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This study aims at the use of a fiber laser for modifying the surface properties of cold-rolled low carbon
steel via a pulse laser ablation technique in water. The effect on the corrosion behavior of the fiber laser-
treated metal surface was investigated in NaCl and HCl environments. Electrochemical tests showed sig-
nificant improvement in the corrosion resistance of the laser-treated sample in NaCl, with an increase in
open-circuit potential (OCP) from 2 0.65 to 2 0.60 V and an inhibition efficiency of 89.22% as obtained
from the impedance study. Such improvement was less significant in an acidic environment. Lower cor-
rosion rates of 20.9 mpy and 5.819 3 103 mpy were obtained for the laser-treated samples in neutral and
acidic electrolytes, respectively, than the corrosion rates obtained for the as-received samples (33.2 mpy and
11.98 3 103 mpy). Morphological analysis indicated a passive film built by spherical grains of regular size
on the metal surface after laser treatment. The corrosion inhibition effects in NaCl were evident by the
nonexistence of the common corrosion products of lepidocrocite and crystalline structures that were seen on
as-received samples; only polyhedral crystals with micrograins grown on them were seen covering the laser-
treated surface. Therefore, the laser treatment using a fiber laser source improved the corrosion resistance
of cold-rolled low carbon steel.

Keywords cold-rolled low carbon steel, corrosion inhibition, fiber
laser, pulse laser ablation in water

1. Introduction

In recent years, the manufacture of metallic materials for
commercial applications has drawn significant interest among
researchers. Metallic materials containing iron and aluminum
have gained importance in the fields of electricity, medical
therapy, and industrial equipment as well as in structural
engineering. Metallic materials are known to have high
structural strength per unit mass, high thermal and electrical
conductivity, high reflectivity and high resistance to shear or
deformation. However, there are certain properties such as
inadequate strength and low resistivity to heat and corrosion
that restrict the widespread application of metals for the
structural uses (Ref 1). Meanwhile, fatigue, corrosion and wear
failure of materials are common phenomena, implying that the
materials are vulnerable to the environment and subsequently
lose their original function.

Without doubt, mild steel is the essential class of metals.
From low-end applications such as kitchenware, structural
beams, and furniture to vehicles, the utilisation of carbon steels
is necessary. Carbon steels are widely used throughout the

world due to the good strength, desired ductility, ease of
fabrication, availability, weldability and low cost. However,
carbon steels are not perfect since they have less strong for their
weight, are easily rusted and cannot be further improved by
heat treatment, therefore resulting in the limitations for its wide
applications. Despite these drawbacks, carbon steels are still
widely used as the most economical materials of construction
under different conditions.

Corrosion has been regarded as a main economic issue.
According to the World Corrosion Organisation (WCO), it was
estimated that the cost of corrosion worldwide was approxi-
mately $US 2.4 trillion annually, which is approximately 3% of
the world�s gross domestic product (GDP) (Ref 2). Various
reported methods such as organic (Ref 3) and inorganic
coatings (Ref 4) or surface modification (Ref 5) are used to
extend the working life and corrosion resistance of metals
under aggressive conditions.

Unforeseen corrosion issues will always occur, and it is a
common challenge to prevent these occurrences. In many cases,
the failure starts due to corrosion or fatigue. Previous research
studies have shown that laser-based methods for surface
modification offer significant improvements of the metal
surface, attributed to the thermal effect and chemical reactions
that could lead to the formation of novel microstructures and
alloys (Ref 5). Over the last decade, substantial efforts have
revealed important insights into a few areas that are related to
laser-induced techniques such as laser surface melting, laser
cladding, laser alloying and laser ablation, suitable for several
applications: new material synthesis, nanoparticle synthesis,
laser sampling for elemental analysis, etc. (Ref 6). Advanced
technologies for alloying using ion implantation, electron
beams and laser beams are able to synthesise a surface-
modified layer that can delay corrosion. Yue et al. (Ref 7)
reported a modified surface of Ti-6Al-4V alloy using an
excimer laser to improve corrosion behavior for dental
applications. Yue et al. revealed that the corrosion resistance
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in the alloys increased by a factor of 7 compared to that of the
original alloy.

Pan et al. (Ref 8) showed that laser ablation of carbon fiber-
reinforced polymer (CFRP)/magnesium alloy laminates using a
pulsed ytterbium fiber laser system offered excellent protection
against corrosion because the corrosion rate for the laser-treated
sample decreased by 80%, giving a value of 0.040 mg cm�2 h�1

compared to the grit blasted sample value of
0.226 mg cm�2 h�1. Peyre et al. (Ref 9) also agreed that surfaces
of 316L steel ablated by a Nd/glass laser are preserved from
corrosion by a protective layer attributed to the surface modifi-
cation on the rear face of the coating via thermal treatment.
Similar findings were claimed by Lee et al. (Ref 10) on the effect
of surfacemodification on the corrosion performance ofAISI 304
stainless steel, where the corrosion potential of the laser shot-
peened sample rose from � 275 to � 248 mV, and the current
density declined from 26.3 to 5.2 lA/cm2. Lu et al. (Ref 11)
reported that compressive residual stress is beneficial in inhibit-
ing stress corrosion cracking (SCC) initiation in the corrosive
solution containing chloride ions where uniform corrosion pits of
approximately 2.5-2 lmwere observed at the top surfaces of the
laser-treated samples compared with those of the as-machined
sample, which had non-uniform corrosion pits measuring
approximately 20-35 lm.

Among the laser-induced techniques, pulse laser ablation in
liquid has emerged as one of the cleanest and safest methods to
perform a role similar to laser shock peening. PLAL takes
advantage of providing a rapid cooling effect in the workpiece
after the pulsed laser beam strokes on the metal surface. This
method was found to enhance the surface properties such as
corrosion behavior, surface morphology and hardness proper-
ties due to the thermal effect and was expected to increase the
compressive residual stress on the metal surface. In the past, the
Nd-YAG laser (Ref 12), excimer laser (Ref 7) or CO2 laser (Ref
5) have been more widely used for the abovementioned work,
with positive results. To our best knowledge, the fiber laser has
yet to be studied regarding the investigation of corrosion
behavior. Because the fiber laser is relatively more environ-
mentally safe and practical to be utilised (Ref 13), this study
aimed to investigate its use to modify the metal surface and
subsequently to study its corrosion resistance effects on ASTM
A1008 cold-rolled low carbon steel.

2. Materials and Methods

2.1 Materials

Metal targets used in this study included ASTM A1008
cold-rolled low carbon steel, having a dimension of 6 9 4 cm
with a thickness of 1.2 mm. The composition (wt.%) of the
metallic steel was determined using arc-spark optical emission
spectroscopy (WAS Foundry-Master, Oxford Instruments) with
the following results: Fe, 99.5; Mn, 0.16; C, 0.06; and Al, 0.03,
with traces of Si, P, S, Co, Ni and Cu. Sodium chloride (NaCl)
of 99% purity was obtained from R&M Chemicals. Ethyl
alcohol (C2H5OH) with 95% of purity and acetone
(CH3COCH3) with a purity of 99.5% were also obtained from
R&M Chemicals for sample cleaning. In addition, an alumina
suspension with a particle size of 0.05 lm was purchased from
Buehler, for metal polishing purposes.

2.2 Sample Preparation

The surfaces of the test specimens were polished with SiC
abrasive paper (grit value of 500-2000) to ensure smooth and
even surfaces that are free from mold contaminants. Subse-
quently, the sample targets were fine-polished with 0.05 lm
alumina suspension in accordance with ASTM standard E3-11.
Ultrasonic cleaning of metal targets was performed sequentially
with acetone and ethanol using Crest 5 Gallon Heated
Ultrasonic Cleaner (4HT-1014-6, Crest Ultrasonics Corp.) for
20 min at 50 �C; the targets were then air-dried before storing.
Before the laser irradiation, all the samples were again cleaned
with acetone and ethanol.

2.3 Experimental Setup

Laser ablation was conducted using a pulsed mode ytter-
bium-doped fiber laser (YLP-1-100-20-20-HC, IPG Photonics)
with a maximum output power of 21 W and with the output
characteristics of 1064 nm wavelength and a pulse width
of � 100 ns. A vertical configuration was utilised for PLAL
experiments to direct and focus the laser beam downward onto
the metal targets. The metal target was placed on a Perspex
block in an 800-ml glass beaker filled with ultrapure water,
covering the metal target surface to a depth of 5 mm. Ultrapure
water was used to ensure that no contaminant deposition
occurred on the metal surface after the laser ablation while
assisting rapid quenching of the laser-shocked surface. The
glass beaker was fixed on a x–y motion stage (micropositioner)
for experimental displacement. Typically, the laser treatment
conditions used to treat 6 9 4 cm rectangular metal targets
were the following: overlap rate, 60%; scanning speed,
2000 mm/s; power of laser irradiation, 4.2 W; number of laser
pulses, 100,000; and with an active impact diameter of 50 lm.
After the laser ablation experiment, the metal targets were
wiped with a clean paper and air-dried. The laser-ablated metal
targets obtained were stored tightly in a moisture-free storage
box.

2.4 Sample Characterisation

2.4.1 Electrochemical Corrosion Testing. Corrosion
behavior of the samples was evaluated based on potentiody-
namic polarisation in 3.5 wt.% NaCl and 10% HCl solutions at
25 �C using a potentiostat (Gamry Instrument Potentiostat/
Galvanostat/ZRA model Ref. 600). A conventional three-
electrode setup was used for the corrosion testing with the
working, counter and the reference electrodes of test metal
samples, graphite electrode and saturated calomel electrode
(SCE), respectively. The metal samples used were briefly
polished with 0.05 lm alumina suspension and subsequently
degreased with acetone and ethanol for 10 min in an ultrasonic
bath as per ASTM G1-03 prior to the tests. The surface of the
laser-treated or as-received sample was mounted into the
corrosion cell setup with an exposed area of 1.0 cm2. The
working electrode was exposed to the electrolyte solution.
During the test, open-circuit potential (OCP) was carried out
initially for 3 h to reach potential stabilisation. Second,
electrochemical impedance spectroscopy (EIS) was performed
over a frequency range of 10 kHz-0.01 Hz in NaCl solution
and 10 kHz to 0.1 Hz in HCl solution, with a signal amplitude
perturbation of 10 mV. Subsequently, the electrochemical
measurement was taken. The potentiodynamic polarisation
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(PDP) measurement was taken after another OCP measurement
from � 500 to 500 mV (SCE) at a scan rate of 0.5 mV/s to
ensure that the former potential achieved a stable value before
the test. The values of corrosion potential (Ecorr) and corrosion
current density (Icorr) were calculated from the intersection of
the cathodic and anodic Tafel curves extrapolated from the
cathodic and anodic polarisation curves. To ensure the accuracy
of the experimental results, three repetitions were performed to
characterise each sample to obtain an average value of the
corrosion potential.

2.4.2 Optical Microscope and Scanning Electron Micro-
scope. The surface morphology of the specimens was
observed using an optical microscope (OM) (Olympus Ltd.,
BX51M). The surface morphology and the elemental compo-
sition of the samples were studied using a field emission
scanning electron microscope (FESEM) equipped with energy
dispersive spectrometer (EDX) (FEI Model, Quanta 400F) at a
current beam of 1.1 nA, a beam voltage of 10 kV and scanning
magnification of 120-20,000 times. The surface of the samples
was cleaned ultrasonically with acetone and ethanol, sequen-
tially, before the analysis.

2.4.3 X-ray Diffraction (XRD). A high-angle x-ray
diffractometer (Bruker/D8 Advance) equipped with Ni-filtered
Cu Ka radiation was used to examine the crystallographic
structure of the as-received and laser-treated metal target
surface. The XRD was measured within the 2h range of 20�-
90� with an accelerating voltage of 40 kV and a current of
40 mA. The grazing incidence technique was adopted to
provide crystallographic information of the surface.

3. Results and Discussion

3.1 Electrochemical Measurement

Figure 1 presents the OCP of cold-rolled low carbon steel
with time immersed in 3.5 wt.% NaCl and 10% HCl solutions
at 25 �C for 3 h. The OCP values were observed to vary over
time. The OCP of the cold-rolled low carbon steel underwent a
cathodic drop at the beginning of immersion in NaCl solution,
as shown in Fig. 1(a). This cathodic drop indicated the
weakening of the oxide constituted on the metal surface due
to removal of the thin surface oxides (Ref 14). For the as-
received sample in NaCl solution, the OCP after stabilisation
was observed to be � 593.85 mV (± 6.3 mV). After PLAL
treatment, the OCP after stabilisation reached approximately
� 531.65 mV (± 5.7 mV). A more positive OCP value of
62.2 mV was observed on the laser-treated sample. Both
samples in NaCl solution depicted a slight rise in the corrosion
potential approximately at 550 s, but it showed a withdrawal at
the end of the measurement. This initial rise was ascribed to the
possible formation or thickening of the oxide film on the metal
surface, which could enhance the corrosion protection ability of
the metal target (Ref 15). In addition, this potential rise also
indicated that a film was grown on the surface of the sample in
the solution, likely due to the formation of rust.

When the samples were measured in a more corrosive
environment using HCl as an electrolyte as shown in Fig. 1(b),
the rise was apparent for both samples at the beginning. This
rise in OCP values depicted the growth of a protective layer on
the surface of the sample in the corrosive solution. Meanwhile,
intensive fluctuation in the corrosion potential appeared during

the immersion since a more corrosive solution (10% HCl
solution) was employed than NaCl solution. The OCP exhibited
on the laser-treated sample in HCl solution reached an average
stationary OCP value of 12.85 mV more positive than the as-
received sample, similar to the trend observed in the NaCl
solution.

From Fig. 1, the laser-treated sample showed a better
tendency for electrochemical oxidation in terms of rising curves
in the HCl solution than in the NaCl solution. The effect of
laser treatment appears to have created a layer of surface oxides
acting as a passivation layer (Ref 15), making the anodic
process control the electrode surface.

The corrosion resistances of the laser-treated and as-received
cold-rolled low carbon steels were further verified using
impedance measurement represented by Nyquist plots for the
samples immersed in 3.5 wt.% NaCl solution and 10% HCl
solution, as shown in Fig. 2. Both Nyquist plots of the samples
showed capacitive loops that are associated with the charge
transfer during the corrosion process in the oxide film covering
the electrode surface (Ref 16).

The phase angle Bode plot is widely implemented to analyze
the CPE exponent (Ref 17). Figure 3 shows that the laser-
treated samples that gave values of phase angle close to 60� and
a more negative value illustrated a good corrosion inhibitive
nature owing to the rise in the protection layer on the ablated
surface. Moreover, the rise in phase angle at the relaxation
frequency occurred on the laser-treated sample in comparison
with the as-received sample represented that the capacitive
output increased with the superior effect of laser treatment. In
addition, there was an increase in the absolute impedance
values at lower frequencies for the laser-treated samples, which
is explained because there was higher surface protection. The
increase in absolute impedance values was believed to be
related to the effect of a passivating layer that restricted the
chemical reaction between the metal surface and the corrosive
medium.

To further interpret the electrochemical behavior of carbon
cold rolled steel in two different corrosive environments, an
equivalent circuit was used to fit the data (shown in Fig. 2) (Ref
18). The Bode plots in Fig. 3 show only one loop, suggesting
that one time constant is used. The components in the
equivalent circuit include the following: the solution resistance
(Rs), charge transfer resistance (Rct) and the constant phase
element of double layer (CPEdl). The corroding surface of steel
in corrosive solution was believed to be non-homogeneous due
to the induced roughness after laser treatment; hence, a CPE
was implemented instead of a pure capacitor to denote the non-
ideal capacitive behavior of the corrosion system, attributed to
the induced dispersion effects that occurred on the metal
surface (Ref 19). The impedance of CPE is given in Eq 1 (Ref
19).

ZCPE ¼ Y�1
0 jwð Þ�n ðEq 1Þ

where Y0 is the magnitude of the CPE and n is an empirical
exponent between 0 and 1. The variation of n is included to
take in consideration of the heterogeneity of the surface.
When n = 1, the CPE represents a pure capacitor. However,
for a corrosion system, n has a value between 0 and 1 that re-
lies on the surface roughness of the surface.

The equivalent circuit component values were obtained and
are tabulated in Table 1. To validate the polarisation result, the
inhibition efficiency (I.E.%) of carbon cold rolled steel in 3.5
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Fig. 1 OCP-time curves of the as-received and laser-treated cold rolled carbon steel samples in: (a) 3.5 wt.% NaCl and (b) 10% HCl solutions

Fig. 2 Nyquist plots of the EIS responses of the laser-treated and as-received cold rolled carbon steels in (a) 3.5 wt.% NaCl and (b) 10% HCl
solutions and the equivalent circuit model used to fit the impedance data

Fig. 3 The experimental impedance and phase data in Bode plots for cold rolled carbon steels in (a) 3.5 wt.% NaCl and (b) 10% HCl solutions
and an equivalent circuit to fit the impedance data
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wt.% NaCl and 10% HCl solution is computed from the
relevant electrochemical impedance data according to Eq 2
(Ref 20).

I:E:% ¼ Rct � Ro
ct

Rct
� 100 ðEq 2Þ

where Rct and Ro
ct are the charge transfer resistances with re-

spect to laser-treated and as-received samples, respectively,
obtained from the curve fitting.

As for the laser-treated and as-received samples in 3.5 wt.%
NaCl solution, the value of Rct of the laser-treated sample
appears to be approximately seven times the value of Rct for the
as-received sample, which was attributed to the increase in the
inhibition efficiency. This increase in the Rct value observed on
the laser-treated sample signified the resistance of the metal
surface to electrochemical reaction. The surface-modified layer
was able to restrict chemical reaction between the metal surface
and a corrosion medium (Ref 21). Nonetheless, no distinct
difference in corrosion resistance was observed in the HCl
solution, likely attributed to the ineffectiveness of the passive
film to protect the metal in a harsher environment. Overall, EIS
showed that the enhancement in corrosion resistance of laser-
treated cold rolled steel was significant in neutral solution.

Muralisankar et al. (Ref 22) reported that the highest I.E.%
in 3.5 wt.% NaCl of the mild steel was obtained at 61.82% with
the addition of N(1)-pentyl isatin-N(4)-methyl-N(4)-phenyl
thiosemicarbazone (PITSc) as a corrosion inhibitor. In this
study, the highest I.E.% of the laser-treated carbon cold rolled
steel in 3.5 wt.% NaCl was 86.38%, displaying a higher
efficiency than in the abovementioned study.

Figure 4 represents the potentiodynamic polarisation of the
laser-treated and as-received carbon cold rolled steel in 3.5 wt.%
NaCl and 10% HCl solutions at 25 �C. After applying cathodic
polarisation, the laser-treated samples exhibited a shift in Ecorr

toward a more noble direction and a decrease in the Icorr value in
both corrosion media. The corrosion potential (Ecorr) and the
corrosion current (Icorr) extracted from the curves for both
conditions (neutral and acidic solutions) are summarised in
Table 2. An improvement in Ecorr value was observed when the
steel was immersed in the NaCl medium, with a positive shift
from � 0.70 to � 0.54 V. This phenomenon may be attributed
to the formation of a very thin film that inhibits the attack of Cl�

ions (from NaCl solution) into the surface. The shift in this value
was found less significant in the harsher environment, implying
no apparent improvement in corrosion resistance was observed
after laser treatment. This result further correlates with the
impedance data. According to Cui et al. (Ref 23), there is the
presence of oxides and fine grains formed after PLAL treatment,
leading to enhancement in different corrosion properties, as

observed by a noble shift in the corrosion potential value. These
compact oxide layers can act as a protective barrier to protect the
carbon cold rolled steel against corrosion. Owing to the
additional heat treatment on the overlapping laser spot, there
was appreciable change in the microstructure and chemical
composition of the metal surface (Ref 24). A similar observation
was found in this study, and it will be explained through the XRD
and SEM results in the later section.

The observation of Ecorr for laser-treated cold rolled steel in the
present study was more positive than the observation of Ecorr
reported by Singh et al. (Ref 25) for J55 carbon steel in 3.5%NaCl
solution with a macrocyclic inhibitor, where the most positive
Ecorr was approximately� 744 mV. It was calculated that via the
fiber laser PLAL technique, the corrosion rate was reduced by
37.0 and 51.3% compared to that of the as-received carbon cold
rolled steel in 3.5 wt.%NaCl and 10%HCl solutions, respectively.
Musa et al. (Ref 26) reported that the largest displacement of Ecorr
in their experiment under acidic conditions was approximately
12 mV for all inhibitors studied, less than that in the present study,
which had an improvement of 26 mV.

3.2 Physicochemical Characterisation

3.2.1 Before Corrosion. Figure 5 shows the optical
micrographs of the as-received and laser-treated sample
surface. Periodic laser scanning tracks were observed on the
laser-treated surface, as shown in Fig. 5(b). The tracks resulted
from the laser irradiation on the cold rolled steel surface with
overlapping rate of 60% and repetitive pulse frequency of
100 kHz. Hence, it is confirmed that the fiber laser pulse
ablation has sufficient energy to eject a macroscopic amount of
metal atoms from the cold rolled steel surface and to form an
ordered pattern on it.

Scanning electron microscopy was subsequently used to
study the surface morphology of the samples before and after
corrosion tests. The microstructures of the cold-rolled samples
before and after laser treatment are shown in Fig. 6. Figure 6(b)
shows that a layer of spherical grains of regular size was
formed on the surface of the laser-treated steel surface. Iron
oxides are suspected to be formed on the surface during the
laser ablation process. Due to the high energy gained from the
laser ablation, there is a possibility that the iron particles are
ionised and react with dissolved oxygen in water to form layers
of iron oxides. According to Antonov et al. (Ref 27), who have
performed Nd/glass laser treatment on cold-rolled low carbon
mild steel, the oxide film formed on the surface consisted of
two monophasic layers, i.e. Fe3O4 and FeO.

Unfortunately, the phases of iron oxides formed on the
sample surface in this study are not detectable with XRD

Table 1 Electrochemical impedance parameters and inhibition efficiency of carbon cold rolled steel in 3.5 wt.% NaCl
and 10% HCl solutions

Sample Rct, X cm2 Rs, X cm2 CPEdlY0, X
21 cm22 I.E.%

3.5 wt.% NaCl solution
Laser-treated 798.0 (± 31.75) 19.83 (± 2.68) 5.36 9 10�4 (± 1.745) 86.38
As-received 108.7 (± 1.03) 20.56 (± 0.006) 4.32 9 10�4 (± 0.106)

10% HCl solution
Laser-treated 21.84 (± 1.18) 2.479 (± 0.017) 6.89 9 10�5 (± 0.01) 35.39
As-received 14.11 (± 1.87) 1.947 (± 0.259) 7.91 9 10�5 (± 0.095)
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(Fig. 7), owing to the limitation of the grazing-incidence
technique, which has a poor signal-to-noise ratio (Ref 27).
Nonetheless, there are still correlations between the XRD
results and the morphology changes in SEM. The diffraction
peaks at 45.3�, 65.3� and 83.1� of the as-received sample
indicate the presence of an alpha-Fe phase, which is commonly
found in cold rolled steels (Ref 28). There is no additional peak
observed upon laser treatment. However, the laser-treated
sample increases in peak intensity at 45.3�, suggesting that laser
treatment could enhance the formation of alpha-Fe. The
morphology in Fig. 6(b) correlates with this observation, in
which it appears that many of the spherical grains contain black
nodules at the center of the sphere. It is suggested that during
the ejection of metal surface atoms by laser ablation, the new
surfaces are heated up rapidly; nonetheless, water quenches the
surface to room temperature concurrently and suppresses the
precipitation of carbon, causing the formation of a super-
saturated alpha-Fe solid solution region. Upon natural aging,
carbon slowly precipitates from the carbon-enriched region and
forms gray iron and graphite (appeared as black nodules) (Ref
29). In addition, a slight shift of the 2h angle to a higher angle
was observed at 65.3�, indicating that the lattice of the BCC
alpha-Fe contracts after laser treatment, which is possibly
caused by the carbon atoms precipitating from the iron lattice.
From the microstructural observations of both SEM and XRD,
we could postulate that the enhancement of corrosion resistivity
of the laser-treated sample was due to the formation of graphite.

Fig. 4 Polarisation curve of the as-received and laser-treated sam-
ples immersed in (a) 3.5 wt.% NaCl and (b) 10% HCl solutions
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Fig. 6 Surface micrographs of the (a) as-received sample and (b) laser-treated sample at a magnification of 5009
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Fig. 7 XRD spectra in grazing incidence of (a) as-received and laser-treated samples, and (b) magnified region of XRD spectra shown in (a)

Fig. 5 Image of metal plate of the (a) as-received sample and (b) laser-treated sample
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Fig. 8 Corroded surface after the corrosion test in NaCl electrolyte: the as-received sample showing the (a) polyhedral and ‘‘cotton-like’’ spher-
ical structure, (b) higher magnification with lepidocrocite structure, (c) higher magnification with crystalline structure; and the laser-treated sam-
ple showing the (d) polyhedral crystal structure and (e) higher magnification with micrograins shown on the polyhedral crystal surface

Fig. 9 EDX spectra of the (a) as-received and (b) laser-treated carbon cold rolled steel samples after the corrosion test in NaCl medium
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3.2.2 After Corrosion. Figure 8 shows the surface mor-
phologies of the laser-treated and as-received samples after the
corrosion tests in NaCl. As observed, the as-received sample
showed more exposed bare metal surface (Fig. 8a), and its
corrosion products were in the form of ‘‘cotton-ball’’-structured
lepidocrocite (Fig. 8b) and polyhedral crystalline spheres
(Fig. 8c) (Ref 30). Rust formation was evident by the detection
of a ‘‘cotton-ball’’ structure with a high porous structure. In
contrast, the corrosion product of the laser-treated sample
consisted mainly of densely packed layers of polyhedral
crystalline structure bounded by high-index facets, as shown
in Fig. 8(d) and (e). The corrosion products were mostly in
spherical shape, where the laser-treated sample had a higher
packing structure than that of the as-received sample. The EDX
results in Fig. 9 also confirm that these polyhedral spheres are
iron oxide, that is, the laser-treated sample has a higher oxygen
concentration than does the as-received sample. These polyhe-
dral spheres oxide are suggested to be in the form of magnetite
(Fe3O4), which would be the final form of the oxide product on
carbon steels, as proposed by Momber (Ref 31). Magnetite is
commonly known as a protective metal oxide film that acts as a
barrier against corrosion, which passivates and retards iron
atoms from further corrosion due to its low solubility under
moist conditions (solubility in aqueous environment is a
measure of stability) (Ref 31). Corresponding to the OCP
trends in the previous section, the sudden increase in the OCP is
suggested to be where the magnetite starts to form, grow and
eventually cover the surface of the metal (when OCP reaches a
steady value). In short, controlling the amount of polyhedral
crystalline spheres, which can be controlled by laser treatment,
is essential in improving the corrosion resistivity of cold-rolled
steel in the NaCl medium.

Figure 10 shows the surface morphologies of the samples
after immersion in the HCl medium and shows that the
morphology of the corrosion surface is highly influenced by the
medium. When the samples were subjected to a more corrosive
HCl medium, no polyhedral structure was found. Instead, dense
layers of corrosion products were observed on both the as-
received and laser-treated samples, possibly attributed to the
different corrosion pathways in different media. Although the
electrochemical tests (in section 3.1) of cold-rolled steel in HCl

have shown a better corrosion resistivity upon laser treatment,
the improvement is incremental compared to the results from
the NaCl medium. Therefore, the morphology differences in
corrosion products between the as-received and laser-treated
samples are expected to be less pronounced. Nonetheless, the
laser-treated sample shows multilayer flake-like brittle struc-
tures at the edge of corrosion, whereas the corrosion products
of the as-received sample had more porous structures. The
flake-like structures are the results of surface hardening by the
laser treatment, where the melting and quenching process
produces hard and corrosion-resistant martensitic microstruc-
tures as a protective layer (Ref 32). In other word, laser
treatment can be used to produce a localised corrosion
protective layer at the target area.

4. Conclusions

This study demonstrated that a fiber laser can modify the
surface properties of cold-rolled low carbon steel through a
pulse laser ablation technique in water. The results showed that
the corrosion resistance was significantly improved when the
laser-treated sample was subjected to the NaCl environment,
with an improved corrosion potential that is 70 mV higher than
that of the as-received sample, with 89% inhibition efficiency.
The improvement was shown to result from the formation of a
passive film that acts as a protective barrier.
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16. A. Döner and G. Kardaş, N-Aminorhodanine as an Effective Corrosion
Inhibitor for Mild Steel in 0.5 M H2SO4, Corros. Sci., 2011, 53, p
4223–4232
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