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A B S T R A C T   

Three different deposition techniques were utilized to synthesize NiP-ZrO2 nanocomposite coatings. The struc-
tural and mechanical merits for the as-prepared coatings were compared through XRD, XRF, SEM, AFM, 
microhardness, and nanoindentation analysis. The pulse-electrodeposition was the most suitable technique with 
a hardness value of 653HV25. The erosion behavior for the different NiP-ZrO2 coatings was investigated based on 
erosion duration, particles velocity, and impact angle. The results shows that the erosion rate decreases linearly 
with increasing angle of incidence and increases with increasing particle velocity. The erosion mechanism is 
mainly fracturing of splats and ploughing action at low particle velocity due to the ductility merits of the 
different coatings. In contrast, larger craters, radial cracks, and micro cuttings were observed at higher speeds.   

1. Introduction 

Erosion is a severe material degradation that occurs when a dynamic 
solid particle impinges on the target and removes material due to its 
collision with the surface of machinery and equipment [1–3]. The process 
produces negative outcomes such as part wear, roughening of the surface, 
macroscopic scooping appearance, surface deterioration, and a decrease 
in the structure’s functional life. It degrades the efficiency of mechanical 
components such as steam turbines, rocket motor tail nozzles, gas turbine 
blades, helicopter rotors, and pipeline systems carrying slurry and fluid 
[4–6]. Considerable efforts have been made to minimize the severe 
financial and environmental consequences of erosion in various in-
dustries, especially in oil and gas transportation systems. As a result, 
utilization of product specific surface modification techniques that pro-
vide improved erosion resistance appears to be a promising solution 
[7–10]. Despite the fact that several methods for pipe security have been 
proposed, internal coatings have proven to be the most reliable. In in-
dustry, fusion bonded epoxy, polymer tapes, and a variety of composite 
coatings are examined, but each has its own set of limitations. Some of 

these coatings have been restricted in their use due to coating adhesion, 
expense, and safety concerns. As a result, creating a new inner coating 
technology that will provide a suitable solution for protecting steel pipes 
from erosion-initiated damage is of great important [11–14]. Nickel 
based coatings are providing an alternative to various challenges due to 
the ease of tailoring bath, economical fabrication, and better results. 
Among various nickel based like Ni-Co, Ni-W and Ni-B coatings, NiP 
coatings have proven to be corrosion resistant with appreciable me-
chanical properties in the literature [15–21]. Further enhancement of NiP 
coatings are carried out by synthesizing composite coating or utilizing the 
formation of ternary and quaternary alloy coatings. Introducing an inert 
and hard nano-reinforcement in chemical bath during the deposition 
process has led to the formation of composite coating with superior 
properties than the usual NiP coating. Many reinforcements have been 
investigated in the past to enhance the properties of NiP coatings, but 
ZrO2 has been reported by many researchers to have better corrosion 
results and superior mechanical properties [22–24]. Nickel based coat-
ings are reported to be fabricated through different routes, among various 
coatings synthesis techniques, electroless, dc electrodeposition and pulse 
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electrodeposition are grabbing substantial attention due to their simpler 
experiment design and product output. For instance, electroless deposi-
tion is known for its uniformity, durability and versatility in substrate 
selection but has limited bath life, higher operating temperature for 
longer duration making it time and heat intensive process resulting in 
increasing the cost [25–27]. However, electrodeposition has controllable 
completion rate, inexpensive equipment and higher bath stability but 
lacks uniformity on the coat and restricted to only conductive substrate 
options. Pulse electrodeposition has further advantages of smooth and 
fine grain deposition along with more parameters to be optimized making 
the process complicated. All the techniques have some advantages and 
disadvantages over other counterparts making is complicated for their 
use in specific application [28]. Advances in production and character-
ization of nanoparticles led to innovative findings across many industries. 
Reinforcing the nanoparticles in NiP matrix has been investigated in the 
recent years and is reported to possess amazing properties due to the 
formation of nanocomposite coatings some of the examples of re-
inforcements are TiC, AlN, Y2O3, TiN, Al2O3, TaC, SiC, MoO, ZnO, CeO2, 
TiO2 and PTFE etc. [29–36]. Moreover, reinforcing zirconium oxide has 
been reported to appreciably improve corrosion resistance and me-
chanical properties of NiP based nanocomposite coatings [24,37]. Most 
of the previous studies have been carried out by employing electroless 
method for the fabrication of NiP-ZrO2 composite coatings. However, our 
previous study that utilized the pulse-electrodeposition technique to 
prepare NiP-ZrO2 nanocomposite coatings that reported best corrosion 
results and mechanical hardness for different adding content of ZrO2 
nanoparticles in the chemical bath. It will be quite interesting and feasible 
to explore the impact of various deposition techniques on the erosion 
behavior of NiP-ZrO2 nanocomposite coatings having the same compo-
sition. In the current study, we have synthesized NiP-ZrO2 nanocomposite 
coating through electroless deposition, electrodeposition and pulse 
electrodeposition techniques with constant concentration of 1 g/L of 
ZrO2 in the chemical bath based on our last study in all the deposition. 
Moreover, its exhaustive erosion testing is carried out through at various 
angles, speeds and time to investigate the effect of erosion on nano-
composite coating and to elucidate the best fabrication route for nano-
composite coatings. 

2. Methods and techniques 

2.1. Materials 

The chemical bath for electroless deposition was prepared by uti-
lizing a standard commercial-grade Nichem 3010 (A and B) solutions 
obtained from Atotech Inc., Berlin, Germany; with nickel sulfate 
(Ni2SO4) as the Ni source, and sodium hypophosphite (NaPO2H2) as the 
reducing agent and as a P source [38]. However, the chemical bath for 
electrodeposition and pulse electrodeposition was prepared in the lab-
oratory that contained nickel sulphate, nickel chloride, sodium chloride, 
orthophosphoric acid, sodium hypophosphite and boric acid purchased 
from Sigma Aldrich. Zirconium oxide powder with particle size ranging 
between 15 and 25 nm were obtained from Alfa Aesar. Other chemicals 
for activations, sonication and pretreatments were also purchased from 
reputed suppliers. Nickel sheet and mild steel substrate were procured 
from local suppliers. 

2.2. Methodology 

An electroless chemical bath was prepared by thoroughly mixing 
Nichem A, Nichem B and deionized water. The manufacturer provided 
the specific concentration of Nichem A and Nichem B, whereas deion-
ized water was the balance for a liter of solution. The steel coupons were 
ground up to 2000 silicon carbide paper starting from 80 grit size to 
obtain a highly polished surface for electroless deposition. The steel 
substrate was subjected to the pretreatment of sonication for 30 min, 
alkaline bathing (3 wt% NaOH and 3 wt. % Na2CO3) at 60 ◦C for 30 min, 

and acidic activation (15% HCl) for 45 s before placing it in the main 
chemical bath. Each pretreatment step was accompanied by rinsing the 
substrate thoroughly with deionized water. The chemical bath with 
zirconia nanoparticles of 1 g/L being stirred in the chemical bath at 300 
rpm, at 90 ◦C. Two hours of deposition was carried out to come up with 
the thickness of around 20 µm. The coated sample were rinsed with 
distilled water, sonicated for 15 min and dried in air before storage. 
More details of the chemical bath and operating conditions are pre-
sented in Tables 1 and 2 Electrodeposition and pulse electrodeposition 
was carried out from the modified Watts bath. The steel substrate with 
32 mm square shape was ground upto 1200 silicon carbide grading grit 
paper to obtain fairly polished surface. Sonication for 30 min and acid 
etching (15% HCl) was carried out before immersing it electrolytic bath. 
The zirconia particles were introduced in chemical bath before an hour 
of actual deposition and stirred at 300 rpm to restrict any agglomeration 
and settling of nanoparticles at the bottom of chemical bath. Nickel 
sheet was made as anode and pretreated substrate was made cathode to 
complete the circuit with entire deposition carried out at 65 ◦C. Current 
density and other factors were kept the same as per our previous study 
[24,39]. The deposition time was adjusted to obtain the thickness of 
more than 20 µm. More details of chemical bath and optimized condi-
tions are tabulated in Tables 1 and 2. 

2.3. Erosion test 

An air-jet erosion tester was used to test the prepared coatings for 
erosion as shown in Fig. 1. Alumina (Al2O3) powder with particle size 
ranging from 53 µm to 84 µm were used as an erodent. The ASTM G76 
standard was followed in the experimental setup for the erosion testing 
[40]. The erodent particles were fed at a rate of 0.94 g min− 1 and ejected 
from the nozzle at a velocity ranging from 19 to 49 m/s. The nozzle 
diameter was 2 mm, and the particle speeds were calculated using the 
double-disc approach, as Ruff and Ives demonstrated in a concise expla-
nation for determining the speed of particle by gas pressure adjustment 
[41]. The impacting distance was 10 mm between the nozzle outlet and 
the test specimen. The effect of the particles incident on the surface 
deformation and depth were investigated by mounting the sample on the 
holder with a different incident angles facing the nozzle for different 
exposure times. The erosion rate can be calculated by measuring the 
weight loss of the tested sample and the consumed eroding particles 
during the exposure test as derived in equation below [42]: 

ER =
Wbefore − Wafter

Werodent
(1) 

A microelectronic balance with an accuracy of 0.00001 g was used to 
measure the samples’ weight before taking them out of the dry cabinet to 
avoid the humidity effect. After washing, blowing, and washing in the 
ultrasonic bath with alcohol, samples were then dried and stored in a dry 
cabinet for at least two hours after the tests to ensure all sand particles are 
ultrasonically removed as well as differential humidity is not a factor. 

Additionally, the erosion depth and surface roughness measurements 
for the tested samples were elucidated using a 3D-optical surface 
metrology system of Lecia DCM8 profilometer. Table 3 demonstrate the 

Table 1 
Chemical composition of the different deposition baths.  

Chemical Bath Pulse Electrodeposition Electroless 

Nichem 3010 A NIL NIL 57 ml 
Nichem 3010 B NIL NIL 126 ml 
Nickel Sulfate hexahydrate 250 g/L 250 g/L NIL 
Nickel Chloride hexahydrate 15 g/L 15 g/L NIL 
Boric acid 30 g/L 30 g/L NIL 
Sodium Chloride 15 g/L 15 g/L NIL 
Phosphoric acid 6 g/L 6 g/L NIL 
Sodium Hypophosphite 20 g/L 20 g/L NIL 
ZrO2 concentration 1 g/L 1 g/L 1 g/L  
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erosion parameters of samples at various testing times, impact angles 
and particles speeds. 

2.4. Characterization 

X-ray diffractometer (Rigaku. Miniflex2 Desktop, Tokyo, Japan) 
utilizing Cu Kα radiations with the scan rate of 0.02̊ in the range of 2θ 
from 10̊ to 90̊ was used to investigate structural properties of coatings. 
The chemical composition of the NiP-ZrO2 nanocomposite coating was 
determined by X-ray fluorescence spectroscopy using Energy-Dispersive 
X-ray Fluorescence (EDXRF) S2 PUMA model by Bruker (Karlsruhe, 
Germany). Field-emission scanning electron microscope (FE-SEM-Nova 
Nano-450, Netherlands) was employed to study the microstructural 
details of the coatings. Atomic force microscopy (AFM-USA) device 
MFP-3D Asylum research (USA) was for used for topographical survey of 
the coatings. The equipment contains a silicon probe (Al reflex coated 
Veeco model-OLTESPA, Olympus; spring constant: 2 Nm− 1, resonant 
frequency: 70 kHz) was used in these tests. All AFM investigations were 
performed at room temperature using tapping mode in the air. Vickers 
Microhardness tester (FM-ARS9000, USA) and MFP-3D Nanoindenter 
coupled with AFM were deployed to explore the mechanical properties 
of the coated samples. Microhardness measurement took place at 25 gf 
and 10-second dwell time. Berkovich diamond indenter tip with 

maximum 1mN indentation force was installed to evaluate the nano-
indentation behavior of the coatings. 

3. Results and discussion 

3.1. Coatings surface characterization 

Fig. 2 shows XRD diffractogram of as-plated NiP-ZrO2 nano-
composite coatings which was synthesized through electrodeposition, 
electroless and pulse-electrodeposition techniques. All the spectra reveal 
an amorphous behavior of nanocomposite coating with a broad peak of 
Ni (111) at around 2θ of 44̊ which can be attributed to the face centered 
cubic lattice structure of nickel. Moreover, amorphous structure can be 
ascribed to the lattice distortion caused by the phosphorus atom during 
the co-deposition process. Moreover, heterogeneous nucleation sites 
provided by ZONPs during the deposition can also contribute to the 
inhibition of crystal growth of Ni and hence forming a complete amor-
phous structure of the nanocomposite coating. Presence of ZONPs can be 
clearly observed from the sharps peaks at 28.2̊ and 31.4̊ attributing to 
ZrO2(− 111) and ZrO2(111) in the samples prepared through various 
techniques. Low intensity peaks of ceramic nanoparticles in electro-
deposited sample can be due to the shielding provides by the broad 
amorphous NiP matrix. Moreover, short peak of Fe (211) can be 
observed in diffractogram at 82.4̊ for the carbon steel substrate. These 
observations are in line with the literature [24,43]. The X-ray fluores-
cence (XRF) analysis was utilized to detect the Ni, P, Zr and Fe content 
on the metal substrate. Table 4 represent the elemental analysis for 
NiP-ZrO2 coatings that are synthesized by different deposition tech-
niques. The results shows the domination of nickel content despite 
reducing 4% in electroless deposition technique. Meanwhile the P con-
tent increase more than 2% electroless deposition technique compared 
to the other deposition methods. Additionally, the Zr content is the 
lowest with 0.8 % in the coating matrix of electrodeposition technique. 
It is worthy mention that increasing the phosphorous content would 
increasre the brittlness of the coating matrix [24,39]. 

Fig. 3 provides clear comparisons of the roughness profiles of NiP- 
ZrO2 nanocomposite coatings that are synthesized by different deposi-
tion techniques. The average roughness (Ra) of the coating prepared by 
pulse method is 11.9 nm and it increases to 17.6 nm and 29.8 nm for the 
as-prepared coatings by electrodeposition and electroless technique, 
respectively. It has been reported previously that the addition of 1.0 
ZrO2 nanoparticles increased the grain growth and surface roughness of 
the coatings which attributed mainly to the presence of ceramic species 
into the NiP matrix. Furthermore, the RMS roughness increased from 
15.5 to 24.1 and 39.7 nm for the nanocomposite coatings in comparison 
at different deposition technique, which is consistent with the average 
roughness. By applying pulse method to the electrodeposition and 
electroless method the coating had a higher surface roughness [26,27].  
Fig. 4 depicts the surface morphology and the thickness of the 
as-prepared NiP-ZrO2 coatings using different deposition techniques. 
The surfaces of the NiP-ZrO2 coating prepared by pulse technique 
contain a nodular structure with a uniform distribution of ZrO2 nano-
particles with a rarer microvoids, which was explained in previous work 
[34]. Meanwhile, fewer nanoparticles were present on the NiP-ZrO2 
coating prepared by the electrodeposition technique. Additionally, the 
microvoids on the NiP-ZrO2 coating prepared by the pulse technique was 
less than that on the electroless technique with a noticeable loosely 
metallic particle, and ZrO2 nanoparticles agglomeration. This result 
indicates that the NiP-ZrO2 coating prepared by the pulse deposition 
technique is dense [22]. Surface grain size of the coating is 
nanometer-sized, resulting in a dense and smooth appearance, with a 
few micron-sized wrinkles and dispersed particles. A cross-sectional 
SEM image of NiP-ZrO2 coating with an average thickness of around 
20 µm is shown in Fig. 4. There may be a difference in the distribution of 
metal particles on the surface of coatings, which may affect erosion 
resistance. 

Table 2 
operating condition of the different deposition baths.  

Operating conditions Pulse Electrodeposition Electroless 

pH 2.2 ± 0.2 2.2 ± 0.2 4.0 ± 0.2 
Bath temperature 64 ± 2◦C 64 ± 2◦C 90 ± 2◦C 
Deposition time 30 min 30 min 120 min 
Current density NIL 50 mA cm− 2 NIL 
Peak Current density 50 mA cm− 2 NIL NIL 
Duty Cycle, On-Off time 50%, 5 s, 5 s NIL NIL 
Bath agitation 300 rpm 300 rpm 300 rpm  

Fig. 1. Schematic diagram for the erosion tester.  

Table 3 
Erosion test parameters.  

Erodent particles  

Velocity 19, 34, 41 and 49 m/s 
Impact angle 45◦, 60◦, 75◦ and 90◦

Nozzle diameter 2.0 mm 
Sample-nozzle distance 20.0 mm 
Test time 60, 120, 240, 480 s  
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3.2. Mechanical properties 

Measurement of Vickers hardness of the NiP-ZrO2 nanocomposite 
coatings fabricated through different techniques was performed with a 
MicroMet micro-indentation tester. The hardness of each surface was 
measured by forcing an indenter into the surface for ten seconds with a 
25-gram. five hardness measurements were taken for each specimen, 
and an average result was calculated. Vickers hardness is calculated 
using equation below 

HV =
1.8544*F

d2 (2)  

where F equal to the force applied to the indent in kilograms-force, and d 
equal to the average distance of the indent in millimeters. 

As presented in Fig. 5, microhardness of the pulse samples are in the 
range of 600 HV25 to 700 HV25. Electrodeposition samples exhibit 
slightly lower range than pulse samples with the range of 500 HV25 to 
630 HV25. Moreover, microhardness values of electroless nano-
composite coatings lie in the range of 560 HV25 to 590 HV25. The 
improvement in the microhardness can be attributed to dispersion 
hardening and Hall-Petch effect [44,45]. Additionally, the nano-
indentation depth of samples is shown in Fig. 5. The hardness relates to 
the microstructure and phase compositions of coatings. The indentation 
depth of the electroless sample was about 212 nm. Moreover, for the 
conventional electrodeposition, the maximum indentation depth ob-
tained is nearly 200 nm. In case of pulse electrodeposition, the 

Fig. 2. XRD spectra for NiP-ZrO2 synthesized through different deposition techniques.  

Table 4 
XRF analysis for NiP-ZrO2 coating prepared by different techniques.   

Ni P Zr Fe 

Pulse  87.2  9.8  1.7  1.1 
Electrodeposition  87.9  9.9  1.1  0.8 
Electroless  83.9  12.6  1.8  1.5  

Fig. 3. AFM surface topography for the as-prepared NiP-ZrO2 coatings using different deposition techniques (a) pulse, (b) electrodeposition and (c) electroless.  
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indentation depth of the coating was improved to 190 nm for the suf-
ficient distribution of ZrO2 particles in the coatings. The increase in 
hardness may be attributed to the dispersion hardening and micro-
structural enhancement of the deposition [46–48]. The high hardness 
can enhance the erosion performance of the fabricated coatings. 

3.3. Gravimetric analysis and erosion resistance of the different coatings 

Fig. 6 depict the effect of test duration, impact angle and particles 
velocity on the mass loss of NiP-ZrO2 nanocomposite coatings by 
different deposition techniques. Fig. 6(a) shows the weight loss of the as- 
deposited NiP-ZrO2 coatings by different deposition techniques versus 
time. Specimens were eroded using a velocity of 34 m/s for 60, 120, 240 
and 480 s at 90◦ impact angle. It can be noticed that the weight loss 

measurements for the different NiP-ZrO2 coatings at different exposure 
time show a similar trend and the as-synthesized coatings by electroless 
techniques is higher than other deposition techniques. Additionally, it is 
evident that the weight loss values gradually drop with increasing time 
which can attributed to interacting the substrate to the erodent particles. 
The results of the erosion test in Table 5 with respect to different 
exposure time, impact angles, and particle velocity. It can be noticed for 
a short period of exposure the erosion rate is seemed to be similar for the 
pulse and electrodeposition techniques. However, the erosion rate for 
the electrodeposited coating became higher than the pulse deposited 
coating with increasing time. It is worthy mentioning that the erosion 
rate decreases significantly at 480 s of erosion time which could be an 
evident for a contribution of the base material on the erosion rate results 
[22,49]. Intriguingly, electroless coatings have a higher erosion rate 

Fig. 4. SEM surface topography and cross sectional images for NiP-ZrO2 coating prepared by different techniques (a, d) pulse, (b, e) electrodeposition and (c, f) 
electroless. 

Fig. 5. (a) Viker microhardness and (b) Nanoindentation curves for the as-prepared NiP-ZrO2 coatings using different deposition techniques.  
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than other deposition techniques. the brittleness nature of the diverse 
types of NiP-ZrO2 coatings might explain this difference between elec-
troless coatings and coatings synthesized by pulse and electrodeposition 
techniques, as discussed in the mechanical properties section [50,51]. 
Additionally, the effect of impact angle on mass loss was evaluated and 
is presented in Fig. 6(b). The as-deposited NiP-ZrO2 coatings by different 
deposition techniques were eroded at 45◦,60◦,75◦ and 90◦ for 120 s. It is 
evident that the weight loss of electroless coated specimen significantly 
increases with increasing impact angle. However, weight loss of pulse 
deposition coating is slightly higher at angle of 60◦ and drops with 
increasing angle to 75◦ then it remarkably increases at 90◦. The mass 

loss behavior of electrodeposited coated samples is consistent with 
increasing the impact angle, which shows that at a relatively low particle 
velocity, the amount of erosion at low angle is slightly higher than 90◦

impact angle [52,53]. As a result of brittleness and ductility coatings 
merits, the incident particles are impacted on the sample surface and, 
naturally, their impact force is increased [47]. Therefore, the erosion 
rate for angles ranging from 45◦ to 90◦ is boosted for the different 
metallic coatings as seen in Table 5. These findings are consistent with 
other observations about materials ductility in microhardness and 
nanoindentation. There was low erosion at the lower 45◦ angle, which 
could be attributed to fewer impacting particles on the surface of the 
sample. Erosion rates increased with increasing impact angle primarily 
because of cutting/ploughing actions. The erosion rate was greatest at 
approximately 90◦, where most of the particles were involved in 
removing the material and the interference between the incoming par-
ticles and the rebounding particles was minimal [28]. It has been re-
ported previously that the erosion rate is affected by the impact angle as 
it depends on the ductility of the material. Materials with a high erosion 
rate at low incident angle are ductile while, the erosion rate of the brittle 
materials are the maximum at or near 90◦. For ductile material at low 
impact angle, ploughing and cutting actions are the most dominate in-
fluences, and this results in high erosion. meanwhile, brittle materials 
fracture and high material loss at high impact angle, whereas ductile 
materials experience heavy plastic deformation. Fig. 6(c) present the 
influence of the particles velocity on the weight loss measurements of 
the different types of NiP-ZrO2 nanocomposite coatings. Generally, the 
mass loss of the different coatings increases with increasing particle 
velocity. Previous studies have confirmed that higher particle motion 

Fig. 6. Mass loss measurements of the as-deposited NiP-ZrO2 nanocomposite coatings by different deposition techniques after exposure test at different a) exposure 
time, b) impact angles, and c) particles velocity at definite constant condition for each measurement. 

Table 5 
Normalized erosion rate values of the as-deposited NiP-ZrO2 nanocomposite 
coatings by different deposition techniques under different influences exposure 
time, impact angle and particle velocity.    

Pulse Electrodeposition Electroless 

Time (sec.)  60  0.25  0.26  0.31  
120  0.28  0.28  0.33  
240  0.30  0.33  0.35  
480  0.31  0.34  0.35 

Angle (o)  45  0.18  0.16  0.21  
60  0.20  0.18  0.23  
75  0.17  0.23  0.26  
90  0.27  0.28  0.34 

velocity (m/s)  19  0.21  0.30  0.34  
34  0.27  0.3  0.33  
41  0.30  0.31  0.33  
49  0.30  0.28  0.31  
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results in more significant removal of material from the surface [54]. 
This could be attributed to higher particle velocity being associated with 
higher kinetic energy, leading to more material removal. interestingly, 
the brittleness and ductility coatings merits of the different coatings are 
less noticeable at higher velocities than lower ones. Moreover, the 
erosion rate in electroless deposited samples appears to increase with jet 
velocity acceleration. It is worthy mentioning that the erosion rate is 
directly proportional to speed of the particles as shown in Table 5. The 
erosion rate of pulse deposited coatings was lower than that of elec-
trodeposited and electroless coatings, respectively. 

3.4. Surface erosion topography 

The erosion rate data has been verified by numerous characterization 
studies that provide a better understanding of erosion features [55,56]. 
Profilometric scans were performed on a different types of coating 
specimens after 120 s of erosion time at 90◦ of incidence angle for 
different particles impinging speeds. Scanned profiles were stitched 
together for comparison as shown in Fig. 7. The 3D erosion scars of 
attack vary from 5 mm to 7 mm for 19 and 49 m/s particles velocity, 
respectively. The as-deposited electroless deposited coating exhibits 
pile-up at both low and high velocities, whereas no obvious pile-up is 
observed on the as-deposited pulse or electrodeposited coatings after the 
impact testing as seen Fig. 7. This indicates that the pulse deposited 
coating is more ductile than the electrodeposited and electroless coat-
ings. Fig. 8 shows the surface erosion profiles of samples at various 
impact angles. When the impact angle is altered from 45◦ to 90◦, erosion 
scars had developed from narrow grooves to deep round holes. During a 
90◦ impact angle, the eroded region is circular, with a noticeable pile up 
for electroless deposited coating. Meanwhile at a 45◦ impact angle, the 
eroded scare takes an elliptical shape with apparently microcracks 

joined with the coating pile up. The size of the erosion scar along with 
the longitudinal and the lateral direction are approximately 5.67, 6.47 
and 8.31 mm2, for 45◦ angle of incidence and 34 m/s velocity for pulse, 
electrodeposited and electroless coatings, respectively. three distinct 
zones can be clearly observed in the eroded pulse and electrodeposited 
coating specimens; the central zone is where most material was eroded, 
the second zone is where less material was consumed, and the third zone 
represents the least amount of erosion as shown in schematic diagram 
(Fig. 12). However, the erosion tracks of coating began to show coating 
removal, which is mainly related to the looseness and micro-cracks of 
the electroless coating specimen. 

3.5. Crater depth and surface roughness measurements 

The maximum crater depth and the estimated surface roughness of 
each coating sample is presented in Fig. 9. This was done because higher 
values of depth of cut may lead to increased component failure risk. The 
findings of maximum depths of cut were summarized to depict the effect 
of exposure time, impact angle and particles velocity, respectively. 
Additionally, the surface roughness is an interpretation of erodent em-
phasizes that surfaces with a rough surface would wear more quickly 
and have higher depth than smooth surfaces. it is worthy mentioning 
that the surface roughness is derived from the following equation: [28]. 

Ra =

∫∫

a⌊Z(x, y) ⌋ dx dy (3) 

Ra represents the average roughness, "a" implies that the calculation 
is performed on the area measured, Z is the distance from the deepest 
point in the damaged zone to the unaffected surface of the specimen, and 
(x,y) represents the height in relation to the measured area. Fig. 9(a) 
shows the depth of the erosion tracks on the different NiP-ZrO2 

Fig. 7. 3D surface profilometer of the as-prepared NiP-ZrO2 coating by different deposition technique after erodent impacted for 120 s and 90◦ with different 
erodent velocity. 
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deposited coatings after different exposure time of erosion at 90◦ and 
34 m/s of particles impinging velocities. It can be noticed that the crater 
depth at electroless coating is two times higher than the measured depth 
in pulse deposited coating after 60 s of erosion time. Meanwhile, with 
increasing the exposure time the change in depth measurements de-
creases reaching to the lowest difference after 240 s of erosion. It in-
dicates that the erosion depth of the pulse deposited coating was much 
diminisher than the electroless coating. It is believed that the surface 
characteristics and high hardness of the coating contribute to the good 
erosion resistance of pulse deposited coatings. Similarly, increasing the 

coating hardness would reduce its deformation susceptibility during 
erosion test. Intriguingly, the correlation between the surface roughness 
and the testing time shows a proportionally increases in surface 
roughness with longer testing times reaching to 289 µm in electroless 
coating after 480 s of exposure. This indicates the deterioration of the 
surface due to erosion after prolonged use as can be seen in Fig. 9(b). 

Fig. 9(c) shows the influence of the impingement angles 45◦, 60◦, 
75◦, and 90◦ on crater depth. Comparing the different NiP-ZrO2 coating 
samples, the erosion depth of electroless coating was higher than the 
erosion depth of electrodeposited and pulse deposited samples. 

Fig. 8. 2D surface profilometer for the as-prepared NiP-ZrO2 coating by different deposition technique after erodent impacted for 120 s and 34 m/s with 
different angle. 
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Moreover, pit depths at 90◦ were higher than those at 45◦ in the different 
coatings. It is worthy mentioning that in pulse deposition coating, as the 
angle increases to 75◦, craters elongate and become deeper resulting in 
steep increase in erosion depth. However, at 90◦ impact angle, the 
craters continue to extend but have become shallower thereby resulting 
in erosion depth similar to 75◦ impact angle. In contrast, the results of 
the roughness in Fig. 9(d) for the different NiP-ZrO2 coatings after 
impingent with altering impact angles are progressively decreased after 
exceeding the particles impact angle to 60◦. The roughness dropdown is 
varied from coating to another based on its mechanical properties. Then, 
with varying impact angles, the results are similar to the erosion rate and 
depth of cut results. 

Fig. 9(e) shows the maximum measured depth as a function of par-
ticle speed at 120 s of exposure time and 90◦ of impact angle. Depth is 
proportional to particle velocity, indicating higher coating loss as speed 
increases. Additionally, the maximum erosion depth at 49 m/s has been 
reduced from 18.9 to 15.8 µm which converting the deposition tech-
nique from electroless to pulse deposition technique. 

Fig. 9(f) shows the surface roughness measurements with altering the 
particles velocity. It can be noticed that the roughness assessed around 
three times of increase for the different coatings as it shifts from 40.1, 
45.3, 101.5 µm at 19 m/s to 129, 133, 201.2 µm at 49 m/s for pulse, 
electrodeposited and electroless coatings, respectively. 

Fig. 9. surface roughness measurements of the as-deposited coatings by different deposition techniques after exposure test at different a) exposure time, b) impact 
angles, and c) particles velocity at definite constant condition for each measurement. 
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3.6. SEM analysis 

Figs. 10 and 11 depict the surface morphology and cross section 
images for the different as-synthesized NiP-ZrO2 coatings under 
different particles velocity, impact angles and exposure time. Generally, 
the surface morphology of the eroded surfaces would be influenced by 
these variables which could lead to different erosion mechanism. The 
interactions between the target metal and the impinging particles might 
have changed due to the changing magnitudes of momentum vectors on 
the target metal surface [57,58]. Fig. 10 depict the SEM analysis for the 
different as-synthesized NiP-ZrO2 coatings at two different impingement 
velocities 34 and 49 m/s after 120 s of erosion time with 90◦ of impact 
angle. At low particles velocity, Fig. 10(a-c), the erodent particles uti-
lized its kinetic energy for penetrating the coating layer which take the 
lead to coating micro-cuttings, pullout, and embedded particles in the 
whole different coatings. Additionally, the coating layer is flattened out 
from the repeatedly strike off the abrasive particles causing a vulnerable 
lips and plastic deformation influence. However, the eroded surfaces 
didn’t show any platelets form on the surface which mainly caused the 
coating failure. Meanwhile, increasing the particles velocity to 49 m/s at 
90◦ of impact angle led to a noticeable ploughing marks at the eroded 
surface for the different deposition technique as seen in Fig. 10(d-f). The 
ploughing marks were accompanied with lips cutting grooves which can 
attributed to the repeated impact of the embedded particles with the 
incoming particles stream [52,55]. Commonly, the higher particles ve-
locity, the more material removal and the deeper of abrasive particles 
through the coating layer. This layer became more brittle in nature and 
may not be removed immediately but would easily be removed by 
subsequent impacts by another particle. It can be observed that the 
erosion mechanism resulting from the higher particles velocity charac-
terized by detachment splats, craters, random micro-cutting and a 
ploughing action with lips cutting grooves [59,60]. 

Fig. 11 shows the cross-sectional images after 120 s of erosion time 
on the NiP-ZrO2 pulse deposited coating at different impact angle (45◦, 
60◦, 75◦, 90◦), at 34 m/s of particles velocity. At low impact angle, the 
impinging particles stream propagate to deform the coating layer by a 
complete removal of large fragments causing a coating fracture with the 
presence of embedded particles of the deformed layer, Fig. 11(a). 
Intriguingly, a noticeable trough shape was produced with some erodent 
debris inside the coating layer at 60◦ of the impact angle. Additionally, 
the ploughing effect is extensively considered in removing the coating 
layer, hence the kinetic energy of the impacting particles is concentrated 
in the plastic deformation of coating layer as seen in Fig. 11(b) [47,61]. 
Meanwhile, at the higher impact angles, most of the erodent kinetic 
energy is utilized to wear down the coating layer, triggering the dimple 
formation and embedded abrasive particles with the ploughing action in 
the coating layer. Consequently, the witnessed ridges and grooves are 
attributed to the sequence squeezing of the dimples which accompany 
with coating fractures by plastic deformation as shown in Fig. 11(c and 
d). 

The schematic erosion mechanism for the different as-prepared NiP- 
ZrO2 coatings under varied erodent variables is demonstrated in Fig. 12.  

1. During the erosion test with 34 m/s and 90◦ impacted particles for 
120 s, electroless coating shows plastic deformation, micro-cutting 
and pullout of the coating layer. Meanwhile, embedded particles 
can be noticed in electrodeposited layer. In contrary, pulse deposited 
coating reveals groves and ploughing in the targeted area.  

2. For the erodent particles with 49 m/s and 90◦ for 120 s, large crater 
with a noticeable pile-up can be observed in electroless. However, 
electrodeposited coating shows plastic deformation, micro-cutting 
and pullout of the coating layer. Meanwhile, a detachment splats 
with a plastic deformation is recognized in pulse deposition coating. 

Fig. 10. SEM images for pulse (a, d), electrodeposition (b, e) and electroless (c, f) coatings after 120 s of impacted erodent with 90◦ at 34 and 49 m/s of particles 
velocity, respectively. 
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3. For the erosion experiment for 480 s at 34 m/s and 90◦, all coatings 
show the same behavior after long exposure time with plastic 
deformation, micro-cutting and pullout of the coating layer even 
reaching to the base surface in electroless coating.  

4. During the erosion test with 34 m/s and 45◦ impacted particles for 
120 s, an elliptical shape with apparently microcracks joined with 
the coating fracture and pullout in electroless coating. A plastic 
deformation with micro-cutting and the coating pullout is noticed in 
electrodeposited coating. Meanwhile, a plastic deformation with 
embedded particles and pores in the coating matrix is detected in the 
pulse coating layer with reducing the eroded area. 

4. Conclusion 

The surface and mechanical characterizations for the different as- 
deposited NiP-ZrO2 coatings confirms that the pulse deposition tech-
nique produce a distinguish coating with an outstanding superiority in 
roughness, hardness, and elasticity in comparison to electroless and 
electrodeposition techniques. The erosion behavior of NiP-ZrO2 coatings 
which have been synthesized by three different deposition techniques 
was investigated to introduce a better understanding of cutting-edge 
mechanism of these coatings. The influence of altering the deposition 
method would effect on the mechanical merits and erosion resistance of 
the different types of NiP-ZrO2 coatings. The mass loss measurements 
showed a tremendous increase with increasing the exposure time and 

the particle velocity due to the high kinetic energy for the erodent 
particles. In the meantime, the mass loss was observed to be increased 
with increasing the impact angle reaching to the maximum loss at the 
highest angular impact (90◦) which indicate the brittleness of the as- 
synthesized coatings. However, the ductility of the NiP-ZrO2 pulse 
deposited coating was evidently observed compared to the electroless 
and electrodeposited coatings. SEM images clarify the influence of the 
various variables in the erosion mechanism. Hence, increasing particles 
velocity amplified the coating deficiencies via ploughing, flattening and 
micro cutting of the eroded area. Meanwhile, the coating fracture is 
noticeable at lower impact angle compared to higher impact angle 
which resulted in deeper embedment of erodent particles. Additionally, 
the coating spallation increases with increasing the time of exposure in 
electroless coating. Overall, the erosion behavior of the different as- 
deposited NiP-ZrO2 coatings are fundamentally influenced by solid 
particles velocity, impact angle, exposure time and the deposition 
technique. However, the overall erosion resistance which is driven from 
erosion depth, mass loss, surface roughness, and erosion rate of the as- 
synthesized NiP-ZrO2 coating by pulse deposition technique is appli-
cably higher than other deposition techniques. 
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