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ABSTRACT 

The current work presents a systematic exploration of the pulse electrodeposition process for Ni-Co 

nanocoating, with a focus on the impact of varying duty cycles (20% to 100%) and current density (3 

A/dm² to 9 A/dm²). The work is marked by incremental changes in duty cycle and current density and 

employs state-of-the-art characterisation techniques to analyse surface properties, mechanical strength, 

tribological behaviour and wettability. Ni-Co pulse electrodeposition at 20% duty cycle and 3 A/dm² 

current density dominates with desired attributes for the electronics and aerospace sectors with 

improved mechano-tribo and contact angle properties. These coatings exhibited superior performance 

across all aspects that have been studied. The nanotribological experiments were conducted using a 

novel approach to look into the nanoscale tribological behaviours, thus setting a pioneering effort in 

this field. Reduction in grain size (~57-83%) and enhancement in surface roughness (~64-65%) were 

the crucial factors contributing to improved mechanical and tribological properties. The nanohardness 

of the coating increased to 4.36 GPa for the optimum coating, compared to other coatings with varying 

properties. Similar improvements were recorded in nanotribological properties, with an improvement 

of ~30%-70% for coatings at 20% duty cycle and 3 A/dm2. The synergetic effect of lower grain size, 

nano-hardness and surface roughness properties leads to an improved mechano-tribo coating. This 

advancement holds good potential for industrial applications where wear resistance and surface 

durability are critical. The optimal coating was analysed by employing X-ray photoelectron 

spectroscopy (XPS) for chemical compositions of coatings, which confirms the formation of nickel 

oxide and cobalt oxide. This chemical insight adds a valuable layer of understanding, reinforcing the 

coatings' potential for corrosion resistance and other chemical interactions in a wide range of operation 

environments. 
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Introduction 

Since the discovery of gold coating on silver by Italian scientist Luigi V Brugnatelli in 1805 and the 

groundbreaking work by Michael Faraday in 1833 which laid the foundation for electrodeposition 

coating, the field of coating has progressed rapidly. Furthermore, introducing pulse current into 

the coating led to the development of pulse electrodeposition coating by L.C. Coggeshall in 1914, 

resulting in a smooth and uniform coating. Over the years, Ni electrodeposition has evolved with 

metallurgists and mechanical engineers refining and adopting pulse electrodeposition as a coating 

technique for various applications (which are not limited to electronics, aerospace and automobile 

industries), where the coatings provided enhanced mechanical, tribological and corrosive properties [1–

7]. Along with these applications, pulse electrodeposition coatings tend to be quick, low-cost, porous-

free, have a high deposition rate and overcome shape limitation [5,8–10].   

Metallurgists and mechanical engineers are increasingly using nickel-based coatings for new coatings 

due to their enhanced mechanical, thermal, tribological, and magnetic properties. Ni-Co nanocrystalline 

coating is under constant evaluation as a replacement for the environmental problems caused by Ni-Mo 

coating [11,12]. Superior mechanical, thermal, magnetic, and anti-corrosive properties of Ni-Co 

nanocrystalline coating over pure Ni and pure Co coating have led to its use in aerospace, electronics, 

automotive and magnetic devices [13–15].  

The parameters for pulse electrodeposition can be divided broadly into two parts: physical and 

chemical. The coating's physical parameters vary externally, including duty cycle, current density, 

frequency, deposition time, and pulse direction [16,17]. The chemical parameters are various electrolyte 

conditions: temperature of the electrolyte, electrolytic composition and pH of the electrolyte [17,18]. 

The modifications made to these chemical and physical characteristics enhance the coating quality. For 

instance, Ni-TiO2 nanocomposite coating was conducted by Lajevardi et al. [19] with variations in duty 

cycle, current density and frequency. It was reported that intensifying current density beyond 4 A/dm2 

decreases microhardness. Similarly, a change in pulse frequency between 0.1 - 10 Hz resulted in an 



improved property, but further increase causes a drop in properties. Ni-Co/SiC were coated with 

variation in duty cycle and frequency by Chunyang et al. [20] with surface, mechanical and corrosive 

properties being analysed. A reduction in duty cycle correlated with a drop in grain size of 20%, 

exhibiting a homogeneous and smooth microstructure. A significant improvement in wear and anti-

corrosive properties were observed at a lower  duty cycle. The increased embedment of SiC particles at 

lower duty cycles resulted in decreased grain size leading to improved mechanical and tribological 

properties. Ziming et al [21] performed Ni-graphene pulse electrodeposition coating under varying duty 

cycles with supercritical carbon dioxide. It was established that coatings with a duty cycle of 25% had 

superior hardness and tribological properties. A decrease in microhardness occurs with shallow duty 

cycles which are primarily attributed to crystal distortion, dendritic crystals, and the formation of pores 

along grain boundaries, resulting in uneven coating. Moreover, during low-duty cycles, the OFF-time 

duration extends, weakening the attraction force between the substrate and nanomaterials surrounded 

by a cloud of positively charged metal ions. This diminished attraction may not sufficiently counteract 

hydrodynamic forces, potentially causing the dislodgment of nanomaterials from the substrate surface. 

Several researchers have used Ni-Co pulse electrodeposition coating, with a reinforcing metal matrix 

composite. SiO2 was added as a reinforcing nanocomposite to Ni-Co nanocoating with variations in 

stirring rate, pH and SiO2 concentration. The optimum stirring rate was 200 rpm and the microhardness 

varied when the stirring rate was changed to either side. Similarly, pH was optimum at 4.6 and 

microhardness decreased when pH was changed to 4 and 4.9 [22]. Ni-Co pulse electrodeposition with 

variation in peak current variations found that with lower current density and duty cycle, a coating with 

compact and smaller grain size was obtained [23]. Ni-Co/Al2O3 nanocomposite coating with variations 

in pulse parameters showed that pulsing during the coating process gave improved properties better 

than direct deposition coating [24]. Siavash et al. [25] performed electrodeposition coating with ZnO 

as a reinforcing nanocomposite, in which pulse deposition showed better properties. Besides these, the 

optimum speed of coating was reported as 300 rpm. Adhesion was the major wear mechanism observed 

with few abrasive layers for pulse electrodeposition coating and direct current electrodeposition coating 

exhibited delamination wear mechanisms. Zirconia [26] was added to the Ni-Co matrix with variation 

in frequency and it was observed that an increase in frequency resulted in a change in grain size from 



rough and porous to fine and compact structure. Similarly, pulsing during coating was seen to reduce 

the porosity of the coating.  

Although Ni-Co has been investigated with reinforcing metal matrix composites, it has not been 

investigated to obtain an optimum pulse electrodeposition parameter. The current research focuses on 

varying duty cycles and current densities to obtain an optimum Ni-Co coating with a pulse 

electrodeposition technique. The tribological properties of metal matrix nanocomposite coating are 

subjected to scrutiny. The surface properties are analysed with a non-contact optical profilometer, 

scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS). The mechano-tribo 

attributes along with contact angle were analysed with nano hardness, ball-on-plate tribometer and state-

of-the-art contact angle goniometer.  

Experimental Procedure 

In the current study, Ni-Co composite coating was performed with the help of pulse electrodeposition 

coating. The cathode and anode for coating were EN1A and nickel plate, respectively. EN1A was 

selected as the substrate for coating due to its advantage over other materials in adhesive properties, 

availability and cost. A circular-shaped cathode was fabricated with a 30 mm diameter and thickness of 

3.5 mm. The roughness of the cathode was made below 0.05 µm using 220, 400, 800, and 1200 grit 

papers. The low roughness will help in improving coating adhesion. Subsequently, substates were 

ultrasonicated in acetone to remove any surface contaminants present.  

Table 1. Chemical composition of electrolyte used for coating.  

A modified Watts solution shown in Table 1 was used as an electrolyte. Nickel sulphate and nickel 

chloride provide Ni to the coating along with cobalt sulphate being the main source for Co. Boric acid 

is used as the buffering agent. Chemicals were in crystal form with 98% purity. The electrolyte was 

additionally subjected to 1 hour of 10 kHz ultrasonic agitation after being magnetically stirred for 24 

hours. Magnetic agitation and ultrasonic stirring ensured appropriate particle mixing and dispersion in 

the solution. In the last step, the pulse coating electrolyte temperature was raised and sustained at 60 

°C.  



A pulse power generator was used for electrodeposition coating. During duty cycle variation, a 20% 

increase step was made to the duty cycle, taking it from 20% to 100%. With a set frequency of 10 kHz 

and 3 A/dm2 current density remained unchanged along with pH kept constant at 4.2 ± 0.2. At 

an electrolyte temperature of 60 °C, pulse electrodeposition was conducted with ongoing magnetic 

stirring and ultrasonic agitation. The coating procedure had a 1-hour time limit. Following the process, 

coatings were cleaned with acetone in an ultrasonic bath to eliminate all excess chemicals that had 

adhered to the surface. To assess coating repeatability, each coating was applied three times. 

Subsequently, coatings were conducted with a variation from 3 A/dm2 to 9 A/dm2 with an increment of 

2 A/dm2 in current density with the remaining parameters kept constant. The duty cycle was set as 20% 

with 10 kHz frequency. The duty cycle variations are represented as D1, D2, D3, D4 and D5 and current 

density variations as C1, C2, C3 and C4 (Supplementary Table 1).  

The surface properties of coating such as microstructure and grain size were obtained with the help of 

an SEM and the elemental configuration was investigated with an EDS attached to the system. For 

analysing the surface properties, a non-contact 3D optical profilometer was employed and several 

metrics, such as Ra, Rq, Rt, Sa, Sq, St, as well as bearing area curve (BAC) were assessed. ImageJ, an 

open-source software was used for obtaining the grain size of the coating and was analysed.  

Using a nanoindenter, coating hardness was measured. The study was made with a 3-faced pyramidal 

Berkovich indenter. The coatings were indented a total of 25 times, and outcomes were examined. A 

load of 50 mN was given with loading and unloading time of 10 sec and 20 sec respectively and a 10 

sec dwell time. The nanohardness of coatings along with reduced modulus of elasticity, plastic work 

and elastic work were calculated and analysed.  

The nanotribology tests were conducted with multi-scratch experiments. A single sliding scratch with 

10 repetitions was given under two-body wear sliding systems. The loads applied were 100 mN, 200 

mN and 300 mN. The wear scan length was set to 2000 µm with a load rate of 5 mN/s and a scan rate 

of 10 µm/s. The wear volume was recorded by the depth of the scar, which was obtained with a 

profilometer, and further calculations were made. The SEM analysis of the wear scar was analysed to 

understand the wear mechanisms involved. 



For micro tribology testing, a modified reciprocating ball-on-plate tribometer was used. AISI52100 was 

used as a counter surface and a stroke length of 5 mm, a frequency of 5 Hz, a cycle count of 2000 and 

a standard contact load of 2 N were applied. Experiments have been repeated several times, at least 

three, for repeatability purposes. These repeated suits of experimental schedule were subjected to dry 

sliding conditions at standard temperature and pressure conditions. After each test, a profilometer was 

used to obtain both wear profiles in terms of volume and scar depth. SEM and EDS analytical tools 

were deployed for assessing surface morphology including wear scars of coated interfaces. 

The static contact angle of coated surfaces was analysed with a custom-made state-of-the-art setup with 

a micropipette which provides a 7 µL droplet of distilled water. Three different spots were analysed for 

measurement of the static contact angle on each surface. Once the drop detaches the pipette, it wets the 

coated surface instantly, and a contact angle is formed. These steady-state analyses will help to 

understand the hydrophilic and hydrophobic properties of the coated surfaces.  

Results and Discussions 

Structural Characterisation 

Fig 1 shows pulse electrodeposited Ni-Co composite coating micrographs of 3 A/dm² current density 

and variable duty cycle. It can be espied that the grain size of the coating has a direct relation with duty 

cycle. A fine grain structure was observed at the lower duty cycle, D1. With each increase in duty cycle, 

grain size became coarser. At D5, grains were coarsely arranged. Furthermore, a coating done at a lower 

duty cycle exhibited a dense compact structure. The structure was seen to loosen with an increase in 

the duty cycle. In addition to grain size, pores were also seen to increase with an increase in the duty 

cycle. Similar observations were made in earlier works [27].  

Fig. 1. Microstructure of Ni-Co coating at duty cycle (a) 20% (b) 40% (c) 60% (d) 80% (e) 100 

% and (f) grain size variation with changing duty cycle. The inside images represent lower 

magnification. 

Fig 2 shows the microstructure of Ni-Co pulse electrodeposited coatings at a fixed duty cycle of 20% 

and varying current densities. Similar to the effect of the duty cycle, an increase in current density led 

to coarser grain sizes. Lower current densities, such as C1, resulted in fine-grained structures, while 



higher current densities, like C4, yielded coarser grains. These observations are consistent with previous 

studies. To determine the composition of Ni and Co in the coatings, EDS analysis was performed 

[28,29].  

As the duty cycle was reduced, the current ON time came down. Correspondingly the OFF time went 

up. The longer OFF time will allow more particles to arrive at the double layer, subsequently getting 

attached to the substrate during the ON cycle. Therefore, a greater number of particles will be embedded 

on the substrate during lower duty cycles [30]. The occurrence of hydrogen evolution is a significant 

side reaction that occurs during pulse deposition coating processes and enhances nucleation sites. The 

evolution of hydrogen gas will be explored with XPS in the later sessions. The higher nucleation sites 

will lead to higher grain formation and decreased grain size. Thus, the synergetic effect of lower ON 

time and higher hydrogen gas evolution resulted in a decrease in grain size during low-duty cycles. 

Similarly, with an increase in current density (increase in peak current), the hydrogen evolution 

decreases, leading to lower grain growth points, and enlargement of the existing grains. Thus, an 

increase in current density causes a growth in grain size density [31].    

Fig 2. Microstructure of Ni-Co coating at current density (a) 3 A/dm2 (b) 5 A/dm2 (c) 7 A/dm2            

(d) 9 A/dm2 and (e) grain size variation with change in current density. The inside images 

represent lower magnification. 

The EDS analysis of coatings with fluctuating duty cycles is shown in Figure 3a. At a lower duty cycle 

of D1, Cobalt content was 42.83% which increased to 56%, 58%, 59% and 62% at duty cycles of D2, 

D3, D4 and D5, respectively. In contrast to this, nickel content decreased from 57% at D1 and to 38% 

at D5. A constant decrease in nickel content was observed at 42%, 41%, and 40% at duty cycles D2, 

D3 and D4, respectively. This decrease in nickel will subsequently result in a decrease in the coating 

hardness, which will be explored in later sessions. The EDS of current density varied coatings are shown 

in Fig 3b. As observed earlier, even with the increase in current density, nickel composition decreased 

from 57% at C1 and to 45% at C4. This was through a series of decreases in nickel content with 48% 

at C2 and 46% at C4. Correspondingly, cobalt content increased with an increase in current density, 

with 42.% at C1, 51% at C2, 53% at C3 and 54% at C4.  



Fig 3. EDS analysis of Ni-Co coating at (a) duty cycle variation and (b) current density variation 

The process of transfer of nanoparticles from the electrolytic solution to the substrate-forming 

composite coating can be explained with the help of the Guglielmi model [32,33]. The Guglielmi model 

can be explained as a process composed of two stages, (i) adsorption weakening of particles on cathode 

and (ii) firm adsorption of particles by reduction, wherein the deposition materializes.  

Roughness Characterisation 

The variation of line roughness parameters Ra, Rq and Rt are shown in Fig 4. The line roughness of the 

coatings was amplified with an increase in the duty cycle. Even though all coatings were smooth (line 

roughness, Ra< 0.05 µm) D1 had the lowest Ra at 0.08 µm and Ra increased to 0.22 µm for D5. A small 

deviation in Ra was observed in D3, with a lower Ra of 0.12 µm. To get a deeper understanding, RMS 

roughness was analysed. Similar to Ra, Rq was also seen as increasing with increments in the duty 

cycle. Similarly, the total height difference between the peak and valley increased steeply with the 

increase in duty cycle. For D1, Rt was 1.22 µm which increased to 4.53 µm for D5.  

To consider the roughness of the whole surface, surface roughness properties were analysed. Surface 

roughness parameters have been analysed over a range of surfaces. A similar variation in surface 

roughness was observed as in that of line roughness. The surface roughness increased from 0.08 µm for 

D1 to 0.18 µm in D5. The RMS surface roughness was also analysed, and a similar trend was observed. 

A deviation from the trend was observed at D3 where roughness decreased to 0.17 µm from 0.18 µm 

for D2 and increased further to 0.27 µm for D4. In contrast to the roughness parameter, St values 

increased from D1 to D5 from 5.63 µm to 13.63 µm, respectively. This increase in peak-to-valley height 

can be on account of an increase in grain size at higher duty cycles. The highest peak and valley height 

of the surface (Sp and Sv) were also analysed. A trend like that of Sa and Sq was observed for Sp. For 

Sp, a decline was observed at D3 with 9.02 µm. From D1 to D5, (apart from D3) an increase in height 

was observed, from 5.39 µm (at D1) to 16.00 µm (at D5). In contrast to these, valley height was seen 

to increase till D3 and was then seen to decrease. The valley was 2.88 µm for D1, increased to 4.81 µm 

for D3, and decreased to 3.31 µm for D5. The effects of surface roughness properties influenced the 

tribological and wettability properties of the coating surfaces, which were analysed.  



Fig 4. Areal and Surface roughness parameters of Ni-Co coating with varying duty cycles 

Similarly, the roughness parameters of current density-varied coatings were analysed and are presented 

in Fig 5. Similar to the duty cycle conditions, the line roughness in current density coatings also 

increased with an increase in the parameter. The line roughness increased from 0.08 µm for C1 to 0.25 

µm for C5. The increase in line roughness was incremental with an increase in current density. The 

RMS line roughness was also seen to have a similar trend with increasing roughness from 0.11 µm to 

0.38 µm for C1 and C5, respectively. Analogous to the duty cycle features, the total height difference 

between the peak and valley also increases from 1.22 µm to 4.50 µm in C1 and C5, respectively.  

The surface roughness parameters for the current density varies parameters were analysed and shown 

in Fig 5. It was observed that the roughness increases in an incremental value from 0.08 µm to 0.15 µm 

from C1 to C4 and the RMS surface roughness increased from 0.12 µm to 0.34 µm for the same 

coatings. From these, it can be concluded that the roughness of the coatings increased with the 

increment in the current density parameter. Furthermore, Sp and Sq values were seen to increase 

similarly to that of the surface roughness. Sp exhibited an increase from 5.39 µm to 16.92 µm and the 

Sv decreased from 2.88 µm to 4.06 µm for C1 and C4, respectively. The change in the surface roughness 

parameters in the current density varied coatings can be pointed towards grain size variation observed 

in microstructures. The roughness parameter of current density associated coatings was due to the grain 

size variation observed earlier. A similar phenomenon was observed in duty cycle varied coatings [34]. 

Fig 5. Areal and Surface roughness parameters of Ni-Co coating with varying current densities 

The bearing curve of coatings with varying duty cycles was analysed to understand the broad spectrum 

of peaks and valleys over the scanned surface. The number of peaks and valleys can be interpreted from 

the bearing area curve with MR1 and MR2 values, respectively. Fig 6 exhibits the bearing area curve 

of coatings with varying duty cycles. Lower duty cycle coatings showed relatively low dispersion of 

peaks when compared with higher duty cycle coatings. Contrary to peak values, the number of valleys 

increased with change in the duty cycle. Similar observations were analysed from current density 

coating with peaks and valleys seen to increase. These changes in peaks and valleys can have an effect 

over tribological and contact angle properties, which are explored in later sessions. 



Fig 6. Bearing Area Curve of Ni-Co coating with (a) duty cycle and (b) current density variation 

Nanohardness 

Nanoindentation tests were conducted to estimate the nanomechanical properties of Ni-Co 

nanocomposites with different duty cycles and current densities. Nanohardness, reduced elastic 

modulus, plastic work, elastic work and contact depth were obtained with the Berkovick indenter and 

are shown in Fig 7. The indentation depth of D1 was 709 nm and nanohardness was 4.36 GPa. However, 

contact depth and nanohardness were changing corresponding with an increase in the duty cycle from 

D2 to D5. The contact depth increased through 853 nm, 899 nm, 893 nm to 926 nm for D2 to D5 and 

correspondingly nanohardness decreased from 4.03 GPa, 3.79 GPa, 3.54 GPa to 3.3 GPa, respectively. 

Along with this, plastic and elastic work were also determined. The plastic work increases with 

an increase in duty cycle from 10.58 nJ for D1 to 11.21 nJ, 11.54 nJ, 11.68 nJ and 10.82 nJ for D2 to 

D5, respectively. The increase in plastic work points towards the increased plasticity of nanocomposite 

coating. Similar properties were observed for elastic work which increased from 1.84 nJ to 2.03 nJ from 

D1 to D5. 

The nanohardness of the coatings increased with increasing current density. While the nanohardness of 

CD1 was 4.36 GPa, it decreased to 3.19 GPa, 3.64 GPa, and 2.78 GPa for CD2, CD3, and CD4, 

respectively. Similarly, the reduced modulus and contact depth increased with current density, except 

for an anomaly at CD3. The reduced modulus decreased from 209.75 GPa for CD1 to 185.16 GPa for 

CD4. The contact depth increased with decreasing nanohardness from CD1 to CD4. Additionally, 

plastic work increased, while elastic work decreased with increasing current density from CD1 to CD4. 

Fig 7. Nanohardness and Reduced Modulus of Ni-Co coating at varying (a) duty cycle and (b) 

current density. Plastic Work and Elastic Work of Ni-Co coating at varying (c) duty cycle and 

(d) current density  

The hardness of the coating was influenced by grain size. As discussed earlier, a decrease in duty cycle 

and current density led to smaller grain sizes. With larger grain sizes, the compactness of the structure 

decreases, allowing for easier grain movement, which results in lower nanohardness. Conversely, 

smaller grain sizes hinder grain movement, leading to increased hardness. This observation aligns with 



previous research [35,36] Additionally, the increased concentration of ceramic particles (nickel and 

cobalt) in the coating may have contributed to the changes in nanohardness. [20,37,38]. 

The reduced modulus of elasticity showed a similar trend to nanohardness, decreasing with increasing 

duty cycle. Additionally, the variation in cobalt content with changes in duty cycle and current density 

may have influenced the nanohardness. [39]. Therefore, the synergistic effect of grain size and nickel 

composition resulted in increased nanohardness with decreased duty cycle and current density. 

 Nanotribology 

The nanotribological wear of pulse electrodeposited Ni-Co coating at various duty cycles with contact 

loads 100 mN, 200 mN and 300 mN is shown in Fig 8a. A constant increase in wear volume was seen 

with an increase in duty cycle. The same trend is observed with an increase in contact load. The 

relationship of wear volume to duty cycle and current density are provided in Fig 8 (a) and (b). From 

these results, enhanced wear properties at 20% duty cycle and 3 A/dm2 current density for coating were 

observed. 

Fig 8. Nanowear of Ni-Co coating at 100 mN, 200 mN and 300 mN at varying (a) duty cycle and 

(b) current density 

Archard law can be reflected in this scenario, where the wear volume of the coating surface was 

influenced by the effect of load and inverse effect on material hardness. The least wear resistance was 

observed for coating with a duty cycle of 100% and a current density of 9 A/dm2, which has the lowest 

nanohardness. Furthermore, the lower grain size will allow more material contact with the counter 

surface. With lower grain size, less area of grains will be removed during wear testing. With an increase 

in grain size, the net area of material removed will increase. This can be seen with an increase in grain 

size and wear volume [40,41]. The initial roughness of the coating is a critical parameter in determining 

wear. It has been observed that coating roughness increases with higher duty cycles and current 

densities. An increase in roughness results in more pronounced surface peaks. During the initial stages 

of tribological testing, these higher peaks cause an increase in contact pressure, leading to accelerated 

wear. Smooth surfaces quickly reach a stable contact area, while rough surfaces take longer to do so. 

Consequently, initial wear cycles of rough surfaces remove more material compared to smooth surfaces, 



resulting in greater overall wear for rough surfaces [42,43]. The synergistic effect of hardness, grain 

size and surface roughness resulted in improved tribological properties at lower duty cycle and lower 

current density Ni-Co coatings.  

Fig 9. SEM analysis of nanowear scar for duty cycle 20% and current density 3 A/dm2 at (a) 100 

mN and (b) 300 mN. SEM analysis of nanowear scar for duty cycle 100% and current density 3 

A/dm2 at (c) 100 mN and (d) 300 mN 

Wear scar line roughness was analysed and correlated with wear mechanisms involved, as shown in 

Fig. 10. For coating D1, roughness initially decreased from 0.080 µm to 0.068 µm at a load of 100 mN. 

However, it then increased to 0.098 µm at 200 mN before decreasing again to 0.068 µm at 300 mN. 

Similar trends were observed in D2, D3, D4, and D5 coatings. Comparably, the roughness of current 

density coatings was also examined. For C4, line roughness was initially 0.25 µm before treatment. It 

then decreased to 0.086 µm at a load of 100 mN, further decreasing to 0.078 µm at 200 mN and 0.030 

µm at 300 mN. These changes in roughness during nano tribo-tests are linked to the wear mechanisms 

involved. 

During the initial tribo-cycles, the counter surface breaks the peaks of the coating. At a lower load of 

100 mN, these peaks break, causing a decrease in surface roughness and resulting in a decline in line 

roughness. Additionally, the initial sliding alters the apparent contact area. During this phase, abrasive 

wear is the dominant mechanism, as confirmed by the SEM images of the wear scar (Fig. 9). Abrasion 

results in more scratches on the wear scar, increasing the roughness over the area and, consequently, 

the line roughness values. As the load increases to 200 mN and 300 mN, the wear mechanism transitions 

from abrasive to adhesive wear. Adhesive wear mechanisms are characterized by smoother surfaces, 

reflected in lower surface roughness, particularly lower than the coating roughness. 

In the initial phase of tribo-testing, surface peaks serve as asperities, making primary contact with the 

counter surface. These peaks undergo deformation during the early cycles, subsequently engaging with 

the core coating surface. Coatings with lower duty cycles and current densities exhibit lower Sp values, 

resulting in fewer asperities and earlier interaction between the coating and counter surface during initial 

tribo-cycles. This reduction in peaks contributes to lower wear volume in the coating. 



Fig 10. Line roughness parameter of nanowear scar at loads 100 mN, 200 mN and 300 mN at 

varying (a) duty cycle and (b) current density. 

Coatings subjected to lower duty cycles and current densities exhibit lower surface roughness, leading 

to smoother surfaces. This smoother surface topography plays a crucial role in minimizing coating wear. 

Analysis reveals that these coatings exhibit the lowest core surface roughness, enhancing their 

tribological properties. The real contact area during tribo-testing primarily involves the core surface. 

Notably, coatings with lower duty cycles and current densities from the BAC dataset demonstrate the 

lowest core surface roughness, further contributing to enhanced tribological properties [44]. Additional 

insights into the improvement of tribological performance are provided in subsequent sections focusing 

on ball-on-plate tribological testing. 

Tribology 

Fig 11 presents the wear rate profiles of Ni-Co nanocomposite coatings at various duty cycles and 

current densities. As the duty cycle increased, so did the wear volume. For instance, the wear volume 

increased from 3.55 x 1015 nm³ at D1 to 10.41 x 1015 nm³ at D5, with corresponding wear rates of 0.18 

x 10-3 mm³/m and 0.52 x 10-3 mm³/m, respectively. A similar trend was observed for varying current 

densities. The wear volume increased from 3.55 x 1015 nm³ at C1 to 10.35 x 1015 nm³ at C4, with 

corresponding wear rates of 0.18 x 10-3 mm³/m and 0.52 x 10-3 mm³/m, respectively. 

Fig 11. Wear Volume of tribologically tested Ni-Co coating at varying (a) duty cycle and (b) 

current density  

The wear rate of a material is directly proportional to applied stress and inversely proportional to the 

surface hardness. In the present case, the applied load is kept constant at 2 N, however, the hardness of 

the coating surface is seen to change. The highest hardness among the coatings was observed for 20% 

duty cycle and 3 A/dm2 current density coating. This is projected over the wear rate of composite 

coating, wherein, coating with the highest hardness exhibits an improved wear rate. It was observed 

that the D1 and C1 exhibited the lowest surface roughness. Changes in the physical parameters of the 

coatings led to variations in roughness, specifically an increase in Sp values. This increase in Sp values 

results in higher contact pressure for the same loads. As contact pressure increases, the wear rate also 



rises, as previously explained. However, unlike the nanotribological tests which involve two-body 

sliding, the ball-on-plate tribological tests represent a three-body tribological interaction. During the 

initial sliding, the peaks of the surface are worn down, initiating three-body wear. This type of wear 

increases friction between the surfaces, resulting in a higher wear rate. Consequently, as the current 

density and duty cycle increase, the rate of three-body tribological reactions also increases, leading to 

an elevated wear rate. With low duty cycle and current density coating having a lower roughness and 

low number of peaks, the influence of three-body interaction will be reduced, leading to an improvement 

in tribological properties.  

Fig 12 shows SEM micrographs of various coating wear profiles. When observing the wear mechanism 

of D1, abrasive wear was the predominant wear mechanism involved along with patches of oxide layer 

formation. For D2, adhesive wear was observed, along with patches of crater wear. The coating was 

flaked out in D2 coatings. Further increasing duty cycle, delamination was seen to increase, with D5 

having a complete failure of coatings, where the coating was completely worn out. Similarly, the SEM 

images of tribological evaluated coating were analysed and shown in Fig 11. when moving from C1 to 

C4 the adhesive wear was becoming more dominant. For C2 the delamination and ploughing of coating 

were visible. C4 was having drastic delamination wear, similar to that of D5. Therefore, with better 

wear mechanisms, coating with duty cycle and current density of 20% and 3 A/dm2 was identified as 

the best coating.  

 

 

Fig 12. SEM of wear scar for Ni-Co coating at duty cycles (a) 20% (b) 40% (c) 60% (d) 80%, (e) 

100% and current density (f) 3 A/dm2 (g) 5 A/dm2 (h) 7 A/dm2 and (i) 9 A/dm2 

Wettability 

The contact angle of Ni-Co composite coating with varying duty cycles was analysed. The detailed 

analyses of contact angle at various duty cycles are shown in Fig13a. All coatings exhibited a near 

hydrophobic condition with a contact angle of more than 80°. At a duty cycle of D1, an angle of 92.26° 

was observed which increased to 103.43° at a D5 duty cycle, with D2, D3 and D4 having angles of 

82.30°, 94.73° and 99.17° respectively. It was observed earlier that with an increase in duty cycle, 



surface roughness increases. Similar observations are espied in contact angle analysis as well. 

Therefore, it can be connoted that roughness and contact angle have direct proportionality with each 

other. Earlier researchers made similar observations as well. 

Fig 13. Contact angle at various Ni-Co coating (a) duty cycle variation and (b) current density 

variation. 

Similarly, the change in contact angle with an increase in current density was analysed and is shown in 

Fig 13b. Identical to duty cycle coatings, with the increase in current density, the contact angle was seen 

to increase with current density. At a current density of C1, a water contact angle of 92.26° was 

observed, increasing through 92.95° at C2 and 108.10° at C3, dipping to 94.70° at C4. With increased 

surface roughness, the contact angle was also seen to increase, which is following the observations 

made in duty cycle analysis. The coating with 3 A/dm2 and duty cycle 20% which has enhanced 

mechano-tribo properties exhibited a contact angle of 92.26°, which makes it a hydrophobic coating. 

With the hydrophobic nature of surfaces, these coatings can be used in anti-ice and anti-fog 

applications, along with self-cleaning applications. The hydrophobic coating will help in reducing dust 

retention on surfaces, which will reduce three-body interaction, reducing wear rate and increasing 

the life of the coating [45,46].    

XPS Analysis 

The surface analysis of Ni-Co pulse electrodeposited coating at a duty cycle of 20% and current density 

of 3 A/dm2 was analysed with XPS and is shown in Fig 14. The XPS spectra of adventitious carbon, 

which was taken as reference are shown in Fig 14b. The XPS spectra of Ni2p and Co2p are presented 

in Fig 14c and Fig 14d.  

As seen in Fig 14c, the deconvolution curve of Ni2p spectra can be grouped into 3 peaks. Peaks are 

seen at 852.12 eV, 855.79 eV and 861.39 eV. The peak at 852.12 eV (852.8 eV) can be attributed to the 

metallic Ni present in the coating and the peak at 855.79 eV (856.9 eV) can be characterised by NiO or 

Ni(OH)2 species. Peak fitting at 853.98 eV (853.4 eV) can be closely associated with NiO phase. Also, 

the peaks at 858.32 eV and 861.39 eV can be fitted with the Ni 2p spectrum, stipulating the existence 

of shake-up satellite peaks [21]. The satellite peak emerges as a result of the variance between the 



ground state and the excited state in the process of photoelectron emission, consistently exhibiting a 

higher binding energy than the primary peak [47]. 

Fig 14. XPS spectra of Ni-Co coating at duty cycle 20% and current density 3 A/dm2 (a) wide 

spectrum (b) Carbon spectrum (c) Nickel spectrum and (d) Cobalt spectrum 

In addition to the reduction of Ni metal ions during the pulse electrodeposition process, the cathode 

goes through hydrogen evolution reaction. This can be formulated with the following.  

 

2H2O + 2e  2OH- + H2 ↑  

 

The hydrogen formed at the cathode will result in a change in pH, supposedly increasing pH value near 

the coating surface. The chances of the following reaction were high.  

 

Ni2+ + 2OH → Ni(OH)2 

 

Moreover, nickel hydroxide has the potential to release water vapour into the air and transform it into 

nickel oxide. 

Ni(OH)2 →   NiO + H2O 

These hypotheses can be confirmed with the formation of NiO and Ni(OH)2 species observed in the 

XPS analysis [48]. 

Further, the deconvolution curves of Co were extracted and analysed (Fig 14d). The peaks are observed 

at 777.59 eV (778.2 eV) and 780.78 eV (780.0 eV) corresponding to the metal Co and Co oxide peaks. 

The hydrogen gas evolved with the reaction at the cathode can result in a decrease in pH, which was 

mentioned earlier. Further Co can also react with hydroxide forming cobalt hydroxide, subsequently 

decomposing to cobalt oxide. These assumptions can be confirmed with the CoO and Co(OH)2 

observations in XPS analysis [49,50].  

Conclusions 



Ni-Co composite coatings were successfully fabricated using pulse electrodeposition at various duty 

cycles and current densities. The optimal conditions were identified as a 20% duty cycle and 3 A/dm² 

current density. These coatings were subjected to mechanical, tribological, and wettability analyses. 

SEM and EDS analysis revealed that the optimal conditions yielded fine-grained structures, attributed 

to the synergistic effect of reduced ON time and increased hydrogen gas evolution during deposition. 

XPS analysis confirmed the presence of hydrogen, which played a role in grain refinement. 

Enhanced nanohardness was observed for the optimal conditions, resulting from the smaller grain size 

and the influence of nickel during pulsed deposition. 

Nanotribological and tribological tests demonstrated that the optimal coating exhibited superior wear 

resistance. This improvement was attributed to the synergistic effect of increased nanohardness and 

reduced surface roughness. 

Wear scar roughness analysis indicated a decrease in line roughness as the wear mechanism 

transitioned from abrasive to adhesive. Abrasive wear resulted in higher surface roughness, while 

adhesive wear led to smoother surfaces. This study introduced a novel approach to analyse wear 

mechanisms using profilometry. 

Contact angle measurements revealed an increase in hydrophobicity with increasing duty cycle and 

current density. The optimal coating exhibited a contact angle of 92.26°, indicating hydrophobic 

properties, making it suitable for aerospace and electronics applications. 

XPS analysis confirmed the presence of nickel and cobalt oxides, hydroxides, and hydrogen on the 

coating surface, further supporting the role of hydrogen in grain refinement. 
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Supplementary Fig 3. Wear Scar profile of Ni-Co nanocoating with duty cycle variation at (a) 100 
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Supplementary Fig 4. Wear Scar profile of Ni-Co nanocoating with current density variation at (a) 
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Supplementary Fig 5. Contact angle of Ni-Co coating at duty cycle (a) 20% (b) 40% (c) 60% (d) 80% 
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Supplementary Table 1. Physical parameters used for pulse electrodeposition coating of Ni-Co 

coating.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2. Nanotribology wear volume and line roughness of duty cycle varied coatings 

at various loads.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 3. Nanotribology wear volume and line roughness of current density varied 

coatings at various loads.  
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Supplementary Fig 4. Wear Scar profile of Ni-Co nanocoating with current density variation at (a) 

100 mN, (b) 200 mN and (c) 300 mN 

Supplementary Fig 5. Contact angle of Ni-Co coating at duty cycle (a) 20% (b) 40% (c) 60% (d) 80% 

(e) 100% and current density (b) 5 A/dm2 (c) 7 A/dm2 and (d) 9 A/dm2 

 

  



TABLES 

Table 1. Chemical composition of electrolyte used for coating.  
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