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Grey cast iron is employed under chemically and physically harsh conditions. Laser hardening is used to improve
the material mechanical properties. The corrosion behaviour of laser hardened cast iron, however, needs to be
studied in detail. This study is focused on the assessment of the hardness and corrosion resistance of the laser
hardened grey cast iron. Laser hardening was conducted with a continuous-wave (CW) near infrared fibre laser.
The corrosion evaluations were carried out with electrochemical analysis techniques. The laser hardened samples

with 25 % scan overlap exhibited higher corrosion resistance and hardness than the as-received grey cast iron

specimens.

1. Introduction

Grey cast iron presents a low cost, good castability and large range of
mechanical properties [1,2]. This alloy is used under harsh conditions in
several industries, such as automotive, maritime, mining and military
[2-5]. Due to the aggressive work condition, grey cast iron is commonly
hardened to improve its mechanical properties. This process can be
carried out with various methods, such as annealing, laser, peening,
coating, anodizing, electron beam, ion beam implant and ultrasonic [6,
71.

Laser hardening is increasingly used to harden the metal owing to its
good properties, such as reproducibility, accuracy, environmental
friendly and ease of automation [5,8]. Various laser devices have been
used to conduct the hardening process on grey cast iron, including
carbon dioxide [5,9,10], Nd:YAG [5,9,11-13], solid state [14] and fibre
[15-17]. These lasers usually work in continuous-wave [5,9,11-15,17]
or pulsed [9,16,18] mode for the hardening processes. The
continuous-wave infrared fibre lasers have become widely employed to
harden cast iron components due to their ability to be integrated into
robotic systems, permitting the hardening of complex structures [17,
19-21]. The process modelling (e.g., finite elements) has facilitated

* Corresponding author.

increased efficiency of the hardening processes of the complex structures
through the use of the laser fibre mounted on a robotic arm [19-21].
This laser type also presents good electrical efficiency, and virtually
maintenance-free [17].

The laser hardening process can affect other properties of the grey
cast iron, such as corrosion resistance. The properties of the material can
deteriorate with the corrosion process or even, the structures can be
destroyed [4,22,23]. In 2022, Fayyadh et al. [23] studied the corrosion
resistance of hardened grey cast iron with a CW CO; laser (10,600 nm)
laser. Laser hardening was carried out in an argon atmosphere and the
corrosive environment was 3.5 % wt. NaCl dissolution. The hardness
and the corrosion resistance of the iron alloy were improved two times
with the laser hardening process. The researchers observed that the
microstructural change of the grey cast iron was responsible for the
hardness and corrosion resistance increasing on the specimen. Although
this study evaluates the corrosion resistance of the materials, this was
limited because these analyses only focused on the corrosion rate as
determined with a potentiodynamic polarisation curve. The corrosion
mechanism evolution, type of corrosion and control of the anodic and
cathodic branch were absent in this work. Sai et al. [4] evaluated the
mechanical properties and corrosion resistance of grey cast iron
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hardened with laser. The research employed the potentiodynamic
polarisation curve to assess the corrosion in a saltwater environment.
They obtained similar results to those of Fayyadh et al. [23] and also
observed the passive film presence on the laser processed samples. The
compact laser oxidised layer prevents the chloride anions access to the
bared material. Although the controls of the anodic and cathodic
branches were studied, the corrosion mechanism evolution over time
and type of corrosion were not reported yet.

The corrosion behaviour and mechanical properties of other mate-
rials can also benefit from laser hardening. Maharjan et al. [24] inves-
tigated the effect of the CW fibre 1070 nm laser hardening on the
mechanical properties and corrosion resistance of AISI 4150 steel. Their
studies demonstrated that both hardness and corrosion resistance
improved as a result of the laser hardening processing. The increase in
hardness was attributed to the microstructural change while, the
enhancement in corrosion resistance was ascribed to the formation of
the chromium oxidise rich layer. Moradi et al. [25] evaluated the Nd:
YAG ms pulsed laser hardening effect and laser parameter influence on
these properties for AISI 410 steel. They observed that the laser hard-
ening process at low energy fluence improved the corrosion resistance of
the samples but reduced their hardness. Conversely, the samples

(d)

o)

Manganese
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hardened with laser at high energy fluence exhibited greater hardness
but lower corrosion resistance. The improved corrosion resistance at low
energy fluence was attributed to the retention of the austenitic structure,
while the high energy fluence increased the transformation to
martensitic structures. Huang et al. [26] assessed the effect of CW Nd:
YAG laser hardening and laser power influence on Ti80 alloy properties.
The laser hardening process resulted in the increase in the hardness and
corrosion resistance of the material. The increase in the hardness was
attributed to the refinement of the microstructure while, the enhance-
ment in corrosion resistance was ascribed to the formation of the
compact oxidised layer. Among the test conditions, the laser hardened
samples at 100 W presented the greatest hardness and corrosion resis-
tance that was attributed to the high degree of the microstructural
refinement achieved obtained under this condition.

The literature about laser hardening on cast iron and its mechanical
properties is extensive. The corrosion of laser hardened cast iron is
scarcely studied, being limited to these few papers. Due to the impor-
tance of the corrosion on the structure life time, the present work is
focused on the corrosion resistance of laser hardened grey cast iron.

1000 pm Graphite

B e T

10 pm .

Chemical composition analysis

Carbon Silicon

Sulphur

Phosphorus

(e)

Concentration (Atomic%)
Zone
Fe C 0 Si Mn S
Matrix 53.45 39.94 4.16 2.10 0.33 0.01
Cementite 6.60 90.78 2.21 0.33 0.06 0.02
Graphite 4.80 93.00 1.68 0.38 0.06 -

Fig. 1. Optical digital light microscopy picture (a), scanning electron microscopy pictures with backscattered electrons (b) and (c), energy dispersive spectroscopy

mapping (d) and chemical composition (e) of the cast iron microstructure.
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2. Experimental setup
2.1. Materials

Samples were commercial grey cast iron with a hypoeutectic inter-
dendritic microstructure with graphite flake (Fig. 1). The pearlite
microstructure of the grey cast iron was formed of a a-Fe matrix with
cementite (FesC) and flake graphite [1,5,23,27]. The samples were
50 mm in diameter and 3 mm thick.

2.2. Laser equipment

The laser device was an infrared (1070 nm) fibre laser (GSI JK Fibre
Laser, model JK400FL) that can work in both continuous wave and
pulsed mode (around ps ranges). The specifications of the laser is sum-
marised in Table 1. The laser beam was focused with a focal lens (sup-
plied by Thorlab) of 125 mm focal length.

The focused laser beam (d,) is estimated with Eq. (1) [28,29] whilst
the Rayleigh length is calculated with Eq. (2) [30,31].

4F, AM?
d, = ;D @
R
d2
R = 4%4 &)

The specimens were translated under a fixed laser focus using a CNC
controlled 3 axes table (Aerotech, UK). The table velocity was from
0.1 mm/s to 5000 mm/s.

2.3. Laser hardening experiments

The laser hardening processes were carried out with two stages but P
was 153.3 W, the atmosphere was natural air and the mode was
continuous wave for both stages. The first stage aimed to define the laser
parameter influence on hardened zone features (size and microstruc-
ture). For this reason, the scan speed (SS) and defocused laser beam (D,)
were 1 mm/s, 5 mm/s, 10 mm/s, 20 mm/s and 40 mm/s and, 1 mm,
2 mm, 3 mm and 4 mm, correlatively. D, was set with the distance from
the focal point (Z) using the Eq. (3) [30,31].

D, =doy /1 + (5-)° 3)

i

In the next stage, other specimens were generated with parameters
selected in the previous stage and, using several overlapping rates, being
0 %, 25 %, 50 % and 75 %. The overlapping rate (Ogr) was calculated
with the distance between scans (L) using Eq. (4) [28,32].

W-—L
Or = 1007 “4)

Table 1
IR fibre laser details.
Parameter Symbol Value
Mode Continuous Wave and Pulsed
Wavelength (nm) 2 1070.0
Power (W) P From 0.0-300.0
Transverse Electro Magnetic TEM 00
Raw beam size (mm) Dr 6.0
Beam quality M? 1.1
Focal length (mm) Fp, 125.0
Focused beam size (um)* d, 32.0
Rayleigh length (um)* Ry 650.0
Pulse Length (ps) T From 15-500
Polarisation Orientation Random

* Data calculated.
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2.4. Specimen characterisation

The surface and cross-section of the samples were assessed with
digital optical light microscope (Keyence, model VHX-7000) and elec-
tron microscope (TM4000Plus, Hitachi). Scanning electron microscopy
(SEM) was carried out with backscattered electron, 71 uA current ten-
sion, 15 kV potential acceleration and 2 um spot size. The chemical
composition of the specimens was evaluated with energy dispersive
spectroscopy (EDS) and the conditions were similar than that for SEM.

The microstructures of the specimens were analysed with the cross
section that was polished with the next steps. The first step was grinding
with silicon carbide abrasive paper, of grades P200, P400 and P1200.
Then, the surfaces were polished with subsequent polycrystalline dia-
mond pastes from 3 ym to 1 um grain size. The last step was the pol-
ishing with colloidal silica gel dissolution of 50 % volume in distilled
water and 40 nm grain size. All polishing consumables were provided by
Struers. After the polishing process, the cross-sections were etched with
nital of 5 % in volume of nitric acid [33].

2.5. Hardness measurement

The Vickers hardness of the samples was measured using a hardness
measurement device (Struers, model Duramin). The cross-sections of the
laser hardened samples with overlapped scans used to measure the
hardness. The load, indentation time and indentation distance were 1
Kg, 10 s and 50 pm, correlatively. Note the ten hardness measurements
were carried out on overlapped samples to validate the results.

2.6. Electrochemical testing

Testing was conducted with a potentio/galvanostat (Inter-
facel010E), being handled with Gamry Framework software, and with
data analysis performed using Gamry Echem Analyst software. The trials
were carried out using three-electrodes cell formed of a 3 M KCl silver/
silver chloride (3 M KCI Ag/AgCl) (reference electrode) (EDT direc-
tION), a platinum wire with a diameter of 0.7 mm (counter electrode)
(Cookson Precious Metlas Ltd) and the sample (working electron). All
corrosion evaluations were conducted in 0.6 M NaCl (Merck-Sigma-
Aldrich), naturally aerated, at room temperature. The exposed area was
set using a tape with a hole and epoxy resin to shield any crevices. The
corrosion testing consisted of asymmetrical electrochemical noise,
potentiodynamic polarisation curve and electrochemical impedance
spectroscopy.

The asymmetrical electrochemical noise (AEN) (non-perturbative
test) was conducted with the combination of open circuit potential
(OCP) and zero resistance ammeter (ZRA) at the same time. The tests
were for 2 hours with 0.05 s acquisition time.

Potentiodynamic polarisation curves (PPC) (perturbative technique
of direct current) were conducted with an initial potential was defined
on potential at open circuit (for 2 hours of immersion) —0.3 V and po-
tential scan was 0.167 mVs ™}, respectively. The current density was
limited to 10 mAcm ™2,

Electrochemical impedance spectroscopy (EIS) (perturbative testing
of alternating current) was conducted at 10 mV root mean square (RMS)
of potential amplitude, a frequency ranges from 1072 Hz to 10° Hz and
10 points per frequency decade. The immersion times in 0.6 M NaCl
were conducted at 2 hours, 24 hours, 48 hours, 72 hours and 96 hours
of immersion. The equivalent circuit of the EIS data were obtained
through Gamry Echem Analyst software to analyse the corrosion
mechanism.

To ensure the consistency of results, all electrochemical experiments
were conducted at least three times. It is noted that these analyses were
conducted on the hardest laser of the hardened samples.
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3. Results
3.1. First stage

The laser scans only produced microstructure change with 1 mm/s
for all D, (defocused laser beam diameter) while at 1 mm, the micro-
structural modification occurred for all SS (scan speed). D, enhancement
decreased SS that were able to modify the microstructure, being form
1 mm/s to 20 mm/s for 2 mm and form 1 mm/s to 5 mm/s for 3 mm the
conditions can change the microstructures (Table 2).

The microstructural change processes require a certain energy den-
sity. Energy density (Eg) is defined by SS and D,, Eq. (5) [28,34]:

P
"~ SSD,

Eq (5)

Therefore, the increasing of the both parameters (SS and D,) di-
minishes this energy (E;), reducing the laser effect on the
microstructure.

Most of the laser scanned samples showed two different treated zones
in cross-section (Fig. 2 (a)), these being a molten zone (MZ) and a heat
affected zone (HAZ). The laser radiation is absorbed at the material
surface and transformed in to heat. If E; is high enough, the material can
become molten. This heat is diffused into the material, generating zones
with different temperatures that produce solid state microstructural
zones, the HAZ [11,13]. In the cases of the laser scans at 4 mm with
1 mm/s and at 3 mm with 5mm/s, only minimal microstructural
changes were observed (Fig. 2 (b)), being similar to HAZ microstructure.
If Eq is sufficiently low, the material primarily experiences only mod-
erate heating, limiting the type of microstructural changes [11,28,30].

The MZ microstructure was different to the HAZ microstructure and
both were different to the original microstructure (Fig. 3). The MZ
microstructure consisted of austenite dendrites with interdendritic
ledeburite, without graphite flakes and cementite (Fig. 3 (b)). The car-
bide elements (cementite and graphite flacks) are re-segregated in
melted material [5,11,23]. The HAZ microstructure (Fig. 3 (c)) is a
mixture of austenitic and course martensitic with graphite flakes [5,11,
23].

The laser treatment clearly modified the chemical composition of the
grey cast iron (Fig. 4). The MZ exhibited low concentration of the alloy
elements due to the alloy element segregation [11,35]. These elements
accumulated in HAZ. The temperature of this region is insufficient to
permit the element mobility into the material, producing the massing of
these elements [11].

The width (Fig. 5 (a)) and depth (Fig. 5 (b)) of the laser treated zone
(LTZ), which formed of HAZ and MZ, and MZ was exponentially
decreased with increasing D, and SS. As mentioned, E; is inversely
proportional to D, and SS [8]. The only exception was for 2 mm D,,
where HAZ and MZ was wider than that for 1 mm. This is because width
(W) also is proportional to D, and its root, respectively, as showing the
Eq. (6) [28,301.

Table 2
Efficient laser parameters.

Materials Today Communications 44 (2025) 111852

Eq

w? = D%
o n(E[h

) (6)

Where, Ey is the minimum energy density required to modify the
microstructure.

The laser parameters of D, 2 mm and SS 1 mm/s were selected to
carry out the laser hardened samples with overlapping scans (Second
stage) because these show two different microstructure (MZ and HAZ)
and, MZ W was the largest (2 mm). Although D is lower (280 um) than
that for 1 mm (340 um) at same SS, W is too larger than for 1 mm
(1.2 mm).

3.2. Second stage

The distance between laser scanned zones according to Or were
listed in Table 3. It is noted that the width of the laser treated zone was
employed for Og.

Fig. 6 showed the cross-sections of the overlapped laser scanned
samples where MZ and HAZ were also observed. The microstructures of
both zones were similar to them seen in single laser scanned samples.

MZ and HAZ were deeper with the increase of the overlapping as can
be seen in Table 4. The laser energy is accumulated in each laser scan
and is diffused into the samples, enlarging the size of the laser hardened
zone [36].

MZ and HAZ of all overlapped laser scanned samples were harder
than the non-laser processed specimens (Fig. 7). The martensitic
microstructure is harder than hypoeutectic interdendritic microstruc-
ture [5,10]. MZ was harder than HAZ as a result of the austenitic
microstructure and graphite flakes that weaken the martensitic micro-
structure. The hardest specimen was the laser hardened samples at 25 %
overlapping. MZ hardness of this sample was 850 HV 1 while HAZ was
similar than other laser hardened samples. It is important to highlight
that the MZ of the laser hardened samples with 25 % overlap (850 HV)
exhibited greater hardness compared to the grey cast iron treated using
quenching (800 HV [37]), high energy electron beam irradiation (800
HV [38]) and surface heating (700 HV [39]). The residual compression
stresses and dislocations accumulated with the laser scan overlapping
harden the material [36]. An excessive overlapping can however
generate microcracks, reducing the hardness of the material [28,40].

3.3. Electrochemical analyses

3.3.1. AEN analyses

Both AEN signals (potential-OCP and current density-ZRA) of both
samples fluctuated over the time (Fig. 8) due to the metastable micro-
pitting generation [41-43]. The voltage in both cases (Fig. 8 (a))
decreased over the time. This can indicate the chemical activation of the
sample as a result of the oxidised layer dissolution in water [44]. The
laser hardened sample potential was larger than as-received specimens,
showing the nobler of the hardened specimen. Laser oxidised layers
usually are nobler than native oxidised layer due to more extensive

Laser beam diameter (mm) 1

Scan speed (mm/s)
5 10 20 40
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50um
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Fig. 3. Cross-section SEM pictures of the full (a), MZ (b), HAZ (c), and zone between HAZ and MZ (d) of the laser scanned material at 1 mm/s with 1 mm.
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Fig. 4. EDS mapping of the laser hardened samples cross-section with 1 mm/s, 1 mm and 153.3 W.

oxidation [4,23]. The laser hardened sample microstructure also dis- laser hardened samples, the current density increased with time, con-
played increased nobility [45]. Current density evolution over time firming the chemical activation of the specimens. In respect of the
(Fig. 8 (b)) was dissimilar according to the sample. In the case of the as-received samples, the current density was also increased with time for
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Fig. 5. Width (a) and depth (b) of the LTZ and MZ according to the D, and SS.

Table 3

Summary of the distance between laser scanned zones according to Og.
Overlapping Rate (%) 0 25 50 75
Distance between laser scanned zones (um) 2000 1500 1000 500

where, the standard deviation of the potential and current density are og
and o7. The kinetic parameters of the corrosion as Q, root mean square
current density (Igms) and Ragn, were slightly lower for the laser
hardened samples than as-received specimens. This indicates the higher
corrosion resistance of the laser hardened samples in the kinetic aspect.

immersion times lower than 2800 s. The current density was however
diminished with time for 2800 s or longer immersion time. At < 2800 s,
the corrosion products are dissolved in the water. After (> 2800 s), the
corrosion products are deposited and produced on the surface, gener-
ating an oxidised layer that diminishes the corrosion [46].

The features of the corrosion process obtained with AEN results were
summarised in Table 5. The charge density (Q) was figured with quick
integral [42] while asymmetric electrochemical noise resistance (Ragn)
was calculated with the Eq. (7) [47].

OF

Ragy = —
or

)

Localised index (L.I) indicates the type of corrosion and is estimated

with Eq. (8) [44,47].

Table 4

MZ and HAZ depth according to Og.

Og (%) MZ depth (um) HAZ depth (um)
0 280 600
25 300 850
50 470 1120
75 520 1300

Fig. 6. Laser scanned samples with 0 % (a), 25 % (b), 50 % (c) and 75 % (d) overlapping.
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Fig. 7. Graph of the laser processed samples hardness according to the over-
lapping and, hardness of the quenched [37], high energy electron beam irra-
diated [38] and heat treated [39] grey cast iron.

L ="
Irms

(8)

L.I. values showed that the corrosion kind of the samples were
similar for each other, being mixed corrosion (localised and general)
(from >0.01 to <0.1) [44].

3.3.2. PPC assessments

Although PPC shape was different according to the samples (Fig. 9),
both samples had a vertical curve at the lowest potential (-0.960 V). This
signal is due to the water evolution generated [48].

The cathodic branch was a tilted curve for the as-received specimen,
showing an activation control of the reduction reaction [49]. The curve
shape changed with the potential on the anodic branch. The curve was
vertical from —0.750 V to —0.655 V, indicating passivation control [4].
At higher potential than —0.655 V, the curve was horizontal. The dra-
matic increment of the current density with the potential indicates
pitting generation [4,48,50].

The curve of the laser hardened samples was vertical in the cathodic
branch, indicating a diffusion control of the reduction reaction [49,51].
The tilted curve in the anodic branch shows an activation control of the

-0.5 1.4x10°
(a) S —— As-received sample (b)
9 —— Laser hardened sample N’; 2%10°-
3 <
o} 51 .0x10°*
<
2 08.0x10°*
2 5
s 56.0x10° :
s O —— As-received sample
° 08 . —— Laser hardened sample
00 2000 4000 6000 8000 4.0x10 ' ' '
0 2000 4000 6000 8000

Time (s)
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oxidation reaction [49].

In both cases, the chemical reactions for the anodic and cathodic
reaction were the [43,52].

Fe—Fe*® + 3e (anodic)

2H50 + O + 4e~—4(OH) (cathodic)

Table 6 summarised the thermodynamic and kinetic characteristics
of the corrosion measured with PPC.

The thermodynamic corrosion resistance was the corrosion potential
(Ecorr) that was figured as the potential where both branches matched.
The laser hardened samples had the highest E,,, validating an increase
of the nobility with laser hardening [53]. The homogenisation of the
microstructure [45] and the laser oxidised layer [4,23] increase the
corrosion potential. The breaking semi-passive film (Epsp) was the
voltage in the anodic branch where current density increased with
increasing potential. This potential was absent for the laser hardened
samples because the laser oxidised layer possesses breaking semi-passive
film potential similar to corrosion potential [48]. Despite this handicap,
laser hardened sample presented better thermodynamic corrosion

-0.4
—— As-received

< —— Laser processed samples 7]
O J
X '
s -0.64
)
()
[)}
<
[}
< =
o -0.8-
>
S
T
Q
E Potential scan direction

-1.0

10" 10° 10° 107 10° 10° 10* 10° 102
Current Density (A/cmz)

Fig. 9. PPC of the as-received and laser hardened (2 mm, 1 mm/s, 153.3 W and
25 % overlapping) samples in 0.6 M NaCl.

Time (s)

Fig. 8. OCP (a) and ZRA (b) of the as-received and laser hardened (2 mm, 1 mm/s, 153.3 W and 25 %) samples in 0.6 M NaCl.

Table 5
Samples corrosion features gotten with AEN analyses.
Sample Q Trms ok 61 (nAcm—2) Rapn (KQcm?) LI
(mCem™2) (uAcm—3?) (mV)
As-received 73 10 36 667 54 0.06
Laser hardened 58 8 35 596 60 0.07
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Table 6

Samples corrosion features obtained via PPC assessment.

As-received Sample

Laser Hardened Sample

Ecorr (V) —0.775 —0.625
Leorr (nAcm ™) 8 5

e (AVTH —0.037 —0.039
Ba (AVT) 0.033 0.035
R, (KQem™?) 20 26

Epsp (V) —0.655 .

Tsp (uAcm2) 10 .

Laisr (WAcm2) - 32

resistance than the as-received sample owing to its E.,+ was higher than
Epsp. This means that laser hardening generates grey cast iron nobler
than semi-passive film [53]. Note that the return curve of the as-received
samples coincided with the forward curve at higher potential than Ecqpy.
This shows that the semi-passive film can spontaneously recover [54]. It
is emphasised that the current density of the semi-passive film (Iysp) was
107> Acm 2. The passive film has current densities of 10" Acm ™2 or
lower [50]. Therefore, this protective film cannot be considered as
passive film.

The kinetic corrosion characteristics were corrosion current density
(Icorr) and polarisation resistance (Rp) for both samples. I.or was calcu-
lated with the extrapolation of the Tafle lines [51] and R, with the Eq.
(9) [43,47].

ﬁﬂﬂc

P 2‘303100"'(ﬁa +ﬂc) (9)

The laser hardened sample R, was slightly higher than that for as-
received specimens. Other kinetic characteristics, as semi-passive film
current density (Isyf) for as-received sample and the diffusion current
density (i) for laser hardened samples, were similar for each other. Iy
was figured in the vertical curve of the anodic branch while I was
measured in the cathodic branch vertical curve.

3.3.3. EIS assessments

The evolution of the corrosion mechanism over the time in 0.6 M
NaCl was observed in Nyquist and Bode plots (Fig. 10). The equivalent
circuit method was used to analyse the corrosion mechanism of the

Nyquist
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sample according to the immersion time. All equivalent circuits can be
seen in Fig. 11. Albeit, all samples at all immersion time had a horizontal
curve at high frequency range (F) (from 10° Hz to 10° Hz) in the Bode
plots of F vs impedance modulus (Zy,), showing the resistance presence
(Ry) [55].

As-received samples possessed two positive semi-loops in Nyquist
plots for first two immersion hours, indicating the presence of two time
constants. The time constants are formed of one constant phase element
(CPE; and CPEj3) in parallel with a resistance (R and R3) in both time
constant [56]. In the Bode plots, these time constants were observed as
tilted curves with dissimilar slope for Zy, vs F and as two peaks for phase
angle (P) vs F [57]. The overlapping of the peaks (P vs F) shows that Ry
was in serial with CPE3 [48]. A negative loop was observed in all Nyquist
plots, showing the adsorption-desorption process [57,58]. This was
validated by the inclined curve with negative slope at low frequency
range (from 1072 Hz to 107! Hz) for Zm vs F plots [56]. This was rep-
resented as CPE4 with negative n and, which is in serial with R3. The
equivalent circuit to represent this corrosion mechanism can be seen in
Fig. 11 (a). Note that these results were observed in the literature [59]
but the corrosion mechanism was not discussed in depth. After 24 hours
of the immersion, the corrosion mechanism of the as-received specimen
showed an evolution in the negative loop. This was only localised at high
real impedance in the Nyquist plots and a tilted curve with negative
slope was absent. This means the presence of a resistance (R4) in parallel
with CPE4 [56]. R4 is besides associated with adsorption-desorption
process. A schematic drawing of this equivalent circuit can be found
in Fig. 11 (b). At 48 hours of immersion, the corrosion mechanism
evolved again where R4 and CPE,4 were replaced by an inductor (L) that
represented the same process. L was in parallel with other time con-
stants. The absence of the negative loop was signal to this evolution.
Fig. 11 (c) is the sketch of the equivalent circuit, which was also used to
represent the corrosion mechanism for 72 hours of immersion. The last
evolution of the corrosion mechanism was at 96 hours and this was
characterised by the tilted curve at low frequency range (from 10~2 HZ
to107! Hz) in Z, vs F. This is characteristic of the impedance due to the
mass transport process (diffusion). Warburg impedance (W) is typically
employed to represent this process in the equivalent circuit [55,56,60].
W replaced to L and was in serial with R3 (Fig. 11 (d)).

In the case of the laser hardened samples (Fig. 10 (b)), the equivalent
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Fig. 10. EIS of the as-received (a) and laser hardened (2 mm, 1 mm/s, 153.3 W and 25 % overlapping) (b) samples in 0.6 M NaCl.
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Fig. 11. First (a), second (b), third (c) and fourth (d) equivalent circuits to represent the corrosion mechanism of the specimens in 0.6 M NaCl at various immer-

sion times.

circuit of the as-received specimen at 96 hours was used for the most of
the immersion times (Fig. 11 (d)). The only exception was at 2 hours of
immersion where the equivalent circuit was Fig. 11 (b). It is noted that
the R4 and CPE4 can represent different process than that for as-received
sample. This is due to the dissimilar signals of the Nyquist and Bode
plots. An extra loop at high real impedance for Nyquist plots, an inclined
curve and an extra peak at low frequency range (from 102 Hz to 107!
Hz) for the Bode plots (Z, vs F and P vs F respectively) were the signal
for this time constant [56].

Table 7 summarises the values of the equivalent circuit elements. The
good chi-square values (=10~*) confirmed the validation of the equiv-
alent circuit to represent the corrosion mechanism of the specimens. Ry
was remained constant over the time, meaning that this represents the
dissolution process [61].

The second constant time elements (Ry, CPE; and ny) also were
constant with time for the as-received samples, showing the stability of
this corrosion process over time [57]. It is noted that ny had values lower
1 (= 0.7-0.8), indicating a surface imperfection such as roughness [62].
Similar behaviour was observed for the laser hardened specimen second
time constant. The only exception was nj that was increased from 0.43
to 0.74 for immersion times from 2 hours to 48 hours. This can be due to
a flattening process on the surface during the saltwater immersion. For
immersion times longer than 48 hours, np was remained constant over

Table 7
Samples corrosion mechanism features get with EIS.

the time. The second constant time elements possessed similar values for
both samples for each immersion time. These results show that this
element of the corrosion mechanisms is more or less stable over time.
The third constant time elements had an evolution over time stronger
than the elements of the second constant time for both specimens. As
received sample R3 was decreased from 2 hours to 24 hours. After, this
was increased at 48 hours and finally, was reduced again with the time
for 72 hour of immersion or more. CPE; of the same sample was
diminished form 2 hours to 24 hours. Then, this element was increased
over the time for > 48 hours. n3 was increased with the immersion times
for 24 hours or less from 0.54 (2 hours) to 0.92 (24 hours). This then
remained constant over time. According to this data, this element’s
features fluctuated over time, increasing and reducing the corrosion
resistance, the thickness and, surface quality. The resistance is part of
the sample corrosion resistance [59]. The thickness of the element is
proportional to the CPE [57,60]. Roughness [61] and dielectric relaxa-
tion [63] is inversely proportional to n. In the case of the laser hardened
samples, the three elements of the third constant time increased with
time for immersion times shorter than 24 hours. For times greater than
48 hours, the values fluctuated over time. The corrosion resistance in-
crease can be followed by the improvement of the surface quality with a
thinning of the thickness for the first immersion hours. Later, the
element of the corrosion mechanism can remain in dynamic

As-received Sample

Time Ry Ry CPE, ny Rs CPE; ns R4 CPE, ng L w e
(h) (Qem?) (Qem?) (mSs"cm2) (Qcem?) (mSs"cm %) (Qcm?) (mSs"cm2) (Hem?) (Ss*%cm™2) 1074
2 5.071 5.675 0.963 0.71 323 2.320 0.54 - 62.500 -4.0 - - 85
24 2.864 3.108 1.320 0.84 35 0.274 0.92 1670 0.314 -0.2 - - 6
48 4.567 4.181 0.895 0.86 1736 0.461 0.87 - - 10800 - 2
72 4.181 6.571 1.320 0.82 1642 0.378 0.91 - - 27500 - 2
96 4.062 5.282 0.850 0.87 1532 0.848 0.87 - - - 0.044 2
Laser Hardened Sample
Time R, R, CPE, N Rs CPE; n3 R4 CPE, n4 L w e
6] (Qem?) (Qem?) (mSs"cm 2) (Qem?) (mSs"cm ) (Qem?) (mSs"cm ~2) (Hem?)  (8s*°cm™?) 10
2 3.345 9.513 0.846 0.43 50 0.407 0.69 1800 0.834 0.68 - - 9
24 4.648 3.242 0.334 0.69 1330 1.560 0.73 - - 0.114 10
48 4.522 2.504 0.396 0.74 1023 1.830 0.81 - - 3.340 11
72 3.854 2.156 0.494 0.78 1223 2.080 0.85 - - 2.340 9
96 3.705 2.256 0.548 0.77 1184 2.330 0.85 - - 0.227 8
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equilibrium. This can be due to the different equivalent circuit for
2 hours than for longer immersion times. It is possible that the fourth
time constant of the 2 hours equivalent circuit represents the same
corrosion mechanisms element than the third time constant of the
greater than 24 hours equivalent circuit. In this case, the time constant
elements only fluctuated over time.

3.4. Corroded samples surface evaluation

As received samples exhibit large cracks on the surface (Fig. 12 (a))
that revealed the internal pearlite microstructure. The cross-section of
the samples (Fig. 12 (c)) showed that some graphite flakes were
removed, generating corroded cracks where the corrosion products were
amassed. The graphite presents a cathodic effect on the a-Fe matrix due
to the high potential difference between these. This provokes that the
iron around the graphite is corroded, prompting the dissolution on
water. When the most of the iron matrix has been dissolved, the graphite
flakes detached, generating the groove [43,64].

In contrast, the laser hardened samples possessed a homogeneous
corroded surface with microcracks and micro-pitting (Fig. 12 (b)). The
oxidised layer was homogeneous and porous without large groove
(Fig. 12 (d)). The absence of the graphite flakes decreases the cathodic
effect and the production of large cracks or grooves. White flaky parti-
cles were seen on the surface of these samples (Fig. 12 (b)). These can be
crystals of FeOOH as mentioned by Guo et al. [65].

EDS mapping analyses of the corroded samples with PPC (Fig. 13)
showed different chemical composition according to the specimen. In
both sample surface (Fig. 13 (a-b)), the light particles were formed from
the metallic elements of the alloy (iron, manganese and sulphur). The
localised dissolution of the oxidised layer exposes the internal material.
The as-received surface (Fig. 13 (a)) and cross-section (Fig. 13 (c)) had a
heterogeneous distribution of the alloy elements. High oxygen concen-
tration was observed around the graphite flakes. The cathodic effect of
the graphite flakes prompts the corrosion of the iron matrix [53]. This
was also observed in the cross-section of the as-received sample (Fig. 13
(c)), meaning the corrosion followed the graphite in depth. This
generated an oxidised layer with heterogeneous thickness. The laser
hardened specimens (Fig. 13 (b) and (d)) possessed a more homoge-
neous oxidised layer in chemical composition. The refining of the
microstructure reduces or eliminates the cathodic effect of the graphite
flakes [53]. Some localised damage was observed due to the affinity of
the Fe(OOH) to the chlorine anion. FeCls can be dissolved in water,
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producing the oxidised layer damage [65].
4. Discussion

Laser hardening samples can be designed with the correct combi-
nation of laser parameters. The laser scanning with low Eg4 (fast SS scan
and large D,) only had one microstructural modified area while laser
scanning with high energy density (slow SS and small D,) offered more
parameter sets with microstructural modification. High E; can melt the
cast iron and generates a heat affected zone HAZ around the MZ. The
material can only be heated at low E4, producing HAZ by solid state
transformation [11,28,30]. MZ exhibited austenite dendrites with
interdendritic ledeburite and with an absence of graphite flakes. The
quick melting and cooling of the material permit can create metastable
microstructures because the material has insufficient time to come back
to stable status [5,11,23]. The enrichment in iron of the region also
encourages the metastable microstructure formation. The melting
prompts the segregation of the light alloy element (e.g., carbon, oxygen
and silicon) [11,35], producing the iron enriching. The HAZ presented
austenitic and coarse martensitic microstructure with graphite flacks.
The temperature increase was insufficient to refine the microstructure.
The segregated alloy elements also were accumulated in the HAZ,
encouraging this microstructure [11,28,30]. The size of the laser treated
zone was moreover influenced by the laser parameters. The width and
depth are proportional to energy density due to the Gaussian energy
spatial distribution [8,11,28,30]. Width and depth besides are propor-
tional to laser beam diameter [28,30] and laser - material interaction
time [8,11].

All samples treated with overlapping scans showed an increase in
hardness compared to the as-received sample. The new microstructures
and the thermal stresses increase the hardness of the material. The
hardness is intrinsically related with the microstructure due to the ten-
sions and stress produced in each one [30]. MZ was harder than HAZ
owing to the dissimilar microstructure and thermal stresses. Austenite
dendrites with interdendritic ledeburite is harder than austenitic and
coarse martensitic microstructure with graphite flacks. HAZ reaches
lower temperatures than MZ, which produces low stress number and
weaker [5,10]. The samples with 25 % overlapping however exhibited
the highest hardness. The magnitude of thermal stress is proportional to
the overlapping of the laser scan [36]. Low overlapping produces a
lower stress than higher overlapping. When the magnitude of the ther-
mal stress is too high, cracks are produced due to an excessive tension

Cross-Section

10 um

/i
7

Fig. 12. SEM pictures with backscattered electrons of the surface (a-b) and cross-section (c-d) of the corroded as-received (a) and (c) and laser hardened specimens

(b)and (d) with PPC in 0.6 M NaCl.
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(¢) Cross-Section (d)

Fig. 13. EDS mapping of the surface (a-b) and cross-section (c-d) of the corroded as-received (a) and (c) and laser hardened specimens (b) and (d) with PPC in

0.6 M NaCl.

into the material [28,40].

The laser hardening process with overlapping laser scan at 25 % also
showed better corrosion resistance than as-received samples. This was
confirmed by the higher polarisation resistance (Rp) for laser hardened
sample than for as-received sample. The corrosion rate is proportional to
these resistances [43,47]. R, was similar to asymmetric electrochemical
noise resistance (Ragn), validating the results. Although the passive re-
gion was absent for the laser hardened samples potentiodynamic
polarisation curve (PPC), the Ecor of the samples was higher than Epgp.
This indicates that the oxidised layer generated with laser is nobler than
native oxidised layer [53]. The corrosion potential of the austenite

11

dendrites with interdendritic ledeburite microstructure is similar to its
breaking semi-passive layer potential, eliminating the passive region in
PPC [53]. Another difference in PPC was the cathodic branch that was
controlled by activation and diffusion for as-received and laser hardened
samples, respectively. The roughness topography of the laser hardened
sample causes diffusion impedance. The relief hinders the access of the
liquid to the samples, producing the accumulation of the oxygen and the
water in the chemical active area, giving an impedance.

The corrosion mechanisms evolved over time with different behav-
iour according to the sample (Fig. 14). Albeit, Ry corresponded to the
solution resistance (Rg) [60] for both samples at all immersion time.



J.I. Ahuir-Torres et al.

The corrosion mechanism at 2 hours of immersion for as-received
material (Fig. 14 (a)) consisted of the oxidised layer, chlorine
adsorption-desorption and bared material process. The second time
constant of the first equivalent is associated to oxidised layer process
(R2/Ror, and CPE,/CPEqy) while bared material is represented by third
constant time (R3/R.t and CPE3/CPEq)). The resistances represent the
charge transference resistance of the metallic material to environment
[43,65]. CPEs render the double layer formed by charge alignment be-
tween the alloy and the environment [43]. The negative value of n4
indicates CPE4 corresponded to adsorption/desorption process
(CPE,g.de)- The high affinity of the iron to hydroxide anions produces the
adsorption-desorption process [46] that is encouraged by the cathodic
effect of graphite flakes. This initial adsorption-desorption processes
were also observed in low values of nq; (0.69). The dielectric relaxations
of the samples can be correlated to these low values [63]. With time
(24 hours of immersion), the chlorine ions adsorbed are accumulated on
the surface, generating a resistance to the adsorption-desorption process
(R4/Rad-de)- This also removes the charge relaxation effect as can be seen
value increment of ng; (=1.00). The amassing of adsorbed chlorine an-
ions also encourages the charge transference from the bared material to
water as can be seen in R reduction. Thus, the corrosion mechanism for
this immersion time consisted of the same processes but these are rep-
resented with other elements. After (from 48 hours to 72 hours), the iron
matrix around graphite flakes dissolve. The cathodic effect of the
graphite flakes promote this dissolving process [43,64]. This dissolution
enlarges the contact area of the samples with the water, removing the
accumulation of chlorine ions on the surface. This causes that Rag.de is
absent for equivalent circuit between 48 hours and 72 hours. CPEaq.qe
was replaced by Lagqe as a result of the weakening of the
adsorption-desorption process. The graphite flakes can be degraded in
water environment, diminishing their cathodic effect on iron matrix.
This, in turn, decreases the adsorption-desorption process [43,64]. The
weakening of the adsorption-desorption process also produces the Rt
increase. Again, the processes of the corrosion mechanism are the same
represented with different elements (W). At the longest immersion time
(96 hours), the graphite flakes were detached from the grey cast iron
surface. When totality of the iron is dissolved in water, the graphite is
cast off. This detachment produces the elimination of the
adsorption-desorption process. The cathodic effect is stopped with the
graphite removal [43,64]. This detaching generates cracks that
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produced Warburg or diffusion impedance (W). The cracks and pores
hinder the water and oxygen access to the bared material [66]. There-
fore, the processes of the corrosion mechanisms at 96 hours were oxi-
dised layer, diffusion and bared material processes.

The corrosion mechanism evolution of the laser hardened samples
with overlapped scans at 25 % (Fig. 14 (b)) was only produced between
2 hours and 24 hours of immersion. At 2 hours of immersion or less, the
corrosion mechanism was comprised of the laser oxidised layer, oxidised
layer and bared material. The second time constant (Ry, ny and CPE5)
represented the laser oxidised layer process (Ryor, nor and CPE gp) in
this case. The continuous-wave laser hardening in air atmosphere pro-
duces the thermal oxidation of the metallic material [28]. The oxidised
layer process (Ror, noL and CPEqp) was rendered with the third time
constant (R3, ng and CPE3). The last time constant (R4, ng and CPE4)
represented the bared material process (R, ng and CPEg). The low
values of ng; (0.68) is also dielectric relaxation process [63] while nj oy,
(0.49) and ngr.(0.69) values are due to the high surface roughness
created with the laser [62]. The laser oxidised layer process was absent
for the corrosion mechanism at 24 hours or more of immersion owing to
the dissolution in water of this element. The dissolution provokes
microcracks that cause diffusion impedance [66]. Thus, the corrosion
mechanism was formed of oxidised layer (Ror, nor, and CPEgy), bared
material (R, nq; and CPEq)) and diffusion impedance (W) process, being
represented by second (Rg, nz and CPEy) and third (Rs, n3 and CPE3)
time constant, and Warburg impedance (W), respectively. It is noted that
ngr, and ng; was increased at values close to one for immersion time of
24 hours or more. The deposition of the corrosion products on the sur-
face can smooth the surface.

The higher stability of the laser hardened samples over the time is
due to the microstructural refining that removes the graphite flakes.
These particles encourage the adsorption-desorption process and the
dissolution of the material [43,64]. This causes a process of the graphite
flakes elimination, provoking dramatic evolutions with time. The high
density of the laser oxidised layer also improves the corrosion resistance
of the material [4,23].

5. Conclusions

This work about the improvement of the grey cast iron hardness and
corrosion resistance has delivered important information of the
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Cl-Fe _

Oxidised Oxidised
Layer Layer
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Saltwater Iron matrix

Fig. 14. Schematic drawing of the corrosion mechanisms evolution of the as-received (a) and laser hardened (b) samples in 0.6 M NaCl.
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microstructural influence on the corrosion mechanisms and mechanical
properties of the samples. The following conclusions were drawn from
this study:

1. The size and microstructure generated with the laser can be designed
with the parameters (laser beam power, diameter and scan speed).
The largest laser hardened zone is produced with 1 mm/s scan speed,
2 mm laser beam diameter and 153.3 W.

2. All laser hardened samples with overlapped scanned tracks are
harder than the as-received material. The molten material hardness
is higher than that for heat affected zone in the same sample. The
samples with an overlap of 25 % are the hardest.

3. The laser hardened samples at 25 % overlap are nobler than the as-
received samples and its corrosion rate is slightly lower. The
anodic and cathodic branch controls are dissimilar for each sample.
As-received sample has an active and passive control for anodic and
cathodic branch, respectively, while the laser hardened samples
presented diffusion and activation control for the same branches.

4. The corrosion mechanism evolves over time with dissimilar behav-
iour according to the samples. The laser hardened specimen has a
more stable corrosion mechanism over time than as-received mate-
rial. This is due to the graphite flakes present in as-received material.
These encourage the adsorption-desorption process.

In conclusion, this study has showed that the laser hardened process
with scans at 25 % overlap can improve both the hardness and corrosion
resistance of the material. This is advance on the material processing
technology that is of high interest for various industries, such as con-
struction, automotive and machining. The enhancement in the corrosion
resistance and hardness can significantly extend the service time and
industrial application range for the grey cast iron. Additionally, these
improvements enable its use under new operating conditions (e.g.,
maritime and chemical), thereby increasing its appeal to a boarder range
of industries. This study has also provided important information to
understand the corrosion mechanism of grey cast iron and the effect of
the laser hardening on the corrosion. By shedding light on these aspects,
it contributes to addressing fundamental questions in corrosion
research.
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