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Abstract

Stainless steel 410 (SS410) is majorly used in manufacturing the components of gas turbines, pump shafts, thermal power
plants, safety valves, and reactor core components that operate in severe aggressive environments. Prolonged exposure of these
critical components in such environments results in reduction in their mechanical properties like tensile strength, hardness,
wear, and corrosion resistance thereby causing failures and property losses. The present study is aimed to enhance the
corrosion resistance behavior of SS410 by depositing the Colmonoy-5 alloy particles by means of laser cladding technique.
The microstructure and hardness studies were carried out to reveal the formation of structure and improvement in hardness,
respectively. Further, the corrosion analysis was performed on both the base and cladded samples in different duration with
the test solution made from 3.5 wt% NaCl. Then, the corroded surface morphology and their corresponding roughness were
analyzed. The results showed that the existence of the floret-shaped structure was observed on the cladded surface and
improved the hardness due to the presence of chromium borides and carbides in the y-nickel matrix. Among the various
duration, the 8 h cladded sample exhibits high resistance to corrosion due to the formation of finite passivation film made by
Cr-rich borides. In addition to that, the reduced surface roughness was observed on the 8 h cladded sample when compared
with the base and other clad samples.

Keywords SS410 substrate - Colmonoy-5 cladding - Nano hardness - Vickers microhardness - Corrosion mechanism -
Surface roughness

Abbreviations Yb: YAG Ytterbium-doped yttrium aluminum garnet
EIS Electrochemical impedance spectroscopy (EIS)
SS410 Stainless steel 410 Ry Polarization resistance
PVD Physical vapor deposition Ry Solution resistance
HVOF High-velocity oxygen fuel CPE Constant phase element
FESEM Field emission scanning electron microscope SPM Scanning probe microscopy
EDS Energy-dispersive X-ray spectroscopy
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result in disaster. Generally, hydraulic turbines which oper-
ate in chloride environments are prone to initiation of pitting.
This pitting initiation lowers the corrosion resistance due to
the existence of preferential sites of undissolved chromium-
rich phases [3]. The development of pitting initiation at the
circumference of these chromium phases plays a vital role
in promoting the breakage of the formed oxide film on the
material [4]. In high-temperature usage, the C1~ ions facil-
itate the thermoplastic decomposition of the film thereby
decreasing the lifetime of the components [5]. In some cases,
the presence of H;S in oil wells expedites the corrosion rate
of SS410 tubes at low temperatures [6]. Factors like chlo-
ride environment, high temperature, and acid containments
greatly influence the corrosion resistance of SS410. Since
the corrosion takes place at the surface level, to improve the
resistance and service life of the components, several surface
engineering techniques were currently practiced to improve
the durability of the components. Physical Vapor Deposition
(PVD) is one of the surface engineering techniques where the
PVD treated surface exhibits finite grain structure and also
it is easy to analyze the tribological properties on the treated
surface. The major drawback is that there is a reduction in the
durability of the PVD-treated components over a long time of
usage [7]. In case of the hardfacing technique, the worn-out
surfaces can be reconstructed, and further, the necessity for
changing the parts is greatly reduced. However, the distor-
tion effect produced by the plasma reduces the usage of this
technique [8]. Another technique called thermal spray coat-
ing can be implemented for a vast range of substrates with
reduced impact on the environment. But, only thin coatings
can be achieved and in special cases (curved surfaces), this
technique has a very low spray efficiency [9]. Laser cladding
is one of the widely used surface treatment techniques which
can produce a finite layer on the substrate material. This tech-
nique requires low energy and the laser cladded material has a
better surface finish, consistent morphological behavior, low
distortion effect, and high precision when compared with
the other techniques [10—13]. Due to these advantages, this
technique is employed in enhancing the service life of the
components that operate in harsh environments.

Since corrosion resistance of SS410 steel is greatly
affected by hostile environments, the cladding material
should sustain this environment. Colmonoy alloys are nickel-
based superalloys that have good resistance to corrosion.
They offer better wear resistance, high hardness, greater
impact strength, and high-temperature corrosion resistance
[14]. Zhang et al. [15] analyzed the wear resistance of the
laser cladded Colmonoy powder on the stainless steel 316
substrate. They reported that the laser cladded specimens
showed a higher rate of wear resistance compared with the
normal specimen. Jeyaprakash et al. [16] reported that the
laser cladded Colmonoy depositions exhibit the hard laves
phase. This phase contributes more towards facilitating the
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hardness and wear resistance. Singh et al. [17] analyzed
the tribo performance of Stellite, Colmonoy powders using
High-Velocity Oxygen Fuel (HVOF) method and reported
that the microhardness of the substrate is greatly enhanced
by Colmonoy particles and also exhibits low erosion wear
than the Stellite. The laser cladded Colmonoy particles have
increased the wear resistance up to 49 times than the sub-
strate [18]. F. Oliveria et al. [19] reported that the fatigue
strength of the 4340-steel substrate is significantly improved
by incorporating Colmonoy powders. Gnanasekaran et al.
[20] investigated the tribological properties of Colmonoy-5
particles using hardfacing technique and concluded that the
Colmonoy-5 coatings exhibited a greater resistance to wear,
compared with the 316-LN substrate.

The major outcomes of the above literature are summa-
rized as follows. They have used different surface treat-
ment techniques like HVOF thermal spray, hardfacing, laser
cladding for coating Colmonoy particles on different sub-
strates. Further, it is evident that the laser cladding can
produce a fine layer of deposition and Colmonoy coatings
effects in improving the hardness, wear resistance, fatigue
strength, and tribological behaviors of the substrate. How-
ever, the corrosion resistance of the Colmonoy-5 claddings
at various time intervals considering the corroded morphol-
ogy and surface roughness has not been addressed yet. This
work is aimed to evaluate the corrosion resistance of the laser
cladded Colmonoy-5 particles on the SS410 substrate at 0, 8,
14, and 36 h intervals followed by examining the microstruc-
ture, corroded morphology, nano hardness, and surface
roughness of the cladded samples. The morphological struc-
tures of the cladded specimen were analyzed by using
Field Emission Scanning Electron Microscope (FESEM)
with respect to the elemental mapping obtained from the
Energy-dispersive X-ray spectroscopy (EDS). Nanoinden-
tation studies and Vickers hardness tests were carried out
to evaluate the hardness at the base, cladded, and interface
region. In addition, the surface roughness was measured and
in an electrochemical environment, the corrosion test was
carried out for different time durations and the results were
compared with the SS410 substrate.

2 Experimentation
2.1 Materials

Martensitic stainless steel with grade 410 was selected as
the substrate material for the laser cladding process. The
as-received Colmonoy-5 alloy powder from the market was
used as the cladding material. The morphology, shape, and
size distribution of the Colmonoy-5 particles were examined
using the FESEM technique as presented in Fig. 1. These
particles have an average size of 125+ 15 wm. The chemi-
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Fig.1 FESEM image of the
as-received Colmonoy-5 powder
particles

Table 1 Elemental composition
of SS410 and Colmonoy-5

materials

Material Ni(%) P(%) Cr(%) Fe(%) S(%) B(%) Si(%) C(%) Mn(%)
Substrate-SS410  0.75 004 135 BAL 003 - 1 015 1
Colmonoy-5 BAL - 10.5 3.02 - 224 386 046 -

cal composition of the as-received Colmonoy-5 alloy powder
and the SS410 substrate are tabulated in Table 1.

2.2 Chemicals

Before the cladding process, acetone was used to clean the
substrate’s surface for removing the surface impurities. After
rinsing with the acetone, the samples were sandblasted with
Al,O3 particles to obtain the surface roughness of 5 pm.
This surface roughness ensures the good metallurgical bond-
ing between the SS410 and Colmonoy-5 particles. After
the cladding process, the cladded samples were polished by
silicon carbide (SiC) sheets and diamond followed by elec-
trolytic chemical etching using the 2 wt% of chromic acid
(H2CrOy) solution for revealing the microstructure. The cor-
rosion analysis was performed by preferring the test solution
made by dissolving 3.5 wt% of sodium chloride in 100 ml
of deionized water. The main reason for selecting NaCl for
preparing the test solution is that the C1~ ions are more bel-
ligerent and able to destroy the passivation film formed on the

metals by producing a notable and localized type of corrosion
attack on it [21].

2.3 Laser Cladding Process

Ytterbium-doped Yttrium Aluminum Garnet (Yb: YAG)
laser with a power output of 6 kW and a wavelength of
1060 nm has been used to perform the laser cladding. By
using this laser, the as-received Colmonoy-5 powder parti-
cles were deposited on the sandblasted surface of the SS410
substrate. The schematic representation of the laser cladding
technique is shown in Fig. 2. The cladding process param-
eters will have a great influence on the distribution of the
Colmonoy-5 particles and deposition rate [22, 23]. After opti-
mizing the process parameters, the cladding material was
evenly deposited, producing a finite layer of deposition on
the substrate material. The laser cladding process parameters
are tabulated in Table 2. The cladded samples were collected
after the cladding process and then cut into the cubic cross-
section of 10 mm x 10 mm. With the aid of JEOL 6500F
FESEM, the microstructure of the cladded samples was ana-
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Fig.2 Schematic representation
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of the laser cladding process
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Table 2 Laser parameters used - - — -
for cladding process Material Power Feed rate  Scanning Preheat Shielding gas  Carrier gas
speed temperature flow flow
Substrate- 1400 W 9¢g/min 600 mm/min 150 °C 25 L/min 6SD @
SS410 100,000/Pa

lyzed and by using the NOVA software, the curves of the
Nyquist and bode plots were fitted.

2.4 Corrosion Analysis

The corrosion test was carried out in the electrolytic cell
consisting of three electrodes connected to the workstation.
Silver chloride (AgCl) electrode, platinum electrode, and the
cladded samples were preferred as the reference, counter, and
working electrode respectively. The working electrode was
tightly kept against the Teflon disc to evaluate the resistance.
With an exposing area of 100 mm?, the surface of the cladded
sample was unmasked in the electrolyte. Except the exposing
surface, all other areas of the sample were sealed to avoid
solution leakage.

The corrosion test procedure is as follows: Initially, the
prepared electrolytic solution was poured into the electrolytic
cell and the working electrode was kept at one end. After sta-
bilizing the equilibrium potential, the scan rate was varied in
the range between 0.05 to 1.2 V and the corresponding cyclic
voltammetry curves were plotted. Finally, by using the Tafel
method, the current density, and the corrosion potential were
calculated at different time intervals (0, 8, 14, and 36 h). The
EIS analysis was performed with the frequency range of 10°
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to 1072 Hz. The microstructure of the substrate and cladded
samples (various timings) were analyzed using FESEM with
EDS. The hardness of the samples was examined by the
Hysitron T 980 Nanoindenter and Wolpert Wilson Instru-
ment (402 MVD). The surface roughness after the corrosion
process was evaluated using the white light interferometer
and the captured images from this interferometer were pro-
cessed using the Gwyddion software.

3 Results and Discussion
3.1 Structural Analysis

After laser cladding, the samples were collected and it is
found that the Colmonoy-5 particles were distributed uni-
formly with a layer thickness of 600 pwm. Figure 3a shows
the optical microscopic image of the cross-sectional cladded
samples representing the base, interface, and cladded regions.
In the cladded regions, the cladded particles are evenly
deposited with no defects or pores. The image obtained from
the optical microscope for the cladded region is presented
in Fig. 3b. It is seen that the cladded region consists of den-
dritic and interdendritic structures. The dendritic structure
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Fig. 3 a Optical microscopic image of the cross-sectioned sample repre-
senting the base, interface, and the clad region, b Optical image obtained
at the clad region, ¢ FESEM image representing the dark and floret like

reveals the presence of the y -nickel matrix, whereas the inter-
dendritic structure represents the existence of precipitates of
boride and carbide [24]. And also, the laser power (1400 W)
causes the hardening of the dendritic structure besides the
distribution of dark regions [25].

Figure 3c represents the FESEM image of the cladded
region. The laser cladded Colmonoy-5 layer consists of the
hard laves phase with dendritic and interdendritic structures
in the y-Ni matrix. The hard lave phases are said to be rich in
(FeNi)3B and nickel boride because the cladded layer is Ni-
based superalloy which contains nearly 75% of nickel. The
dendritic and interdendritic structures are due to the dark
and floret-like precipitates which represent the presence of
carbides and borides of chromium [26]. These carbides and
borides are distributed in the y-nickel matrix of the cladded

20 pm

B Spectrum 8
Wt%
Ni 92 04

precipitates formed at the clad region, d Elemental mapping obtained
from EDS at the clad region (Inset: Image used for EDS scanning)

speciments. It is also found that the hard laves phases present
in the cladded regions with some intermetallic compounds
like Ni3Si and NigB are responsible for enhancing the hard-
ness and wear resistance of the specimen [27]. Thus, the
obtained chromium-rich borides (floret-shaped structures)
and chromium-rich carbides (dark or blocky structures)
match with the outcomes of the microstructural analysis of
Colmonoy-5 particles by Savanth et al. [28] and Gurumoor-
thy et al. [29]. In the floret-like structure, the chromium
boride may present in three forms namely CrB, Cr,B, and
CrsB3 respectively [30]. The same author (Jeyaprakash et al.
[27]) have examined the phases of laser cladded Colmonoy-5
particles on SS410 steel substrate using the XRD analysis.
They have reported that the clad layer contains the Cr-rich
carbides and boride precipitates in y-Ni matrix with some
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Fig.4 Load to depth plot at the base, interface, and the cladded region
obtained from the nano hardness test

intermetallic compounds that aid in improving the hardness.
Also, they revealed that formation of laves phase consisting
of (FeNi)3B and nickel boride since the deposited Colmonoy-
5 is a nickel-based superalloy. The corresponding elemental
mapping is done with the help of EDS as in Fig. 3d. It shows
a high peak for Ni. This is due to the presence of y-nickel
matrix in the cladded region and also in Colmonoy-5, the
major component is nickel (~75%). The second highest peak
is obtained for chromium since it contributes around 11.5% to
Colmonoy-5. It also confirms the presence of chromium-rich
carbides and floret-shaped chromium borides with interden-
dritic structure [24]. This boride helps in preventing crack
formation in the cladded region [31]. Other intermetallic
compounds like Ni3Si and Fe concentration help in improv-
ing the mechanical strength of the cladded specimen.

3.2 Hardness Measurements

Hardness is an inherent property of a material that prevents
deformation. It is a measure of resistance against plastic
deformation and plays a vital role in determining wear resis-
tance. The laser cladding technique is used to enhance the
surface where the cladded surface requires a hardness evalu-
ation to evaluate its resistance [32]. The load to depth curves
(Fig. 4) for the cladded samples at the three regions were
obtained using the nanoindentation analysis. These curves
clearly depict the process of loading and unloading dur-
ing deformation. The elastic and plastic deformations are
obtained as a result of a gradual increase in the load from 0
to 1800 wN. During the unloading process, the elastic phase
is recovered but the plastic deformation is maintained. Thus,
the formation of indentation takes place in the sample [33].
From Fig. 4, the base region (SS410) experiences a higher
indentation depth (~ 95 nm) compared to the interface and the
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cladded region. In the cladded region, the indentation depth
is nearly half the value of the base region. Generally, in this
type of analysis, higher the depth, lower is the hardness [34].
For the three regions, the nano hardness value has been cal-
culated. The cladded region exhibits a high hardness value
(5.48 GPa) compared with the interface (2.89 GPa) and the
base (2.39 GPa) region. The hardness at the cladded region is
due to the formation of chromium-rich carbides and borides.
The existence of floret-shaped precipitates containing Cr-rich
borides in the cladded region is responsible for improving the
hardness, thereby enhancing the wear resistance of the sam-
ples [35]. Moreover, Balaguru et al. [36] and Gnanasekaran
et al. [37] analyzed the hardness and wear resistance of the
Colmonoy-5 coatings and concluded that the floret and dark
precipitates of Cr-rich borides and carbides are responsible
for enhancing the hardness property thereby improving the
wear resistance offered and also same as our observations.

To further confirm that the Colmonoy-5 cladding layer
provides better hardness than the SS410, the Vickers micro-
hardness test was performed on the base, interface, and the
clad layers using the Wolpert Wilson instrument. Figure 5
represents the formed micro indentations on the sample. The
formed micro indentation profile from the top of the clad layer
to the base material and the optical microscopic image of the
sample’s cross-section is shown in Fig. 5a and b, respectively.
These indentations were obtained by applying the load of
0.5 kgf for the dwell time of 15 s. The microhardness profile
and the corresponding indentation formed at the base, inter-
face, and the clad layer is represented in Fig. Sc. From this
figure, it can be seen that for the applied load, the indenta-
tion produced in the base region tends to be larger. There is
a decreasing trend in the formed indentation at the interface,
and clad layer (inset Fig. 5c). The clad region experiences a
smaller indentation profile because it exhibits better hardness
compared to the base and interface layers [38]. In addition,
the average hardness values have been calculated and the
values at the base, interface and the clad region are 208.57,
493.6, and 720.88 HV respectively. The Colmonoy-5 layer
experiences a higher hardness value and it is nearly 3.5 times
that of the value at the SS410 region. This is because of the
chromium-rich carbide and boride precipitates that precipi-
tated during the laser cladding of Colmonoy-5 particles [27,
39]. Thus, both the nanoindentation and the microhardness
profiles revealed that the clad region exhibits better hardness
compared with the SS410 substrate.

3.3 Corrosion Test

The corrosion test was carried out at ambient conditions on
both base (SS410) and cladded sample with the electrolytic
solution made by dissolving 3.5 wt% NaCl in 100 ml of
deionized water. This test was attempted to evaluate the cor-
rosion resistance of cladded samples at various periods such
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Fig.5 a Microindentation from top of the clad to base material, b cross-sectioned optical microscopy picture showing with three different zones,

¢ microhardness profile with three different indentation marks

as 0, 8, 14, and 36 h, respectively. Since SS410 is used in
hostile environments, the mechanism of oxide formation is
represented by Egs. (1)—(8).

2Fe — 2Fe’" +2e~ ey
Cr — Cr’* +3e” @)
1 _ _

S02+H;0+2¢” — 20H 3)
Cr* + 3H,0 < Cr(OH); + 3H* )
2Fe + %oz +H,0 — Fe(OH), — Fe,05 - xH,0 (5)
Cr(OH)3 + Cr — Cr;03 + 3H* +3e~ 6)

1

2Fe(OH); + 502 + H20 — 2Fe(OH); — Fe203 - HyO
@)

2Cr** + TH,0 — Cry037” + 14H' + 6e~ ®)

The formed oxide layer contains an outer layer made up
of iron oxide followed by the inner layer of chromium oxide
[40]. The net balance equations of the outer iron oxide for-
mation are represented in Eqs. (5) and (7). The Egs. (9)—(11)
shows the net balance equations of the inner chromium oxide
layer respectively.

Fe203 +2Cr — Cr203 + 2Fe (9)
3Fe304 + 8Cr — 4Cr 03 + 9Fe (10)
3FeO + 2Cr — Cr,0;3 + 3Fe (11)

The formed chromium oxide generally resists corrosion
under normal conditions. But in the case of harsh environ-
ments, the formed oxide film loses its property to resist
corrosion because this film reacts with CO,, C1—, H>SOyq4,
H>S, etc. produced in such environments and tends to form
other compounds, thereby degrading the corrosion resistance
property. The sulfides and chlorides present in the oil refin-
ery plants readily react with the H* ions produced during
the oxide formation. These H* ions react with the chlorides
and sulfides to form corrosive acids such as HCI, HySO4. At
high temperatures, these acids react with the formed oxide
film and as time passes, it minimizes the resistance offered
by the film [41, 42]. If the working environment contains
CI™ ions (hydro turbines), its aggressive nature destroys the
metal oxide film due to the significant localized corrosion
attack [43].

Figure 6a and b represent the Tafel plots obtained as the
result of the corrosion test carried out on both base and
cladded samples. The stability and resistance to corrosion
are measured from this plot. Table 3 shows the parameters
calibrated from the polarization curve for both samples. The
Tafel plot obtained for the base and the cladded specimens for
0 h (raw samples) is shown in Fig. 6a. From this figure, the
base sample experiences a higher current density (3.193 x
10~ A/cm?) compared with the cladded sample (4.447 x
10© A/cm?). This reduced current density shows that the
cladding process results in a significant change in the resis-
tance offered by the sample. On comparing the Tafel plots
for different time intervals, the 8 h sample exhibits the mini-
mum value of current density (2.463 x 10”7 A/cm?) than the
0, 14, 36 h samples. This reveals that the 8 h sample offers
the maximum resistance to corrosion due to its very low cur-
rent density and in general, all the cladded samples (0, 8,
14, and 36 h) show notable resistance to corrosion than the
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Table 3 Corrosion test data

Duration E-current (V) I-current (A/cm?)
Base O h — 0.471894454 3.19279679 x 107
Clad 0 h —0.420302773 4447234 x 1070
Clad 8 h —0.153926146 246307193 x 1077
Clad 14 h —0.179180815 5.65421974 x 1077
Clad 36 h —0.243166384 2.22222967 x 1070

SS410 substrate. This is because of the presence of electro-
chemically stable chromium-rich carbides and borides in the
cladded sample. Further, Moghaddasi et al. [44] and Mele
et al. [45] also confirmed that these electrochemically stable
compounds aid in the formation of strong and stable pas-
sive that enhances the corrosion resistance property of the
Colmonoy coatings in harsh environments.

Figure 7a and b show the corroded surface and the ele-
mental mapping obtained from FESEM and EDS for 0 h
(raw samples) SS410 substrate. This sample is said to have
higher oxide content (38.85%) with an irregular crystalline
structure. The crystalline morphology on the corroded sur-
face along with the elements present in the cladded samples
at various time intervals are shown in Fig. 8a—h. It is reported
that the 8 h sample has an acceptable amount of Boron and
thus it forms a finite structure exhibiting high resistance to
corrosion than the other intervals. The O, 14, and 36 h sam-
ple tends to have a higher amount of Boron. This increased
amount than the acceptable limit results in the deformation
of the formed finite structure and starts to become fragile
followed by the formation of patches. As time goes on, these
patches will start to leave the surface. Table 4 presents the

20304 (@) .
-0.35 4
-0.40 4

-0.45 4

Potential (V vs Agcl)

-0.50 4

-0.55 4 —=— 0 Hrs Base

—a— 0 Hrs Clad

—060 T T
1E-7 1E-6 1E-5 1E-4
Current density (Acm?)

elemental composition of the SS410 and the cladded speci-
mens after the corrosion test. The mechanism of passivation
formed on the cladded sample is shown in Fig. 9. Hence, the
8 h sample is seen to have higher resistance to corrosion due
to its lower current density.

3.4 Electrochemical Impedance Spectroscopy (EIS)
Analysis

The EIS analysis was performed to evaluate the charge trans-
fer resistance for both the base and cladded samples. The
results of EIS analysis are represented by the Nyquist and
Bode plots as in Fig. 10a—d. The Nyquist plots exhibit a sin-
gle capacitive loop within the operating frequency range. Itis
evident that the electrode reaction is dominated by the elec-
trochemical reaction [46]. In general, the greater semicircular
area will have more impedance thereby exhibiting a higher
resistance towards corrosion [47, 48]. Figure 10a shows the
Nyquist plot for the base and cladded specimen for zero hours
(raw samples). It can be seen that the loop area of the base
is very much smaller than that of the cladded specimen. The
cladded sample shows greater resistance to corrosion than
the base sample. The Nyquist plot for 8, 14, 36 h cladded
specimens is shown in Fig. 10c. The 8 h cladded sample has
the maximum arc radius compared with other samples. This
is due to the presence of finite crystal structure and an accept-
able amount of Boron which shows a maximum resistance
towards corrosion. As the time increases (14 and 36 h) the
formed film starts to break into small patches which may be
the reason for the reduction in the charge transfer resistance.
The bode plots obtained for both the samples are shown in
Fig. 10b and d. The covered area of the curves in the bode

-0.05 (b)
010
-0.15
020

-0.25

Potential (V vs Agcl)

-0.30 4 -
8 Hrs Clad

-0.35 A #— 14 Hrs Clad| A
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Fig.6 Tafel graph obtained for a 0 h base and clad specimens, b 8, 14, and 36 h clad specimens
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Fig.7 a FESEM image of corroded surface, b Corresponding elemental mapping of 0 h base sample

Table 4 The elemental

compositions at the surfaces of Element CK OK SiK CrK MnK FeK Ni K BK Totals
S;flie(f:i’;fi?tlmens after BaseOh  Weight% 845 3885 062 471 039 4686 012 - 100.00
Atomic% 17.19 5933 054 221 017 2050 005 -
CladOh  Weight% 1374 198 217 1484 - 1028 3772 1926  100.00
Atomic% 2699 292 182 673 - 434 1516 42.04
Clad8h  Weight% 1674 132 372 417 - 1002 5858 546  100.00
Atomic% 4135 245 393 238 - 532 29.60  14.98
Clad14h  Weight%  4.83 140 139 37.03 - 1202 3288 1045  100.00
Atomic% 1344 292 165 2380 - 719 1871 3228
Clad36h Weight% 3170 142 130 779 - 875 3437 1468  100.00
Atomic% 5253 177 092 298 - 312 1165  27.03

plots is directly proportional to the resistance to corrosion
[49]. On comparing these figures, the cladded samples have
better resistance towards corrosion and among the different
time intervals, the 8 h cladded sample experiences a wider
area covered by the curves. Thus, it shows the maximum cor-
rosion resistance than other samples, due to the effect of the
formation of floret-like Cr-rich precipitates.

The corresponding electric equivalent circuit is schemat-
ically represented in Fig. 10d. R, and R represent the
resistance due to polarization and solution, whereas the
constant phase element is denoted as CPE. The elemental
parameter values calculated from the equivalent circuit for
both the samples are tabulated in Table 5. The value of Ry, is
directly proportional to the corrosion resistance. The higher
the R;, value, the greater will be the resistance towards corro-
sion [50, 51]. From Table 5, it can be inferred that the cladded
samples tend to have higher R, values compared to the base
sample. In addition, 8 h sample results in maximum R}, value
(32,312) than 0, 14 and 36 h sample. And also, Zeng et al. [52]

and Li et al. [53] proved that the Colmonoy coatings exhibit
higher R, values due to the formation of carbide and borides
precipitates and their results are similar to our results because
the cladded Colmonoy coatings have maximum R, values.
Thus from the Nyquist and Bode plots, the cladded sample
experiences a significant improvement in resistance towards
corrosion due to the effects of the laser cladded Colmonoy-5
particles.

3.5 Surface Roughness Evaluation

Surface roughness is a major key factor that influences the
corrosion resistance of the materials [54, 55]. This type of
analysis is carried out by calculating the surface rough-
ness value of both base and cladded samples, which in
turn decides the resistance towards corrosion. The 3D sur-
face plot and the corresponding Scanning Probe Microscopy
(SPM) images taken at the base and cladded region after
the cladding process are shown in Fig. 11a—d. From this, it
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Fig.9 Passivation film formation during the corrosion process, a Laser
cladded Colmonoy-5 layer, b Cr, C and B ions of the Colmonoy 5 reacts
with the oxygen ions, ¢ Passivation film formation on the Colmonoy 5
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Colmonoy 5 layer
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Colmonoy 5 layer

layer consisting of dark and floret like structures due to the Cr rich
carbide and borides, d Fragile patches leaves the surface

Table 5 Parameter values of

different elements used in EIS Duration Element Rs Rp CPE

analysis Parameter R R YO N
Base O h Value 12.586 125.39 0.0034998 0.61719
(x% = 1.1475) Estimated error (%) 2.776 4.923 9.929 4.077
Clad O h Value 10.51 1636.2 9.7027E-05 0.66577
(x% = 0.89456) Estimated error (%) 4.439 2.887 6.688 1.449
Clad 8 h Value 12.048 32.312 2.498E-05 0.75302
(x% = 0.30457) Estimated error (%) 2.507 2.520 2.298 0.476
Clad 14 h Value 9.3984 3429.3 6.2378E-05 0.69639
(x2 = 0.5687) Estimated error (%) 3.626 2.360 4.492 0.933
Clad 36 h Value 8.7586 1731.3 0.0001054 0.6262
(x% = 1.8602) Estimated error (%) 8.384 4.853 9.870 2.174

can be seen that the calculated roughness value at the base
region (19.4 nm) is very much higher than the roughness
value at the cladded region (4.69 nm). The cladded region
value is nearly one-fourth the value at the base region. This
reduced roughness value indicates that the Colmonoy-5 parti-
cles are evenly distributed during the cladding process. It also
defines that the formed passivation film has a finite structure
which results in a better surface finish in the cladded sample
[56].

For the corroded sample, the 3D surface plot and its 2D
graph obtained using the white light interferometer for both

the base and different time interval cladded samples are
shown in Fig. 12a—j. The calculated roughness values for the
base and cladded samples at various timings are tabulated in
Table 6. On comparing the roughness values of the O h base
(raw sample) and the cladded sample, the cladded sample
exhibits a reduced roughness value (0.5136+£0.0535 pwm)
than the base (0.8186+0.0793 pm). It proves that the
cladding process results in a significant reduction in the sur-
face roughness, thereby enhancing the corrosion resistance
property [57, 58]. On the other hand, the 8 h cladded sam-
ples show a minimum roughness value (0.3161 +0.0494 pum)
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Fig. 10 Nyquist and Bode plots obtained from the EIS for both base and the various timing treated cladded samples

than 14 and 36 h samples due to the formation of a bet-
ter surface consisting of chromium-rich borides. Further, the
cladded samples experience better surfaces with lower sur-
face roughness value and match with Jeyaprakash et al. [10].
For higher time intervals, the formed film becomes brittle
and starts to run away from the surface as patches, followed
by damaging the finite crystal structure. Hence the cladding
process improves the corrosion resistance of the samples.

@ Springer

Table 6 Roughness values of base and cladded surface after corrosion

test

Specimens Roughness value—R; (jvm)
Base—O0 h 0.8186+0.0793

Clad—0 h 0.5136+0.0535

Clad—8 h 0.3161 £0.0494

Clad—14 h 0.3998 +0.1229

Clad—36 h 0.4636+0.1918




Arabian Journal for Science and Engineering (2022) 47:8751-8767

8763

(a)

W) Mugeitotey

(0

s %
%% <

)

Qo) budeitodoy
B
T

(b) 738
oo
79
@

0.0000

Fig. 11 3D surface plot and the corresponding SPM images obtained at the base (a and b), the clad (¢ and d) before corrosion test

4 Conclusions

The laser cladding process was carried out by depositing
Colmonoy-5 particles on the SS410 substrate. The resulting
microstructures in the cladded samples were analyzed by the
FESEM technique followed by the corresponding elemental
mapping with the EDS. The nanoindentation, the microhard-
ness, and the surface roughness analysis were performed on
the corroded sample to evaluate its hardness and roughness
values at the three regions. In an electrochemical environ-
ment, the corrosion tests and EIS analysis were done for
the cladded samples to reveal their corrosion resistance. The
major conclusions of this work are as follows:

e The structural analysis reports that a uniform coating of
Colmonoy-5 particles was deposited on the SS410 sub-
strate. The cladding layer exhibited dark and floret-like
structures due to the presence of Cr-rich precipitates of
carbides and borides which was further confirmed by the
EDS analysis.

e From the nanoindentation study, the hardness of the sam-
ples has been evaluated. On comparing the base and

cladded samples, the cladded samples are found to expe-
rience a higher hardness than the base due to the existence
of chromium boride and carbide in the cladded region
and thus resulting in better wear resistance. The Vickers
micro indentation study also confirms that the clad region
exhibits a maximum value of hardness (720.88 HV) than
the base and interface regions.

The result of corrosion analysis reveals that the 8 h cladded
sample has the maximum corrosion resistance due to the
formation of stable passivation film without deforming the
finite crystalline structure of the cladded samples.

The Nyquist and Bode plots of EIS analysis consist of a
single loop where the cladded samples experience a major
resistance to corrosion due to the large arc radius. In addi-
tion, the equivalent circuit results in a high polarization
resistance for the 8 h sample which in turn confirms that
this sample provides a better resistance towards corrosion.
From the surface roughness analysis, it is evident that the
low roughness value is obtained for the cladded samples
compared with the base. And also, 8 h sample provides the
maximum resistance to corrosion due to the formation of
a fine surface consisting of Cr-borides.
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