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Abstract
This research explores the impact of variations in laser scanning speed and the incorporation levels of SiC-Ni-Co powders 
on Ti-6Al-4V alloy using laser surface cladding technique. Key parameters, including a consistent laser power of 700 W, 
a 4 mm beam spot size, a powder feed rate of 1.0 g/min, and a gas flow rate of 3 L/min, along with fixed powder composi-
tions, were maintained. The laser scanning speeds were adjusted to 0.4 m/min, 0.8 m/min, and 1.2 m/min. Microstructural 
analyses were carried out using scanning electron microscopy (SEM) while Vickers microhardness was employed to assess 
coating hardness, and corrosion properties were evaluated using a linear potentiodynamic polarization technique. Follow-
ing the corrosion attack, the protective oxides formed were identified through SEM and X-ray diffractometer (XRD). The 
results revealed a strong metallurgical relationship between the clad layer and the substrate, demonstrating the effectiveness 
of the laser-clad technique. Particularly, the highest laser scan speed exhibited the most significant improvements in hardness 
and corrosion resistance. The coatings displayed an average hardness value of 1269.20 HV0.1, a notable fourfold increase 
compared to the substrate's value of 334 HV0.1. Concerning corrosion, a clear correlation emerged between scan speed and 
polarization resistance, confirming that higher scan speeds could lead to enhanced polarization resistance.

Keywords  Laser surface cladding (LSC) technique · SiC-Ni-Co powders · Microstructure · Corrosion resistance · 
Ti-6Al-4V

1  Introduction

Titanium and its alloys have been extensively used in engi-
neering fields such as in aerospace structures, heat exchang-
ers and offshore platforms owing to their wide-ranging 
performances attributed to their low density, good strength-
to-weight ratio and corrosion resistance [1–4]. Despite the 
fact that titanium and its alloys are essential to the aerospace 
industry due to the aforementioned qualities, widespread 
non-aerospace (industrial) applications like chemical and 
offshore or marine systems have been made possible owing 
to titanium's excellent resistance to many highly corrosive 
medium, particularly oxide and chloride-rich environment. 
In addition, to increase the longevity and minimize costs 
for maintaining the service operations of titanium alloys 
in industrial applications, surface properties such as reac-
tive environments need to be improved [5]. According to 
Contu et al [6]. and Oliveira et al [7], the passive behav-
iour of Ti6Al4V alloy in sulphuric, and hydrochloric acids 
has been a major concern by many researchers. According 
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to Adesina et al [8], a feasible way of extending the range 
of titanium and its alloys applications is to employ surface 
modification dynamics. Contu et al [6] explained that when 
titanium alloy is submerged in sulphuric acid during appli-
cations, it is covered by a thin film of TiH2. According to 
Tiyyagura et al [9], hydride formation on the surface is usu-
ally not stable for lower over-potentials. In order to mitigate 
this challenge, there is a need to produce a surface that is 
deficient of such passive film layer. The laser cladding tech-
nique has emerged as an innovative solution and promising 
focal point in addressing challenges associated with inad-
equate surface properties. This method stands out due to its 
remarkable ability to generate coatings featuring a dense 
microstructure, low dilution, a restricted heat-affected zone, 
and robust metallurgical bonding with the substrates [10]. 
In addition to the aforementioned properties of laser clad-
ding, processing parameters including laser scanning speed 
can influence the ideal resulting microstructures and coating 
qualities. In fact, previous studies in the existing literature 
have confirmed that the two most important process param-
eters influencing the geometry and properties of laser clad-
ded coatings are laser power and laser scan speed [11, 12]. 
For instance, Wang et al [13] investigated the impact of laser 
scanning speed on the microstructure and characteristics of 
Fe-based amorphous/nanocrystalline cladding coatings. The 
outcome showed that as scanning speed progressed, the coat-
ing demonstrated the characteristics of greater hardness and 
improved resistance to corrosion. Tao et al. [14], also inves-
tigated the consequences of process factors on the working 
piece surface roughness during hybrid additive-subtractive 
manufacturing. The authors reported that with increasing 
laser scanning speed, the microstructure of the coated layer 
gradually becomes more refined, and its average microhard-
ness also rises. Yu et al [15] tried to modify the surface of 
the Ti6Al4V substrate by examining the impact of scanning 
speed. The outcome showed that due to the molten pool's 
shorter existence time and lower energy density, higher scan-
ning speeds enhance the coating's microstructure, enhanc-
ing its microhardness. Ni-Co alloy coatings, as opposed to 
Ni coatings or cobalt coatings, exhibit superior corrosion 
resistance characteristics, according to earlier investigations 
[16]. As an illustration, nickel slowly degrades in weak acids 
and becomes passive when a passive oxide coating forms 
in hostile media, while the superalloys used in gas turbine 
engines, anti-corrosive alloys, and catalysts for the chemical 
and petroleum sectors all contain cobalt as an addition [17]. 
According to Wang et al [18], nickel-cobalt additives have 
the ability to improve the corrosion resistance of titanium. 

Adesina et al [17], attempted to investigate the impact of 
laser scanning speed and the admixed fraction of reinforced 
Ni-Co powders on clad layer formation and Ti-6Al-4V prop-
erties. The research findings revealed that the laser-cladded 
coatings had improved qualities such as fine microstructure 
and good metallurgical bonding with the substrate, and 
inclusion of small holes in relation to the substrate. Adesina 
et al. [5], further investigated the role of phase composi-
tion and microstructure in the corrosion behaviour of laser-
based Ti-Co-Ni ternary coatings on Ti6Al4V alloy. It was 
revealed that the production of dense passive CoO, TiO, 
TiAl, Ni2TiO3, V2O5, and Al2O3 oxides on the sample sur-
faces increases the corrosion resistance of cobalt and nickel 
alloys on titanium.

Limited literature exists concerning the microstructural 
and corrosion characteristics of ternary coatings applied to 
Ti6Al4V alloy within a sulfuric environment. Xiong et al. 
[19], studied laser cladded Ti+SiC coatings on Ti6Al4V, 
whereas Wang et al [20], focused on investigating the effects 
of Ni60+Ti3SiC2 ceramic additions. Despite their contribu-
tions, both studies exhibit constraints regarding the micro-
hardness values acquired and the corrosion behavior of the 
cladded composite materials. Against this backdrop, this 
project is designed to address the potential degradation of 
the titanium alloy's surface when subjected to conditions 
that could compromise its integrity. The proposed solution 
involves the application of a SiC-Co-Ni ternary alloy coat-
ing using laser cladding methodology. The primary focus 
of this investigation revolves around the impact of varying 
laser scanning speeds on the microstructure and mechani-
cal properties of the coated samples. Additionally, the study 
investigated the electrochemical response of the clad com-
posites through the use of linear potentiodynamic polariza-
tion technique. This approach is aimed at comprehensively 
understanding the corrosion behaviour of the coated samples 
when exposed to a corrosive environment represented by 1 
M H2SO4.

2 � Experimental

2.1 � Materials and process

The substrate (Ti6Al4V) was supplied by TMS Titanium, 
Poway, California, USA with dimensions (50 ˟ 50 ˟ 5 mm), 
whose compositions are shown in Table 1. Prior to the laser 
cladding process and to lessen reflection and enhance laser 
absorption on titanium alloy, the alloy was sandblasted 

Table 1   Elemental composition 
of Ti6Al4V

Ti Al V Fe C O N

Bal. 6.16 4.01 0.11 0.007 0.10 0.005
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with silica grit sand and cleaned with acetone to remove 
any contaminant. The morphology in terms of SEM and 
EDS is shown in Fig. 1a and b respectively. Titanium is 
clearly identified as the predominant constituent, verifying 
its purity (depicted in Fig. 1b). In Fig. 1a, the alloy displays 
a distinct surface texture marked by dispersed, diminutive 
black pits and an overall grayish surface etching. As detailed 
by Liu et al. [21], the material structure encompasses both 
alpha and beta (α+β) phases. The grey α phase, possesses 
a hexagonal close-packed (HCP) crystal structure, while 
the β phase exhibits a body-centered cubic (BCC) crystal 
structure, presenting as a darker component. The α phase is 
stabilized by aluminum (Al), while the β phase is upheld by 
Vanadium (V) [22, 23].

For the cladding process, silicon carbide, cobalt, and 
nickel powders, each with a purity level of 99.9 percent 
and an average particle size ranging from 45 to 95 microns, 
were applied onto the substrate Ti6Al4V alloy. The SEM 
micrographs of the SiC, Co, and Ni powders are shown in 

Fig. 2a-c. In the pursuit of optimal consistency, a mixture 
comprising 60% SiC, 20% Co, and 20% Ni powders under-
went thorough premixing and homogenization within a Tur-
bula T2F shaker mixer at a rotational speed of 49 rpm for a 
duration of 8 hours. This meticulous procedure was under-
taken to heighten homogeneity and flow characteristics, thus 
averting any potential for nonuniform amalgamation due to 
powder agglomeration, which could lead to irregular powder 
flow behaviour.

2.2 � Processing of laser‑clad surfaces

A Rofin Sinar DY044 Continuous Wave Nd: YAG laser 
system, with a power output of 4.4 KW, and featuring a 
KUKA articulated arm robotic system, was employed for 
the cladding process. This involved applying a composite 
mixture of 60SiC-20Co-20Ni powders onto the Ti-6Al-4V 
alloy. These particles were included by adding them to the 
molten pool that the laser beam had formed as it scanned 
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Fig. 1   Morphology of Ti6Al4V in terms of (a) SEM and (b) EDS

(C

50 µm

Fig. 2   SEM micrograph of (a) SiC (b) Co (c) Ni powder
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over the substrate. The laser's processing parameters were 
set to its optimal values of 700 W of laser power, 1 g/min of 
gas flow, 4 mm of beam spot size, and 0.4, 0.8, and 1.2 m/
min of scan speed. In addition, previous studies established 
the limitations of titanium and its alloy as regards the poor 
thermal conductivity (17 W/MK), which is less than that 
of steel 40 (W/MK), and these limitations could result in 
contraction or thermal deformation of the alloy when energy 
intensity is high [24]. In addition, it is stated that when the 
energy density is too high for titanium alloys, it results in 
a larger band of HAZ, which alters the properties of laser 
cladding techniques as regards low dilution [25]. On the 
other hand, a lower laser power can effect a limitation of 
improper powder melting. Zhang et al [26], stated that less 
power could also cause incomplete mixing in the molten 
pool, resulting in poor metallurgical bonding or adhesion. 
In view of the aforementioned, the selection of the best laser 
processing parameters was considered.

Numerous clad tracks were deposited with 50% overlap at 
a 45° angle to the substrate to provide coatings with a wide 
surface area. During deposition, argon gas at a flow rate of 
3 L/min was employed to establish a non-oxidizing environ-
ment around the molten pool to prevent oxidation, given that 
titanium has a strong affinity for oxygenated environment. 
The laser cladding parameters used to produce 60SiC-20Co-
20Ni coatings on Ti-6Al-4V alloy are listed in Table 2. Fig-
ure 3 represents the cladded samples at laser speed of 0.4, 
0.8, and 1.2 designated with sample I, J, and K respectively.

2.3 � Characterization of produced laser‑cladded 
samples

For the laser cladding procedure, the coatings intended for 
microstructural assessment underwent a grinding regimen 
utilizing SiC grinding papers with grit sizes of P80, P320, 
P1200, and P4000. This grinding was executed using a Stru-
ers TegraForce-25 unit, which incorporated an automated 
diamond suspension dispenser. Following the grinding 
phase, the cladded samples were subjected to a polishing 
process. Initial polishing was performed on an MD-Largo 
platform, followed by a refining step utilizing an MD-Chem 
OP-S polishing cloth combined with Diapro diamond sus-
pension. Subsequent to polishing, the prepared cladded 
samples were subjected to etching using Kroll's reagent 

(composed of 92 ml H2O, 6 ml HNO3, and 2 ml HF). The 
etching duration was approximately 10 s, and its purpose 
was to attain distinct and precise visibility of the microstruc-
tural phases present within the samples.

The morphologies of the laser-clad coatings were stud-
ied using a FE-SEM JSM-7600F scanning electron micro-
scope (SEM), and the compositions of the elements were 
determined using energy dispersive spectroscopy (EDS). 
Intermetallic compounds were identified using a Philips 
PW1713 X-ray diffractometer (XRD) with monochromatic 
Cu-K radiation set at 40Kv and 20mA, while phase identi-
fication was performed using the Philips Analytical X'Pert 
High Scores program in conjunction with an internal (ICSD) 
database. The step size is 0.02° and the scan ranges from 10 
to 80 degrees at 2 theta.

2.4 � Hardness examination

The assessment of micro-hardness profiles for the cladded 
samples (both coating and substrate regions) was carried 
out employing the EMCOTEST Vickers Hardness Tester. 
The goal of this investigation was to clarify how heat input 
and cooling affected the material characteristics in the vari-
ous locations. Vickers hardness profile measurements were 
obtained with a bearing load of 100 gf (0.98 N) and a 10 
s dwell time on the cladded area's surface adjacent to the 

Table 2   Laser processing 
parameters used for the 
deposition of 60SiC-20Co-20Ni 
coatings on Ti-6Al-4V substrate 
alloy

Sample Coating Power (W) Laser scan 
speed (m/min)

Beam diam-
eter (mm)

Powder feed 
rate (g/min)

Gas 
flow (L/
min)

I 60SiC-20Co-20Ni 700 0.4 4 1.0 3
J 60SiC-20Co-20Ni 700 0.8 4 1.0 3
K 60SiC-20Co-20Ni 700 1.2 4 1.0 3

Fig. 3   As-cladded 60SiC-20Co-20Ni samples at different speed on 
Ti6Al4V alloy
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substrate. Following this, the average hardness value was 
calculated for each coating, derived from five separate inden-
tations made in close proximity on the 60SiC-20Co-20Ni 
cladded surface. This procedure was performed throughout 
the longitudinal axis of every single sample as well as on the 
coating's exposed surface.

2.5 � Electrochemical test

Samples designated for corrosion study were cut into dimen-
sions of 1 x 1 x 1 cm. Subsequently, an insulated copper wire 
was affixed to one surface and secured with aluminum tape. 
The prepared specimen was then positioned within a rubber 
mold, and a mixture of epoxy resin and catalyst was poured 
into the mold. After the cold mounting process, the speci-
men underwent grinding using 1200 grit SiC paper and was 
further polished with a 3 mm finish diamond suspension. 
Following this, the specimens underwent ultrasonic cleaning 
in ethanol before immersion in a 1 M H2SO4 acid solution 
to assess corrosion. Employing a three-electrode corrosion 
cell setup, the experiments utilized a saturated silver/silver 
chloride electrode (Ag/AgCl) as the reference electrode, a 
graphite rod as the counter electrode, and the sample as the 
working electrode. Electrochemical experiments were con-
ducted at room temperature using a computer driven Autolab 
potentiostat (PGSTAT302N) equipment connected to a com-
puter system. The in-built software, General-Purpose Elec-
trochemical Software (GPES) version 4.9 was employed to 
analyze the Tafel region and determine the electrochemical 
data; corrosion potential (Ecorr), polarisation resistance (Rp) 
and corrosion current (Icorr). The potentiodynamic polariza-
tion curves were generated with a scan range from -2.0 to 1.5 
V and a scan rate of 2 mV/s. Prior to the potentiodynamic 
polarization scan, the specimens were cathodically polar-
ized at -1000 mV for 5 minutes, followed by an open circuit 
potential measurement for approximately 60 minutes. To 
ensure repeatability, all tests were conducted in triplicate.

3 � Result and discussions

3.1 � Morphology analysis of 60SiC‑20Co‑20Ni 
coatings on Ti6Al4V

The SEM images of 60SiC-20Co-20Ni coatings deposited 
on Ti-6Al-4V substrates at laser scan speeds of 0.4, 0.8 and 
1.2 m/min are shown in Fig. 4. The overall development of 
the microstructure is governed by the relationship between 
the thermal field created during the laser-material interac-
tion and the crystal growth mechanism. This relationship 
accounts for the differences in morphology observed at dif-
ferent laser scan speeds. At a laser scanning speed of 0.4 m/
min (depicted in Fig. 4a), the microstructure displays the 
presence of three distinct phases. Notably, there are light 
secondary precipitates, primary eutectics with a gray hue, 
and darker precipitates situated along the grain boundaries. 
The dark precipitates along the grain boundaries signify 
zones enriched in carbon. At such low speed of material 
deposition, there is sufficient laser-material interaction time, 
leading to partial melting of hard SiC particles, and form 
a segregation of carbon-rich phases within the solidifying 
phase. This carbon enrichment arises due to the diffusion of 
carbon resulting from the dissociation mechanism of SiC. 
As a consequence of this dissociation, diverse carbon-con-
taining phases form, each possessing differing degrees of 
carbon solubility.

Within the melt pool, the carbon content increases, lead-
ing to the creation of carbon-rich compounds that remain 
meta-stable as the solidification process unfolds. The prev-
alence of the light precipitates could be attributed to the 
substantial energy imparted by the laser source. This high-
energy input facilitates the dissociation of SiC compounds, 
enables the kinetic transport of Si, C, Ni, and Co atoms, and 
contributes to the enthalpy-driven formation of new phases.

Figure 4b shows the SEM micrograph of 60SiC-20Co-
20Ni coatings fabricated on Ti-6Al-4V alloy at a laser scan 

Fig. 4   Morphology of clad sample at laser scan speed of (a) 0.4 m/min (b) 0.8 m/min (c) 1.2 m/min
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speed of 0.8 m/min. With reference to Fig. 4a, b displays 
smaller grains and larger proportions of dark and grey pre-
cipitates. Increased laser scan speed leads to reduced laser-
material interaction time and increased solidification rate. 
Consequently, smaller grains are formed due to insufficient 
time for grain growth (Light-coloured precipitates appear 
smaller).

Figure 4c shows a different morphology compared to 
Fig. 4a and b. The microstructure is characterized by equi-
axed, or globular grains discerned as the appearance of 
titanium and carbon-rich zone. Dey et al [27], observed 
equiaxed grains in a study that employed B4C and SiC as 
precursor on Ti-6Al-4V alloy by laser cladding and was 
found to be enriched with titanium and carbon. A rationale 
behind the formation of this feature is the fragmentation of 
the secondary dendrite arms during solidification [28]. The 
generation of equiaxed grains can also be attributed to both 
grain detachment and heterogeneous nucleation due to the 
flow in the molten pool at higher scan speed [29]. However, 
according to Luo et al [30], the equiaxed or globular micro-
structure has a superior balance of strength and ductility.

The resultant effect of varying scan speeds can be inferred 
from the SEM micrographs. There is a transition from plate-
like grains to globular equiaxed grains with increasing scan 
speed. When the laser scan speed increased, due to the 
reduced laser-material interaction time, there is a reduction 
in the laser energy input to the melt pool and correspond-
ing decrease in heat accumulation within the pool. This 
increases the cooling rate of the melt pool, and influences 
the size and shape of the crystal grains, refining the grains 
from columnar structure to globular patterns [31].

3.2 � Intermetallic regions

Figure 5a, b and c represent the microstructure of the inter-
metallic regions between the substrate and the coatings of 
the cladded sample at scan speed of 0.4, 0.8, and 1.2 m/
min. As observed, the morphologies of the samples com-
prise clad zone (Coating), transition zone (interfacial zone 
and Heat affected zone), and base material (Substrate). Due 
to variation in laser scan speed and corresponding solidi-
fication rates, different features were revealed within the 
microstructure of the laser-assisted cladded coatings [32]. 
It is observed that the interfacial zone showed distinct 
band width, which can be attributed to the increasing ultra-
chilling effect as laser scanning speed increases. The SEM 
micrographs revealed a refinement in grain of the coatings 
up to the level of a globular grains as the laser scanning 
speed increases (Fig. 5b and c). This is owed to the presence 
of carbon-rich zone represented by dark precipitates along 
the grain boundaries. As carbon diffuses from the dissocia-
tion mechanism of SiC, the carbon content within the melt-
pool increases with increasing scanning speed and forms 

enriched carbon compounds that are meta-stable as solidi-
fication proceeds. This can be linked to the laser-material 
interaction period, as laser scan speed of 1.2 m/min resulted 
to a reduced laser-material interaction period, higher cool-
ing rate and increased nucleation rate with corresponding 
formation of smaller grains within the coatings, after the 
solidification process. The presence of carbon-rich zones 
often correlates with the formation of carbides, which can 
contribute to increased hardness in the coating. Also, the 
precipitation of carbide phases may act as barriers against 
corrosive elements, contributing to the overall corrosion 
resistance of the coated substrate. Furthermore, in line with 
the work of Qin et al [33] and Chen et al [16], the thinner 
heat affected zone band width observed in this study can be 
as a result of the thinner layer of the substrate melted with 
limited penetration of Co-Ni atoms into the surface layer 
of substrate. The equiaxed-shaped microstructure in Fig. 5c 
is enriched with titanium and carbon [27] and can be owed 
to the solidification rate as the melt pool cools rapidly with 
higher laser scanning speed. Further observations revealed 
that there were no pores at the interfacial zone of sample I, 
J, and K. this means that the thermal stress induced by the 
laser within the material had no effect on the zone regardless 
of the laser scan speed.

3.3 � Microhardness analysis

Different combinations of laser scanning speed during laser 
processing were used to measure the microhardness of the 
substrate and coatings. As depicted in Fig. 6, the microhard-
ness values of 60SiC-20Co-20Ni coatings displayed higher 
values with respect to the hardness of the substrate which 
has a value of 345.2 HV0.1. The hard nature of the SiC-Co-
Ni admixed compound of the coatings could be responsible 
for the increase in microhardness of the samples. Dey et al. 
[27], reported an increase in hardness of Ti6Al4V substrate 
when coated with B4C and SiC using laser technique. Sam-
ple K, processed at a scanning speed of 1.2 m/min, yielded 
the most robust coating with a remarkable increase of 
105.14% in hardness compared to the substrate's hardness. 
The globular grains formed at higher laser scanning speeds, 
are key contributors to the enhanced hardness. Smaller grain 
sizes, as seen in the coatings processed at higher scanning 
speeds, are associated with increased hardness due to a 
higher volume fraction of grain boundaries, which act as 
barriers to dislocation movement, thereby resisting plas-
tic deformation. The microhardness enhancement, espe-
cially in the sample processed at a scanning speed of 1.2 
m/min, can be attributed to the rapid solidification rates. 
The use of 1.2 m/min laser scanning speed influences the 
microstructural integrity and fosters a stronger metallurgi-
cal bond between the coating and substrate. According to 
Baicheng [26], Wang et al. [34] and Hainsworth et al. [35], 
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the strong bond is crucial for the transmission of load and 
stress between the coating and substrate, thereby enhanc-
ing the overall hardness of the composite material. Thus, 
the highest hardness value observed in coating produced at 
a laser scanning speed of 1.2 m/min. Similar results were 
reported by Yu et al [15].

3.4 � Corrosion behaviour of coatings in 1 M H2SO4

Figure  7 represents the potentiodynamic polarization 
curves of the substrate and coatings in 1 M H2SO4, while 
Table 3 displays the electrochemical characteristics deter-
mined from Tafel line extrapolation, including corrosion 

Fig. 5   SEM showing interfacial zone between coatings of 60SiC-20Co-20Ni clad samples at (a) 0.4 m/min (b) 0.8 m/min (c) 1.2 m/min
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potential, corrosion rate, and corrosion current density. 
Since a significant potential energy is needed to degrade 
or corrode the alloy, samples with high corrosion poten-
tials had a lower propensity to do so [36]. High positive 
potentials are evidence of the sample's surface spontane-
ously passivating. Figure 7 illustrates that all samples, 
including the substrate, exhibit a similar trend in both the 
anodic and cathodic branches (comparable polarization 
curves), with the exception of the sample produced at a 

Fig. 6   Micro-hardness of 
60SiC-20Co-20Ni cladded layer 
under various scanning speeds

Fig. 7   Polarization curves of 
laser deposited 60SiC-20Co-
20Ni ternary coating with 
substrate in 1 M sulphuric acid

Table 3   Corrosion test data for 60SiC-20Co-20Ni ternary coating

Sample Ecorr, (V) Icorr (A/cm2) Polarization 
resistance Rp 
(Ω)

Corrosion 
rate (mm/
year)

Substrate -0.39 9.5E-03 59.3 0.652
Speed 0.4 -0.30 2.7E-04 118.63 0.023145
Speed 0.8 -0.29 2.2E-04 157.93 0.018905
Speed 1.2 -0.20 9.8E-05 234.88 0.008445
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scan speed of 1.2 m/min, which displayed a more noble 
potential. Additionally, the samples demonstrate fluctua-
tions in the passive region, featuring a significant shift in 
current (current disruption, i.e., transition from active to 
passive behaviours) between -0.3 to 0.2 V, followed by a 
more stable passivation curve. Notably, the active-passive 
phenomenon was not observed for the sample produced 
at 1.2 m/min, possibly attributed to phases formed at the 
faster laser scan speed affecting the surface chemistry in 
1 M H2SO4.

The corrosion behavior of the coating may also be influ-
enced by the presence of Si, Co, and Ni content. Table 3 
reveals that the corrosion current density (Icorr) and cor-
rosion potential (Ecorr) for the sample produced at 1.2 m/
min were 9.8×10-5 A/cm2 and -0.2 V, respectively, while 
the substrate's Icorr and Ecorr were 9.5×10-3 A/cm2 and 
-0.39 V, respectively. The highest polarization resistance 
is 234.88 Ω for the coating at a scan speed of 1.2 m/min, 
and the lowest was found at a speed of 0.4 m/min with a 
resistance of 118.63 Ω. The polarization resistance of the 
as-received substrate is 59.3 Ω. There is also a noticeable 
correlation between scan speed and polarization resist-
ance, indicating that an increase in scanning speed results 
in higher polarization resistance. The improved corrosion 
resistance of sample coated at a laser scan speed of 1.2 
m/min could be attributed to its fine grain size as shown 
Fig. 4c. Finer grains possess a higher density of grain 
boundaries and promotes formation of homogeneous and 
continuous layer of passive oxides, which act as barri-
ers to the diffusion of the corrosive species, consequently 
hindering the propensity for severe corrosion. This aligns 
with the findings of Adesina et al. [5], who reported an 
increase in corrosion resistance of ternary coating on 
Ti-6Al-4V at a laser scanning speed of 1.2 m/min. In sum-
mary, the corrosion response of all coatings is contingent 
on the laser processing parameters.

3.5 � Phase (XRD) analysis after corrosion attach in 1 
M of sulphuric acid

Figure 8 illustrates the phases present in 60SiC-20Co-
20Ni ternary coatings after corrosion in 1 M H2SO4 
solution with respect to the varying scanning speed. The 
diffraction spectrum of the cladded samples shows the 
presence of protective oxide layers such as TiO, NiO, 
and SiO after the corrosion attack on the samples. NiO 
protective oxide is observed to increase in phase intensity 
as the scanning speed increases, this is an indication that 
the presence of nickel in the admixed powder played an 
important role in reducing the corrosion rate of the clad-
ded samples as seen in Fig. 7. An important observation 
to make is that, regardless of the varying laser scanning 
speeds, titanium oxide (TiO) consistently dominated the 

composition of all the coatings. This serves as evidence 
that the energy density delivered by the laser beam in 
this study was sufficient to induce the melting of the sub-
strate material, leading to the release of Titanium oxide 
from the substrate itself. In essence, the preeminent 
constituents across the coatings, as evident in the phase 
peak presented in Fig. 8c, are titanium, nickel, and their 
corresponding protective oxides (TiO and NiO). This 
prevalence can be attributed to the exceptional shield-
ing properties, stability, corrosion resistance in aggres-
sive environments, and high catalytic activity exhibited 
by these elements in various electrochemical processes. 
In support of this, Ibrahim et al [37] reported that NiO 
serves as a robust reinforcing material with remarkable 
corrosion resistance attributes. Furthermore, according to 
Prando et al [38], titanium boasts exceptional corrosion 
resistance due to its capacity to form an innate exterior 
oxide layer that acts as a protective barrier.

Based on the polarization analysis, it becomes evident 
that the 60SiC-20Co-20Ni ternary coating, deposited on 
Ti-6Al-4V at a laser speed of 1.2 m/min, demonstrates the 
highest polarization resistance. To investigate the impact 
of this specific laser scanning speed on the corroded sur-
face, an SEM micrograph of this sample was captured. 
As illustrated in Fig. 9, the micrograph reveals complex 
surface features, including the presence of oxide layers. 
Upon closer examination, it is evident that the surface 
exhibits localized areas of attack, characterized by irregu-
larities and the formation of cracks within the oxide layer. 
The observed morphology suggests the formation of a 
non-homogeneous and potentially defective passive oxide 
film, which may serve as initiation sites for localized 

Fig. 8   XRD spectrum of 60SiC-20Co-20Ni coating after corrosion 
attack of sample (a) I (0.6 m/min) (b) J (0.8 m/min) (c) K (1.2 m/min)
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dissolution. This phenomenon can be attributed, in part, 
to the chemical composition and the admixed proportion 
of the coating alloy. The interaction between the alloy 
constituents and the corrosive environment likely con-
tributes to the variability in oxide layer morphology and 
the propensity for localized corrosion. While the surface 
does exhibit oxide layers, the characterization reveals a 
complex interplay between surface features and corrosion 
behavior [39].

The structural phases within Co-Ni coatings encom-
pass FCC for pure nickel, HCP for pure cobalt, and a 
combination of FCC and HCP phases as the cobalt per-
centage increases [40, 41]. The collaborative influence of 
Co-Ni elements, which enhance passivation, contributes 
to the fortification of passive oxide layers, consequently 
elevating the coatings' resistance to corrosion. The pres-
ence of these protective passive oxides serves as a shield 
against corrosion attacks, effectively lowering the cor-
rosion rate.

However, in the case of sample K (Fig. 9a), localized 
pitting corrosion is evident as shown in Fig. 9b. This phe-
nomenon can be attributed, at least in part, to the aggressive 
nature of the sulfuric acid environment, which leads to the 
deterioration of passive oxides as the electrochemical cur-
rent density rises. Pitting corrosion is a form of localized 
corrosion that can manifest on passivated surfaces due to 
the impact of environmental factors [42].

Moreover, the appearance of cracks and pitting corro-
sion in sample K can be attributed to the inherently brittle 
nature of nickel and the presence of silicon oxide on the 
surface. Additionally, variations in chemical composition 
at grain boundaries may have contributed to the observed 
phenomena, potentially exacerbating the susceptibility to 
corrosion and mechanical failure in these regions. Dur-
ing corrosion, micro-galvanic passive oxides are formed, 
which serves as inert physical barriers, inhibiting the ini-
tiation of corrosion or the further expansion of corrosion 

products, particularly in the context of a sulfuric environ-
ment after corrosion [39].

4 � Conclusion

The present study has effectively integrated SiC-Co-Ni ter-
nary coatings onto the surface of Ti6Al4V through the uti-
lization of the laser cladding technique under varied laser 
scanning speeds of 0.4, 0. 8, and 1.2 m/min. The following 
deduction were made from the findings of this work.

•	 SEM micrographs revealed that increasing laser scan 
speed leads to reduced laser-materials interaction time 
and increased solidification rate, resulting in the formation 
of smaller grains due to insufficient time for grain growth. 
Therefore, as the laser scanning speed escalates from 0.4 
to 0.8 m/min, a finer grain growth pattern emerges. At 
a laser scanning speed of 1.2 m/min, the solidification 
process results in the fragmentation of secondary dendrite 
arms, leading to the formation of equiaxed-like globular 
grains. This phenomenon is discerned through the appear-
ance of titanium and carbon-rich zones.

•	 Microhardness analysis indicates a progressive rise in 
the hardness of the cladded samples as the laser scanning 
speed increases. Among the samples, sample K produces 
the most resilient coating, featuring a notable 105.14% 
augmentation in hardness compared to the substrate. This 
is attributed to the development of globular grains.

•	 In terms of electrochemical behavior, the sample denoted 
as K exhibits the highest polarization resistance (Rp) at 
234.88, accompanied by the lowest corrosion rate (Cr) at 
0.008445 mm/yr. Thus, for enhancing the corrosion per-
formance of Ti-6Al-4V within an H2SO4 environment, 
the superiority lies with the 60SiC-20Co-20Ni ternary 
coating at a laser scanning speed of 1.2 m/min.

Fig. 9   (a) SEM micrograph of 
the clad sample at a laser speed 
of 1.2 m/min and (b) High mag-
nification image of the selected 
region in (a), after corrosion 
resistance
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