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Recent advances in titanium alloy applications in the offshore industry have been realized through the
development of laser surface modification technique. The distinctive outcome of this technique has pro-
vided increase in the utilization of titanium in offshore drilling risers for special drilling operations and
various subsea and tubing applications. In this work, surface mitigation and corrosion degradation of tita-
nium alloy in aggressive sulfuric acid were investigated using electrochemical technique (linear potentio-
dynamic polarization) while the surface characterization (morphology) and phases of the resultant
coatings were analyzed using X-ray diffractometry (XRD) and scanning electron microscopy (SEM).
Prior to that, laser surface technique was used to fabricate Nickel-based powder on the substrate (Ti-
6Al-4V). Results revealed that laser clad sample with high scan speed was more effective in improving
the corrosion resistance compared to low scan speed. The enhanced corrosion resistance with high laser
scan speed has been attributed to the presence of hard intermetallic compounds in the metallic coating.
� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Sympo-
sium on Nanostructured, Nanoengineered and Advanced Materials.
1. Introduction

Titanium (Ti-6Al-4V) alloy has extensive application in marine
and petro-chemical industries due to its high specific strength
and good corrosion resistance properties [1]. The good corrosion
resistance of Ti-6Al-4V alloy in a wide variety of environment such
as saline, halides and in most oxidizing environment has been
attributed to the stable, high adhere and continuous protective film
known as TiO2 passive film oxide. The oxide layer can be rapidly
and spontaneously formed on the surface, which protects Ti-6Al-
4V from deterioration. According to Contu et al. [2], whenever
there is any amount of air or water in a process steam, the oxides
film forms and protects the metal from attack and if the film is
damaged, the metal surface instantly repair itself. This resistance
justifies its use in tubing for heat exchanger and steam raising
industries. However, passive behavior of Ti-6Al-4V alloy in
sulphuric and hydrochloric acid has been a major concern by many
researchers [2].

Researchers have hypothesized that the corrosion or passive
behaviour could be influenced by the presence of intermetallics,
reactive oxides during laser deposition as well as the reductive
and oxidative reactions between the coatings and the medium.
For illustration, Mogoda et al. [3] investigated the anodic dissolu-
tion of Ti-6Al-4V in sulphuric acid. The authors found that Ti-
6Al-4V alloy dissolved directly as Ti3+ without any soluble oxide
formed on the surface. Surface modification techniques such as
laser cladding technique have been employed to fabricate coatings
with advanced mechanical and corrosion properties in metal sur-
face improvement [4]. Laser cladding is surface melting process
in which the laser beam is used to fuse an alloy addition onto a
substrate. The addition of Ni [5] in laser cladding of Co is expected
to produce complex phases of CoNi intermetallic with a wide range
of superior and functional properties. Ni possess very excellent cor-
rosion resistance due to its abilities to form oxide layers while the
cobalt has exceptional corrosion resistance in acidic environment
(that is, preventing the dissolution of the passive oxide), high resis-
tance to oxidation, nitriding, and sulfidation [6]. Thus, the need to
produce a modified surface via reinforcing that is deficient of such
terials.
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passive film layer. This research centered on the electro-chemical
behavior and phase composition of Ni – based laser coatings on
Ti-6Al-4V Alloy.
2. Experimental

2.1. Materials and coating preparation

In this study, Ti-6Al-4V plates were used as substrates
(50 � 50 � 5 mm). The substrates were sandblasted by spraying
themwith SiO2 grit sand and cleaned with acetone before exposure
to laser beam to influence absorptivity of the laser beam radiation.
LSC experiment was carried out using a continuous wave 4.4 kW
Rofin Sinar Nd:YAG laser. The processing parameters used were
30Co-70Ni ad-mixed, laser power of 900 W; scan speed of 0.6–
1.2 m/min; powder feed rate 1.0 g/min; beam spot size 3 mm;
gas flow rate 1.2 L/min. In the course of laser cladding process,
the molten pool was protected by argon gas flowing at 3 L/min.
This was done in order to prevent oxidation as Ti has high affinity
for oxygen.
2.2. Microstructural characterization and corrosion measurement

The microstructures of the laser clad coatings were analyzed by
scanning electron microscope (FE-SEM JSM-7600F) while the
phases were examined using Philips PW1713 X-ray diffractometer
(XRD) fitted with monochromatic CuKa radiation set at 40Kv and
20 mA, while phase identification was done using Philips Analyti-
cal X’Pert High Scores software fitted with an in built (ICSD) data-
base. The electrochemical behavior of the specimen was studied
0.5 M H2SO4 environment at room temperature using the potentio-
dynamic polarization method at scan rate of 2 mV/S starting from
�1.0 V (with respect to the OCP) to about 1.2 V. Platinum rod was
used as the counter electrode and a silver/silver chloride (3 M KCl)
as the reference electrode (SSE). The electrochemical parameters
were calculated by analyses of the Tafel region using the General
Purpose Electrochemical Software (GPES) version 4.9.
Fig. 1. Scanning Electron Microgra

Table 1
Potentiodynamic polarization data of samples in 0.5 M H2SO4.

Laser Parameters Ecorr, Calc (V) Ecorr, Obs (V) Jco

Control �0.24539 �0.26757 0.0
30Co/70Ni0.6(900) �0.06576 �0.18997 2.2
30Co/70Ni1.2(900) 0.34853 0.19491 8.1
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3. Results and discussion

3.1. Microstructure analyses

Fig. 1 shows the SEM micrograph of the substrate with EDS; the
EDS revealed the Ti, V and Al as elements present in the substrate
with Ti as the major constituent. From the micrograph of the
Ti6Al4V alloy, the background is the primary alpha phase while
the whitish looking substances are the lamellar transformed beta
phase.

Fig. 2a and b presents the microstructural evolution of synthe-
sized 30Co/70Ni coatings at 0.6 m/min and 1.2 m/min both at
900 W. The different in microstructural evolution of the synthe-
sized coatings are brought by the variation of scan speed which
mostly results in unique solidification rates, thus leading to the
development of different unique micrographs as observed in
Fig. 2a and b. Both fabricated coatings resulted in non-
homogenous grains, free from pores and cracks or no initiation of
stress. Larger grain size is seen in Fig. 2a could be attributed to
slow scan speed which resulted in the sample been subjected to
heat for a longer period of time while on the other hand, Fig. 2b
was subjected to fast cooling of the melt pool and there was less
time for grain growth, hence the micrograph indicates small grain
size and also the formation of dendritic grain shape.
3.2. Microstructure after corrosion test

Fig. 3 shows the SEM morphologies of the Co-Ni coatings after
corrosion. More dense passive oxide layers could be observed
mostly on higher scan while thin film was observed on lower scan
speed. According to Sharifi and Ghorbani [7], Co-Ni coatings has
different structural phases consisting of FCC for pure nickel, HCP
for pure cobalt as well as FCC and HCP phases as cobalt content
increases. The passive oxide layers aid corrosion resistance of the
coatings as a result of simultaneous effects of Co-Ni elements
which increase passivation [8,9]. Formation of micro-galvanic pas-
sive oxides on the surface of the coating after corrosion helps to
inert physical barriers to the corrosion initiation or further growth
ph and EDS of Ti6Al4V Alloy.

rr (A/cm2) icorr (A/cm2) CR (mm/yr) Rp (X.cm2)

0016067 0.00016067 1.3855 627.35
8E�05 2.28E�05 0.19642 919.88
3E�09 8.13E�09 7.01E�05 3.82E+07
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Fig. 2. Surface coating of: (a) 30Co/70Ni at 0.6 m/min and (b) 30Co/70Ni at 1.2 m/min.

Fig. 3. SEM Micrographs of the Coated Samples after Corrosion (A) 30Co-70Ni �0.6 (B) 30Co-70Ni �1.2.
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of corrosion products associated with sulphuric environment [10].
The presence of Titanium hydride exhibits excellent corrosion
resistance in aggressive solutions and a high catalytic activity for
several electrochemical processes [11]. In addition, Obadele et al.
[4] explains that the chemical inertness of NiTi alloys as shown
in Fig. 5 has the exceptional corrosion resistance due to the forma-
tion of a protective oxide layer preventing direct contact of the
alloy with its environment.
3.3. Electro-chemical analysis

3.3.1. Open-circuit potential (OCP) analysis
A sequence of electrochemical tests was conducted to estimate

the chemical stability of the Ti6Al4V substrate, laser clad
30Co/70Ni at 0.6 m/min and laser clad 30Co/70Ni at 1.2 m/min
scan speed. These were the open circuit potential (OCP) in Fig. 4a
and potentiodynamic polarization experiments in Fig. 4b. The
OCP test showing a plot of potential against time in Fig. 4a indi-
cates the corrosivity/passivity behaviour of the test samples. This
was conducted at ambient temperature for the three samples in
0.5 m H2SO4 solution. The Potentiodynamic polarization data of
samples in 0.5 M H2SO4 is presented in (Table 1). From Fig. 4a, it
was observed that the potentials curves show a similar pattern
Please cite this article as: O. S. Adesina, M. Oki, G. A. Farotade et al., Effect of nic
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for the substrate and the laser clad 30Co/70Ni at 0.6 m/min and
1.2 m/min. A steady-state (stable) OCP values were quickly
obtained from the beginning of the tests and its progress almost
linearly for the 2 h duration of the experiments. This suggests that
the potentials for the three samples reached the quasi-stationary
values within the first few minutes of the study [12]. The observa-
tion suggests that there were rapid formation and growth of oxide
film on the surface of the samples. Meanwhile, the film oxide
formed on the surface of clad 30Co/70Ni at a scan speed of
1.2 m/min displayed the most positive potential value. This is in
comparison with the substrate and the alloy that was clad with
30Co/70Ni at a scan speed of 0.6 m/min. The closeness of the cor-
rosion potential value to the positive pole suggest the formation of
a protective passive film (stable oxide film). Therefore, the dissolu-
tion of metal is suppressed, and the corrosion rate is reduced
through the barrier layer formed by the passive film [13,14]. On
this basis using 0.5 m H2SO4 solution, the Ti6Al4V alloy clad with
30Co/70Ni at a scan rate of 1.2 m/min possess better corrosion
resistance property.
3.3.2. Potentiodynamic polarization study
Fig. 4b illustrates the potentiodynamic polarization curves of

30Co/70Ni laser cladded on Ti-6Al-4V substrate at scan speeds
kel-based laser coatings on phase composition and corrosion behaviour of
oi.org/10.1016/j.matpr.2020.04.671
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Fig. 4a. Open-circuit potential (OCP) versus time of the Ti6Al4V substrate and laser
clad 30Co/70Ni at 0.6 m/min and 1.2 m/min.

Fig. 4b. Potentiodynamic polarization curves of Ti6Al4V substrate and laser clad
30Co/70Ni at 0.6 m/min and 1.2 m/min.

Fig. 5. X-ray diffraction analysis of laser Clad 30Co-70Ni clad samples.
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0.6 and 1.2 m/min both at laser power of 900 W. An increase in
laser scan speed resulted in corrosion current density of the fabri-
cated coatings declining from 2.28E to 05 mA to 8.13E-09 mA, thus
revealing the effect of laser speed on corrosion current of 30Co-
Please cite this article as: O. S. Adesina, M. Oki, G. A. Farotade et al., Effect of nic
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70Ni alloy. The polarization resistance (Rp) recorded is in accor-
dance with the visual behavior plot, where, 30Co-70Ni deposited
at 1.2 m/min exhibited a positive shift in polarization potential
and a decreased corrosion rate of 7.01E-05 mm/yr compared to
30Co-70Ni deposited at 0.6 m/min with a higher corrosion rate of
0.19642 mm/yr. From the Fig. 4b, there is a slight passivation trend
over the range of potentials for the substrate on the anodic branch.
However, Ti-6Al-4V is known to form protective film on the alloy
surface which turns to slow down/stop accelerated electrochemi-
cal surface deterioration [15,16]. The anti-corrosion of fabricated
coatings may be linked to simultaneous effects of important fac-
tors, for instance chemical composition, phase structure, grain size
and preferred orientation [10]. As shown in Fig. 3, the grain bound-
aries show no sign of micro pores, no cracks and intermediate
homogeneity of the fabricated is displayed on both 0.6 m/min
and 1.2 m/min samples. 30Co/70Ni at 0.6 m/min is represented
by Ti2Ni, TiH, NiTi, NiH, NiTiH and TiCoH phases as shown Fig. 5.
3.4. Phase (XRD) analysis after corrosion test

The XRD patterns displayed in Fig. 5 clearly shows that the
phases formed in these coatings differ significantly, as a result of
varying laser parameters. The XRD spectrum revealed phases of
by Ti2Ni, TiH, NiTi, NiH, NiTiH and TiCoH. Intermetallic phases of
NiTiH and Ti2Ni were identified as dominant phases in the spec-
trum. Weng et al. [17] stated that high energy radiated by the laser
beam lead to molten powders interactions with substrate, thereby
yielding complex chemical reactions. Consequently, emanation of
Ti and other alloying elements from the substrate at both scan
speeds indicates sufficient energy intensity to encourage intense
material diffusion and mixing between the substrate and the coat-
ing [18].
4. Conclusion

Corrosion behavior and phase composition of Ni – based laser
coatings on Ti-6Al-4V Alloy have been investigated. Based on the
results obtained from the study, the following conclusions could
be drawn:

1. Coatings produced a crack free, dense and strong metallurgical
with significant effect on the corrosion properties.

2. XRD analysis confirms the presence of phases of Ti2Ni, TiH, NiTi,
NiH, NiTiH and TiCoH phases. The formation was as a result of
high energy radiated by the laser beam lead to molten powders
interactions with substrate, thus yielding complex chemical
reactions.

3. Laser clad coatings exhibited active–passive behavior in sulfuric
environment. Higher scan speed enhanced the corrosion resis-
tance by formation of more dense passivity.
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