

- An interesting feature of a systematic shift of the
pitting potential in the active region with an increase
in laser power treatment is observed despite the
formation of a semi-passive film at lower current
densities.
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