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Abstract
The goal of this work is to improve the Ti–6Al–4V alloy's hardness and tribological behavior. Coaxial laser surface clad-
ding was used to develop intermetallic layers of nickel (Ni), cobalt (Co), and titanium (Ti). Laser power of 900 W, beam 
spot size of 3 mm, powder feed rate of 1.0 g/min, and gas flow rate of 1.2 L/min are the optimized parameters used for 
laser depositions. The laser scan speeds were adjusted between 0.6 and 1.2 m/min. Investigations were conducted into the 
effects of powder admixture and laser parameters on the fabricated coatings' microstructure, tribological behavior and 
hardness. X-ray diffractometry (XRD), energy dispersive spectroscopy (EDS) with Scanning electron microscopy (SEM) 
was employed for the characterization of the microstructural evolution and phase identification, respectively. Additionally, 
the tribological experiment was conducted via UMT-2 –CETR reciprocating tribometer, and the coatings’ micro-hardness 
characteristics were examined using EmcoTEST DURASCAN. The micrographs exhibit no signs of porousness, cracks, 
or stress introduction, according to the results. For every manufactured sample, good metallurgical adhesion was obtained. 
By comparing the hardness of the ternary coating (Co–Ni–10Ti deposited at a scan speed of 1.2 m/min, with a hardness of 
980 HV) to the substrate (Ti–6Al–4V, with a hardness of 330 HV), a hardness increase of approximately 2.96 times was 
observed. Furthermore, the Co–Ni–10Ti coating, deposited at a scan speed of 1.2 m/min, demonstrated a 51.1% reduction 
in the coefficient of friction (COF) compared to the base alloy, indicating superior anti-wear performance. The enhanced 
properties are attributed to the formation of hard intermetallic compounds such as Ti–Co,  Co2Ti,  Al5Co2, and Ni3Ti, along 
with their uniform distribution and finely tuned grain sizes.

Keywords Ti–6Al–4V alloy · Ti–Co–Ni powders · Material cladding · Hardness · Advanced manufacturing · Wear 
resistance · Microstructure

1 Introduction

Ti–6Al–4V alloy exhibits outstanding qualities that make 
it highly suitable for a range of engineering applications, 
including those in the automotive, marine, aerospace, and 
petrochemical industries. These attributes include good 
corrosion properties and its specific strength-to-weight 
ratio [1–5]. Due to its low hardness and poor wear resist-
ance, Ti–6Al–4V alloy is only suitable for non-friction 
applications, despite its high strength making it suitable 
for components development for engineering purposes and 
in mechanical system’s movable parts [6–9]. For instance, 
under contact load and relative motion, Titanium and its 
alloy-based technical materials are prone to breaking or 
denting on the surfaces [10].
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Titanium alloys are increasingly used in industry. This is 
due to their excellent combination of high specific strength 
and heat resistance between 400 °C and 600 °C. These alloys 
exhibit great corrosion resistance in most cases [11], and 
due to their limited heat conductivity and tendency to fuse, 
titanium alloys are challenging to machine. Using a modern 
manufacturing technique called laser metal deposition, large, 
complicated items can be produced with little to no need for 
welding or machining [12].

Because titanium alloy is typically utilized in aerospace 
applications, the deposited pieces' fatigue qualities are cru-
cial. A significant disadvantage of surface roughness is that 
it concentrates stress and creates sites for crack formation, 
which reduces fatigue performance [13]. It has been deter-
mined that the primary contributors to titanium's low tribo-
logical resistance and higher friction coefficient are linked 
to its crystal lattice-atomic structure, ability to resist plastic 
deformation, and the low tensile strength of the  TiO2 film 
which develops on the exterior part of the material [14–16].

The use of laser surface cladding to transform the surface 
of alloys is growing in popularity as a means of overcom-
ing the limitations of Ti–6Al–4V alloy and not affecting 
the substrate bulk’s characteristics [7, 17]. Consequently, 
the wear resistance and surface hardness of the Ti–6Al–4V 
alloy will significantly improve for new industrial applica-
tions [18, 19]. Laser cladding coatings have advantages over 
other surface modification methods like thermal spraying, 
cold spraying, physical vapor deposition (PVD) spraying, 
and magnetic sputtering. These advantages include dense 
microstructure, little thermal deformation, heat-affected 
zone (HAZ), and excellent metallurgical fusion of the metal 
alloy and materials for coating [20–22].

The microstructure and quality of the final product in 
laser metal deposition are influenced by various thermal 
phenomena, including maximum temperatures, temperature 
gradients, and cooling rates. To control the process, establish 
empirical property relationships, validate models, and gain 
insights, it is crucial to quantify and monitor these thermal 
responses [23–26].

Thermal monitoring in laser metal deposition assist to 
validate temperature-controlled microstructure models, 
reducing the need for extensive testing to optimize process 
parameters. Recent research indicates that slower travel 
speeds and higher laser power create longer melt pools and 
higher maximum temperatures. As the melt pool end moves, 
it hardens quickly and experiences maximum solid-phase 
cooling rates, which increase with travel velocity. [27].

The laser energy is transferred during laser metal deposi-
tion by conduction through the substrate and earlier layers, 
away from the melt pool. The remaining laser energy either 
contributes to the melting, superheating, and vaporization of 
the melt pool or spreads through convection and radiation 
to the surroundings.

Previous studies have shown that Ni–Co binary alloy 
coatings exhibit superior characteristics compared to mon-
olithic coatings of either Co or Ni [28]. Based on previous 
studies by [29] and [30], Ti–Co intermetallic also has advan-
tageous qualities like strong wear resistance and high hard-
ness. However, the propensity to be defective (with pores 
and cracks) owing to thermal coefficient mismatch could 
be lessened. This could be achieved with nickel addition 
between the reinforced matrix of titanium and cobalt to serve 
as the binding phase. Moreover, it may be possible to pro-
mote the established ternary solubility of the binary phases 
of Ni–Ti and Co–Ti, which would lessen the likelihood that 
brittle intermetallics will form inside the coating matrix.

Ti–Co–Ni ternary alloy synthesis and characterization on 
the substrate Ti–6Al–4V alloy under variable clad composi-
tion and laser process parameters are the main focus of this 
research work. Furthermore, an investigation was conducted 
into the impact of parameters for processing on the surface 
morphology, microhardness, and tribological characteristics 
of the fused claddings. Ti–6Al–4V alloy is anticipated to 
form novel alloys having hard intermetallic interfaces and 
phase stability at high-temperature, which should exacerbate 
any wear and hardness issues brought on by the selection 
of a required system for ternary alloying. The Ti–Co–Ni 
alloys serve as reinforcing powdery materials. For meeting 
the needed extended service life as well as high strength, 
the intermetallic formation will significantly increase the 
value of hardness and substrate’s (Ti–6Al–4V alloy) wear. 
This alloy may also be used as an alternative to coatings like 
chromium on metals for technology use [31].

2  Experiment

2.1  Materials and Process

Ti–6Al–4V (substrate) alloy was clad with titanium (Ti), 
cobalt (Co), and nickel (Ni) powders that were supplied by 
TSL Germany. The powders had a 99.9% purity and a parti-
cle size ranging between 45 and 95 µm. The morphological 
characteristics of the three powders as-received were ana-
lyzed using scanning electron microscope (SEM) equipped 
with an energy dispersive spectrometer (EDS), as shown in 
Fig. 1a–c. As expected for atomized powders, the micro-
structure of the cobalt, nickel, and titanium powders was 
found to be spherical. To enhance homogeneity, flowability, 
and prevent agglomeration-induced irregularities, powders 
of Ti, Co, and Ni were blended for 8 h at 49 rpm in a Tubular 
T2F mixer [32].

Before the laser cladding process, the substrate (Ti–6Al–4V 
alloy) (provided by a company in USA—TMS Titanium, 
Poway, California) was cut to 50 × 50 × 5 mm. The elemental 
constituents of the substrate are specified in Table 1. Prior 
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to this, silica grit was employed to sandblasted the substrate 
before acetone was used to clean it to improve the titanium 
alloy laser absorption and reduce reflection [33].

2.2  Laser Processing

Admixed powders of Ti–Co–Ni and Co–Ni–Ti (as pre-
sented in Table 2) were cladded on Ti–6Al–4V alloy using 
a YAG laser fitted with an articulated arm robotic system, 
utilizing the Continuous Wave 4.4 kW Rofin Sinar DY 044 
Nd:YAG laser. The laser was operated at optimal settings 

of laser power of 900 W, a beam spot size of 3 mm, a 
powder feed rate of 1.0 g/min, and a gas flow rate of 1.2 
L/min, and scan speeds ranging from 0.6 to 1.2 m/min. 
Multiple clad tracks were deposited at a 45-degree angle to 
the substrate, with 50% overlap, to generate large surface 
area coatings. An inert atmosphere surrounding the molten 
pool was created during deposition by applying argon gas 
at a rate of 3 L/min. Considering titanium's strong affinity 
for oxygen, this was done to prevent oxidation. The laser 
cladding parameters used to deposit Ti–Co–Ni coatings on 
Ti–6Al–4V alloy were compiled in Table 2. 

Fig. 1  Morphology of a Titanium b Cobalt and c Nickel powders

Table 1  Elemental constituents 
of the substrate (Ti–6Al–4V 
alloy)

N O C Fe V Al Ti

0.005 0.120 0.007 0.150 4.000 6.100 Balance
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2.3  Laser Coatings Characterization

Coatings for morphological examination were ground by 
employing grit SiC grinding papers (P80, P320, P1200, 
and P4000) on an automated diamond suspension dispenser 
equipped with a Struers TegraForce-25 after the laser clad-
ding process. After grinding, the clad samples were refined 
with an MD-Chem OP-S polishing cloth and polished on an 
MD-Largo, both using a Diapro diamond suspension. The 
polished clad samples were then etched for about ten sec-
onds in Kroll's reagent (92 ml  H2O, 6 ml  HNO3, and 2 ml 
HF) before being characterized. The etching was done to 
ensure that the unique microstructural phases were present.

The micrographs of the laser-clad coatings were studied 
using SEM (Model: JSM-7600F FE-SEM), and EDS was 
utilized to determine the elemental compositions. Interme-
tallic compounds were detected via an X-ray diffractometer 
(XRD) from Philips PW1713, which was outfitted with mon-
ochromatic CuKα radiation set at 40 kV and 20 mA. For the 
identification of the phase, the utilization of software with 
an in-built (ICSD) database and Philips Analytical X'Pert 
High Scores. With a step size of 0.02°, the scan ranges from 
10° to 80° 2 theta (2θ).

2.4  Hardness Test

The clad samples micro-hardness profile was assessed at 
the interfacial regions of the coating–HAZ-substrate using 
the Vickers Hardness Tester EMCOTEST. This is to show 
how chilling and heat input affected the material charac-
teristics throughout the corresponding areas. The indenta-
tion profile using Vickers hardness were made on the clad 
area surface toward the substrate for 10 s while the bearing 
load was 100 gf (0.98 N). After five distinct indents were 
made at nearby sections on the clad surface, a mean value 
was computed for each coating. This process is carried out 
on the coating's free surface as well as along each sample's 
longitudinal plane.

2.5  Tribological Test

Under dry sliding conditions, wear examinations were 
executed on the prepared Ti–6Al–4V coatings using 
UMT-2–CETR reciprocating tribometer, with a progressive 

analysis of the frictional coefficient values. With the help 
of the UMT-2-CETR tribometer apparatus, sliding action 
is possible while recording the friction coefficients for both 
strokes. A sample chuck was precisely fitted with specimens 
that had been cut to a 2 cm by 2 cm area, and the samples 
were then exposed to a downward vertical load. A tungsten 
carbide ball was used as the counterface, with a standard 
load of 15 N applied at a frequency of 5 Hz. The sliding 
speed was set to 2 m/s, the stroke length was 2 mm, and slid-
ing time was 1000 s.The CERT UMT-2 tribometer software 
was used to obtain the experimental results that showed the 
frictional coefficient and wear depth on the material sur-
faces. Following the dry sliding wear test, the worn sur-
faces were inspected using a SEM to determine likely wear 
mechanism.

3  Results and Discussion

3.1  Morphological Examination of Ti–6Al–4V 
Substrate

Micrograph of the substrate with elemental constituents dis-
played via EDS is presented in Fig. 2. The substrate displays 
a good-structured texture surface with dispersed little whit-
ish, and grayish scratches, as shown in the SEM image. The 
lamellar transformed β-phase are indicated by the whitish 
zones with a crystal structure of body centered cubic (BCC) 
while the hexagonal closed packed crystal structure (HCP) 
are indications of the primary α-phase (gray phase).

3.2  Microstructural Analyses of Laser Coatings

3.2.1  Interfacial Zone

The distinct microstructures of the Ti–Co–10Ni ternary clad-
dings synthesized at two different laser scan speeds (0.6 and 
1.2 m/min, respectively), are shown in Fig. 3A and B. The 
coatings' micrographs, the interfacial region, and the sub-
strate alloy (Ti–6Al–4V) were all visible through observa-
tion. Due to varying cooling rates and scanning speeds, the 
fabricated coatings' microstructural evolution exhibits dis-
tinct characteristics. There were no visible pores or fractures 
at the interface, indicating a robust bonding metallurgically 

Table 2  Parameters utilized for 
the laser cladding of the TiCoNi 
ternary coatings

Sample Clad material Scan speed 
(m/min)

Power (W) Powder feed 
rate (g/min)

Beam diam-
eter (mm)

Gas flow 
(L/min)

A TiCo–10Ni 0.6 900 1.0 1.0 1.2
B TiCo–10Ni 1.2 900 1.0 1.0 1.2
C CoNi–10Ti 0.6 900 1.0 1.0 1.2
D CoNi–10Ti 1.2 900 1.0 1.0 1.2
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between the substrate and the coating. The establishment 
of longer grains leads to micrographs and a larger HAZ 
region, as shown in Fig. 3A. This phenomenon is related to 
the solidification and dendritic structure formation. At lower 
laser scanning speed of 0.6 m/min, the periodic interaction 
of the laser and material rises owing to the available high 
energy density between the laser beam and melt pool.

Rapid cooling rate at high scan speed of 1.2  m/min 
resulted in a reduction of the substrate's absorbing energy 
and interaction time, as demonstrated in Fig. 3B [34]. A 
thinned dilution band in the HAZ is a consequence of the 
high cooling rate. Furthermore, quicker nucleation rates 
result in smaller grain sizes because there is less time for 
grain growth at higher cooling rates. In the micrograph of 
the coating, the evolution of grains or dendritic structures is 
influenced by temperature gradient and rate of solidification. 
According to a previous study by [35], the introduction of 
reinforcing material such as Co metallic powder is essen-
tially important in dendrite formation. [36] showed that 
good wettability of Co causes melted powders to spread out 
and disperse on the substrate.

Point EDS analysis as presented in Fig. 3c and d indicate 
the presence of vanadium and aluminum (from the matrix 
material) as well as the alloying elements, Co, Ni, and Ti. 
This shows a significant interaction of the matrix material 
with the alloying elements in the melt pool [37].

In contrast, interfacial zones of the substrate and 
Co–Ni–10Ti coatings are shown in Fig.  4A and B at 
respective laser scan speeds of 0.6 and 1.2 m/min. The 
samples display similar crystal structure, free from pores, 
cracks, or micro-holes. Strong metallurgical adhesion was 

demonstrated in the interfacial zone, and imperfections 
like pores and cracks were absent. The grains in Fig. 4B 
are much finer than those in Fig. 4A. The interdiffusion 
of atoms caused by the fast solidification rate at high scan 
speeds could be the cause of the finely equiaxed dendrites 
shown in Fig. 4B. In the interface zone, the tendency for 
crack formation or stress initiation is eliminated when scan-
ning at a high speed because there is insufficient period for 
the diffusion of these particles. The evolution of the crystal-
like dendrite development is directed toward the substrate, 
as seen in Fig. 4A and B, where dendritic microstructures 
are evident. The outcomes exhibit distinctive morphologi-
cal characteristics of multilayer synthetic coatings generated 
through laser cladding, owing to the thermal influence expe-
rienced during the laser scanning process. A larger interfa-
cial zone is also produced by the cladding materials fusing 
with bigger sections of the substrate at low scan speeds, as 
depicted in Fig. 4A.

3.2.2  Laser Coatings Microstructural Analyses

The synthetic Ti–Co–10Ni coatings' microstructural evolu-
tion is shown in Fig. 5A and B at the two respective scan 
speeds. With no pores, cracks, or stress initiation, the two 
synthesized coatings produced equiaxed grains and dendrites 
as a mixture. Figure 5A displays coarse polygonal dendritic 
structures with larger grain sizes due to an extended inter-
action between the absorbing energy and the heated pow-
ders, which causes a slow rate cooling rate. In contrast, 
Fig.  5B shows the typical dendritic structure observed 
within clad layer, indicating a heat rapid transition during 

Fig. 2  SEM/EDS micrographs of Ti–6Al–4V alloy
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the solidification procedure [38, 39]. It clearly appears that 
the columnar grains have grown along with columnar grains. 
The variations in scan speeds could lead to the growth of 
distinct structures and distinct solidifying rates, which in 
turn cause variations in the microstructural development of 
the synthesized coatings [40]. Ti–Co,  TiCo2, and  Co3Ti and 
are the anticipated intermetallic phases which may be exist-
ing in the dendritic structures [37, 41–43]. Moreover, the 
introduction of nickel-based intermetallics like  Ti2Ni, NiTi, 
and  Ni3Ti as shown in XRD spectra (Fig. 7) is supported by 
the percentage of nickel reinforcement addition to the coat-
ings’ composition. This aligns with the research conducted 
by Cai et al. [44].

In contrast, the micrograph in Fig. 6A and B showed pat-
terns with lave-like dendrites at the respective scan speeds. 
The formation of lave-like structures was caused by the 
atoms from the substrate and coating diffusing among them-
selves due to a high rate of solidification and temperature 

difference. At lower scan speeds, precipitate diffusion led to 
larger dark grayish lave-like dendrites, while at higher scan 
speeds, insufficient diffusion resulted in white gray colored 
lave-like dendrites.

Based on the finding of Liu et al. [45], when a compound 
with a high Co–Ni content is heated to a high point, a laves 
phase is formed. Furthermore, dark, un-melted powder par-
ticles that had been deposited on the coating were visible in 
the SEM micrographs. [46] state that the laser beam’s high 
convective effect is another factor that could hinder the pow-
ders at the substrate's free surfaces from melting completely.

3.3  Analyses of XRD of the Laser Coatings

The X-ray diffractometer phases of the ternary coatings of 
Ti–Co–10Ni (Fig. 7) and Co–Ni–10Ti (Fig. 8) which were 
developed at the two scan speeds, 0.6 and 1.2 m/min, are dis-
played. Both the laser scan speed and the composition of the 

Fig. 3  SEM–EDS indicating interfacial zones of Ti–Co–10Ni clad samples at A 0.6 m/min and B 1.2 m/min
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Fig. 4  SEM–EDS indicating interfacial zones of Co–Ni–10Ti clad samples at A 0.6 m/min and B 1.2 m/min

Fig. 5  Microstructure of the Ti–Co–10Ni Coatings at a 0.6 m/min and b 1.2 m/min
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admixture affect the intermetallic phases that were formed. 
At diffraction angles, the deposition of Ti–Co–10Ni ter-
nary for the XRD at varying scan speeds were observed as 
illustrated in Fig. 7. The peaks reveal  AlTi2,  NiTi2,  Ni3Ti, 
Ti–Co,  Co2Ti, and  Al5O2 phases.  AlTi2,  Al5O2,  Ni3Ti, and 
Ti–Co are the visible diffraction peaks of coatings depos-
ited at 0.6 m/min scan speed;  TiCo2 and  NiTi2 were present 
at 1.2 m/min scan speed. Owing to the strong temperature 
gradients emanating from the melt pool, solidification rate 
increases at high scan speeds, resulting in the nickel and 
cobalt phases’ development [47, 48]. Furthermore, owing to 
the longer dwell time of the laser radiation, that is the release 
of the elongated kinetic energy and the melt pool solidifying, 

the occurrence of phases containing titanium and aluminum 
further clarifies the robustness of the metallurgical relation-
ship between the alloy and the coatings.

The Co–Ni–10Ti ternary intermetallic coatings' XRD 
patterns (Fig. 8), which were obtained at two distinct scan 
speeds as earlier stated, show peaks at different diffrac-
tion angles. The following phases:  Co2Ti,  Ni3Ti,  Al5Co2, 
 AlTi2, and Ti–Co are visible.  Co2Ti,  Ni3Ti,  Al5Co2,  AlTi2, 
and Ti–Co were the main intermetallic pikes that deposited 
at 0.6 m/min, whereas  Ni3Ti, Ti–Co, and  Co2Ti interme-
tallic stages dominated the cladding at 1.2 m/min speed. 

Fig. 6  SEM micrographs of Co–Ni–10Ti coatings at a 0.6 m/min and b 1.2 m/min

Fig. 7  XRD image of Ti–Co–10Ni coated sample at 0.6  m/min and 
1.2 m/min

Fig. 8  XRD image of Co–Ni–10Ti coated sample at 0.6  m/min and 
1.2 m/min
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Adequate shielding during the laser cladding procedure pre-
vented the creation of any metallic oxides including cobalt, 
nickel, or titanium oxides. According to Weng et al. [39], 
complex chemical reactions are produced when there is 
interaction between the molten powders and the substrate 
due to the high energy emitted by the laser beam.  Ni3Ti, 
 Co2Ti, and Ti–Co, significant hard phases required for supe-
rior mechanical and wear resistance, were produced during 
the fusion of the Co, Ti, and Ni mixed portion [30, 33, 36, 
42, 43, 49]. The presence of  AlTi2 was also observed in 
Fig. 8. According to Kaibyshev et al. [50], an essential fac-
tor in the creation of the aluminum-rich aluminum-titanium 
phase  (AlTi2) is the adding of titanium to serve as a grain 
refiner. This  AlTi2 phase increases the strengthening effect 
of the coating, lowers the tendency of porosity in the melt 
pool, and increases tensile intensities. [51, 52].

3.4  Characterization of the Microhardness 
of the Laser Coatings

Figure 9 and Table 3 show the outcomes of the analysis of 
the microhardness data of the coatings of Co–Ni–10Ti and 
Ti–Co–10Ni on the substrate. As scan speed increases, the 
hardness of the ternary coatings varies, while the hardness in 
Ti–6Al–4V remains constant at 334 HV. Higher scan speeds, 
particularly with the Co–Ni–10Ti composition, resulted in 
a significant increase in microhardness. Microhardness val-
ues were found to be 756  HV0.1 and 791  HV0.1 at a respec-
tive speed of 0.6 and 1.2 m/min for the Ti–Co–10Ni ternary 
coatings, while at 0.6 and 1.2 m/min speeds, the respective 
values of microhardness are 904  VH0.1 and 977  HV0.1 for 
Co–Ni–10Ti coatings. As shown in Figs. 7 and 8, the exist-
ence of hard intermetallic compounds creates strengthening 
effects within the coatings that lead to the coating’s hardness 

enhancement. Fine grains, which are a sign of a quick heat 
transition during the solidification process, may be the 
cause of the microhardness value rising as laser scan speed 
increases [53, 54]. Furthermore, Fig. 10 illustrates how the 
ternary coatings' microhardness profiles change with depth. 
The coating zone, and the transition zone (Heat affected zone 
(HAZ)), as well as the substrate zone (Ti–6Al–4V), are all 
visible in the microhardness profile. Due to the substrate’s 
ultra-chilling and dilution effect, the coated zone’s micro-
hardness was higher, while there was gradual decrease in the 
hardness value at the HAZ [9]. The hardness of the depos-
ited alloy is greatly influenced by the deposition process 
parameters such as temperature, deposition rate, and cool-
ing rate. Variations in these parameters can lead to different 
microstructural characteristics such as grain size and phase 
distribution, which affect hardness. Generally, the hardness 
performance of the Co–Ni–10Ti coating deposited at a scan 
speed of 1.2 m/min, exhibited a hardness of 980 HV. When 
compared to the substrate material, Ti–6Al–4V, which has a 

Fig. 9  Surface microhardness chart for ternary coatings of Ti–Co–
10Ni and Co–Ni–10Ti

Table 3  Surface micro-hardness of Ti–Co–10Ni and Co–Ni–10Ti 
metallic coatings

Sample Scan speed (m/min) Hardness 
value 
(HV)

Control (Ti–4Al–4V) 334
Ti–Co–10Ni 0.6 756
Ti–Co–10Ni 1.2 791
Co–Ni–10Ti 0.6 904
Co–Ni–10Ti 1.2 977

Fig. 10  Microhardness of ternary coatings for Ti–Co–10Ni and Co–
Ni–10Ti
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hardness of 330 HV, the coating demonstrated a remarkable 
increase in hardness, approximately 2.96 times greater than 
the substrate. This significant increase in hardness values 
indicates the effect of the laser clad Co–Ni–10Ti coating 
on the base alloy, highlighting its potential for applications 
requiring enhanced wear resistance and durability.

3.5  Wear Morphology and Mechanism

The wear morphology of the two intermetallic coatings 
dropped on Ti–6Al–4V as displayed in Figs. 11 and 12. Fig-
ure 11A and B display the micrographs of the eroded face 
of Ti–Co–10Ni cladding at both scan rates. Severe adhesive 
wear on both coatings revealed smeared worn debris on 
the surface. Furthermore, Fig. 11A shows that the welded 
debris obtained from the worn regions has sticked to the 
coating surface, causing it to become rough on the surface 
and distorted with ploughing grooves. Additionally, Fig. 11B 
showed the morphology of the worn surface having clearly 
visible worn particles adhering to the surface and obvious 
plastic flow characteristics. A large temperature gradient 

created by high energy input that rapidly diminishes due to 
solidification and creates internal stresses within the coating 
could cause a high amount of debris [9].

The worn surfaces in Fig. 11C and D show evidence of 
oxidative wear due to their Ti enrichment and traces of O, 
as shown by EDS analyses. This suggests that the debris that 
adheres is worn-out titanium oxide film. According to [55], 
oxide film formation and destruction on the friction surface 
result in oxidative wear frequently occurring in addition to 
adhesive wear. As shown in Fig. 8, the  Ni3Ti phase on the 
coating, is presumably difficult to withstand wear, and disal-
lowing Ti interaction with O in the formation of oxide film, 
though this could be disputed. The eroded face, however, 
indicates the hardness was probably insufficient to withstand 
tearing off during ploughing. [39] claim that the microstruc-
tural characteristics of coatings were critical when assessing 
the tribological feature of material. Accordingly, the wear 
property is negatively impacted by the coarse microstructure 
that low scan speed reveals in Fig. 6.

By contrast, the morphologies of the Co–Ni–10Ti 
coatings’ worn surface with respect to both scan rates 

Fig. 11  Morphological wear analysis of laser coated Ti–Co–10Ni ternary coatings at A 0.6 m/min and B 1.2 m/min
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(respectively) are revealed in Fig. 12A and B. The smeared 
surface and small amount of debris visible in both coat-
ings are characteristics linked to abrasive wear and plas-
tic deformation. Harder surfaces are formed because of the 
high solidification rate of the melt pool during laser pro-
cessing, which greatly reduces the amount of time needed 
for the development of larger grains with a softer matrix. 
Chen et al. [30] found a similar phenomenon in their work. 
The steel ball could have hard asperities, causing large 
pull-out hollows to form on the rough surface (Fig. 12B). 
The Co–Ni–10Ti coatings' worn surface morphologies are 
depicted from the EDS analyses (Fig. 12C, D). Adherent 
worn particles are clearly visible and have distinct plastic 
flow characteristics. Owing to the increase in temperature at 
the time of dry sliding wear, the elemental spectrum demon-
strates that the wear debris contains elements such as Ni, Ti, 
Co, and O, suggesting that the debris are primarily worn-out 
from the titanium alloy.

3.6  Analysis of Frictional Coefficient for Coatings

The frictional coefficients of the steel-clad Ti–Co–10Ni and 
Co–Ni–10Ti coated in ternary in dry sliding conditions and 
with a tension of 15 N are shown in Fig. 13. The ternary 
coatings of were found to have coefficients that were less 
than the Ti–6Al–4V alloy, which had 1.35 µ mean value. 
The wear test caused wear debris to form on the ternary 
coatings, resulting in a reduced coefficient of friction val-
ues. Table 4 shows the computed mean data of COF as 
follows: 0.94 µ and 0.84 µ at 0.6 and 1.2 m/min, respec-
tively, for Ti–Co–10Ni coatings; and 0.69 µ and 0.66 µ at 
0.6 and 1.2 m/min, respectively, for Co–Ni–10Ti coating. 
Figure 11 displays the dominance of massive ploughing 
grooves and severe plastic deformation on the coating sur-
face, which could be responsible for the high frictional coef-
ficients observed at Ti–Co–10Ni compared to Co–Ni–10Ti. 
In contrast, the low frictional coefficient observed at the 

Fig. 12  Morphological wear analysis of laser clad Co–Ni–10Ti ternary coatings at A 0.6 m/min and B 1.2 m/min
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Co–Ni–10Ti composition may be due to an increased energy 
density (Fig. 8), which facilitates the strong adhesion and 
efficient Co and Ni particle melting to create robust inter-
metallic phases like  Al5Co2,  Co2Ti, Ti–Co, and  Ni3Ti.The 
stable inhibitive layers that these hard intermetallic phases 
provide to the clad surface have a hardening effect by reduc-
ing surface roughness. Due to the lower coefficient of fric-
tion caused by the protective intermetallic phases, the wear 
resistance performance is superior.

4  Conclusion

In this study, the relationship between the substrate and 
laser-clad coating is metallurgically strong which was suc-
cessfully developed for the integration of Ti–Co–10Ni and 
Co–Ni–10Ti ternary coatings.

• The micrograph, hardness value, corrosion behavior, 
and tribological characteristics of Ti–6Al–4V alloy are 
significantly influenced by the percentage of laser-clad 
admixed material and the speed of scanning.

• The Co–Ni–10Ti admixture, 900W laser power, 1.0 g/
min powder feed rate, and 1.2 m/min laser velocity were 
parameters that produced the optimum properties. The 
phases showed different parts of dispersed interdendritic 
compounds including  Co2Ti,  Ni3Ti, Ti–Co,  Al5O2, and 
 AlTi2) in the coating matrix, which may account for the 
alloy Ti–6Al–4V's (334 HV) 2.9-fold increase in surface 
hardness.

• The performance of excellent wear resistance is shown 
by the Co–Ni–10Ti (1.2 m/min) ternary alloy, which has 
a 51.1% lower frictional coefficient than the Ti–6Al–4V 
alloy. This reduced friction coefficient may be attributed 
to the higher energy density attained at the Co–Ni–10Ti 
composition, which facilitates the strong adhesion and 
efficient melting of Co and Ni particles in the develop-
ment of hard intermetallic phases. The intermetallic 
phases reduce the coefficient of friction, which in turn 
shows superior tribological behavior.
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Fig. 13  Frictional coefficients variation with time for ternary coatings

Table 4  Coefficient of friction of ternary coatings

Sample Scan speed (m/min) Friction 
coeffi-
cient

Control (Ti–4Al–4V) 1.35 µ
Ti–Co–10Ni 0.6 0.94 µ
Ti–Co–10Ni 1.2 0.84 µ
Co–Ni–10Ti 0.6 0.69 µ
Co–Ni–10Ti 1.2 0.66 µ
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