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Abstract 

HSLA (AISI 4340 alloy) steel has applications in industries like auto-motives, military, 

nuclear, aeronautical field, oil and gas sector etc. where it is mostly exposed to extreme 

conditions i.e., humidity, stress and high temperature etc. making it vulnerable to 

corrosion and wear issues raising the demand for more robust and effective materials 

having good surface properties and stability for protection purposes. This research project 

encompasses the scope to develop and analyze the electro-deposited nickel alloy and 

composite coatings with good mechanical stability and properties like low degradation in 

highly corrosive or high temperature applications, as the potentail solution to the above 

mentioned problem when compared to bare HSLA steel. In this work, impact of different 

Al₂O₃ nano-particles (40~50nm in size) concentrations (i.e., 0.1, 0.3, 0.7, 1 g/L) on wear 

and corrosion resistive properties of Ni-P-Mo coatings on bare HSLA (AISI 4340) steel 

samples, was studied and analyzed via characterization techniques such as SEM, AFM, 

Micro-hardness, Nano-indentation, pin-on disk micro-testing for wear and 

potentiodynamic polarization method using 3.5 wt. % NaCl solution for corrosion testing. 

Electro-deposition technique was used to deposit Ni-P-Mo alloy and Ni-P-Mo/Al₂O₃ 

composite coatings on steel substrates. SEM and AFM results reveal homogeneous, 

compact, denser and rougher coatings as nano-particles were incorporated in Ni-P-Mo 

alloy comparatively. Hardness was enhanced and improvement in mechanical wear 

resistant properties were witnessed as well from 5.28E⁻⁸ mm3/mm (Ni-P-Mo) to 0.373E⁻⁸ 

mm3/mm (Ni-P-Mo /0.3g/l Al₂O₃). Corrosion rates in mils-per-year of Ni-P-Mo coatings 

were also reduced significantly from 4.8mpy (Ni-P-Mo) to 0.3mpy (Ni-P-Mo /0.3g/l 

Al₂O₃) by the addition of Al₂O₃ particles. Positive results obtained suggest the potential 

use of these composite coatings in various industrial sectors.  

 

  



 

iv 
 

Table of Contents 

Introduction ........................................................................................................................ 1 

1.1 Background ............................................................................................................. 1 

1.2. Thin Surface Coatings; Deposition Types: ................................................................. 3 

1.3 Physical depositing methods ........................................................................................ 4 

 Evaporation processes: ............................................................................................ 4 

 Sputtering: ............................................................................................................... 4 

1.4 Chemical deposition methods ...................................................................................... 5 

 Sol gel: .................................................................................................................... 5 

 Dip and Spin coating: .............................................................................................. 5 

 Thermal battery enhanced electro-chemical deposition:......................................... 6 

 Chemical solution deposition: ................................................................................. 6 

 Laser enhanced deposition ...................................................................................... 7 

1.5 Electro-less deposition ................................................................................................. 8 

1.6 Electro-deposition ........................................................................................................ 8 

1.7. Types of electro-deposition ....................................................................................... 10 

 DC current ............................................................................................................. 10 

 Pulsed and pulsed reversed current (PC, PRC) ..................................................... 10 

 Pulse reversed electro-deposition:......................................................................... 11 

1.8 Electrochemical deposition; why? ............................................................................. 13 

1.9 Research Aim ............................................................................................................. 14 

Literature review .............................................................................................................. 15 

2.1. HSLA steel; substrates: ......................................................................................... 16 

2.2. Ni coatings ............................................................................................................. 19 

2.3. Ni-P Coatings: ....................................................................................................... 20 

2.4. Addition of Mo in Ni-P alloy: ............................................................................... 22 

2.5. Ni-composite coatings and their electro-deposition: ............................................. 24 

2.6. Al₂O₃ nano-particles: ............................................................................................. 26 



 

v 
 

2.7. Research gap .......................................................................................................... 27 

2.8. Research Objectives .............................................................................................. 27 

2.9. Novelty in project .................................................................................................. 28 

Methodology .................................................................................................................... 29 

3.1 Experimental Methods .......................................................................................... 29 

 Sample Preparation ............................................................................................... 29 

 Bath Composition and set-up ................................................................................ 29 

 Electro-deposition Parameters and Conditions ..................................................... 31 

3.2. Characterization techniques ...................................................................................... 31 

 SEM (scanning electron Microscope) ................................................................... 31 

 EDS ....................................................................................................................... 32 

 Surface roughness (Optical Profilometer) ............................................................. 32 

 AFM ...................................................................................................................... 33 

 Micro-Vickers Hardness ....................................................................................... 33 

 Nano-indentation ................................................................................................... 34 

 Pin on disc: tribometer for wear analysis .......................................................... 35 

 Corrosion testing: Tafel plots ............................................................................ 35 

Results and discussion ..................................................................................................... 37 

4.1 Micro-structural analysis ............................................................................................ 37 

4.2 Surface roughness ...................................................................................................... 40 

4.3 Mechanical testing ..................................................................................................... 43 

4.4 Tribological testing wear analysis .............................................................................. 47 

4.5 Electrochemical Corrosion Behaviour ....................................................................... 49 

Conclusions: ..................................................................................................................... 52 

Future recommendations .................................................................................................. 53 

References: ....................................................................................................................... 54 

 

  



 

vi 
 

List of Figures 

Figure 1: applications of coatings and properties [2] ........................................................ 2 

Figure 2: different deposition methods by evaporation [1] ............................................... 4 

Figure 3: sputtering mechanism [1] .................................................................................. 5 

Figure 4: (a) dip coating method (b) spin coating [1] ....................................................... 6 

Figure 5: illustration of laser enhanced deposition [22] .................................................... 7 

Figure 6: schematic electroplating .................................................................................... 9 

Figure 7:  electro-deposition using direct current ........................................................... 10 

Figure 8: diagram displaying the ped process[32] .......................................................... 11 

Figure 9: illustration of pulse reversed current [3].......................................................... 12 

Figure 10: industries utilizing electroplated coatings ..................................................... 13 

Figure 11: ni-p electrolytic deposition process [74] ....................................................... 22 

Figure 12: co-deposition of particles in to ni-matrix [86]. .............................................. 25 

Figure 13: experimental set-up ........................................................................................ 30 

Figure 14: formulae for hv hardness calculations [113]. ................................................ 34 

Figure 15: composite coating morphology: .................................................................... 39 

Figure 16: eds images of  ................................................................................................ 40 

Figure 17: elemental peaks of ni-p-mo/0.3 g/l al₂o₃ ........................................................ 40 

Figure 18: surface roughness trend of all samples .......................................................... 41 

Figure 19: afm analysis ................................................................................................... 42 

Figure 20: micro-hardness trend ..................................................................................... 44 

Figure 21 nano-indentation graphs.................................................................................. 46 

Figure 22: (a) wear analysis of all samples ..................................................................... 48 

Figure 23: comparison of corrosion rates of all samples ................................................ 49 

Figure 24: tafel plots of all coatings ................................................................................ 50 

 

  

file:///C:/Users/beeka/OneDrive/Desktop/Thesis%20compilation%20data/THESIS%20FINAL%20(Autosaved).A%20(Autosaved).docx%23_Toc103804032
file:///C:/Users/beeka/OneDrive/Desktop/Thesis%20compilation%20data/THESIS%20FINAL%20(Autosaved).A%20(Autosaved).docx%23_Toc103804034
file:///C:/Users/beeka/OneDrive/Desktop/Thesis%20compilation%20data/THESIS%20FINAL%20(Autosaved).A%20(Autosaved).docx%23_Toc103804036
file:///C:/Users/beeka/OneDrive/Desktop/Thesis%20compilation%20data/THESIS%20FINAL%20(Autosaved).A%20(Autosaved).docx%23_Toc103804044
file:///C:/Users/beeka/OneDrive/Desktop/Thesis%20compilation%20data/THESIS%20FINAL%20(Autosaved).A%20(Autosaved).docx%23_Toc103804060
file:///C:/Users/beeka/OneDrive/Desktop/Thesis%20compilation%20data/THESIS%20FINAL%20(Autosaved).A%20(Autosaved).docx%23_Toc103804063
file:///C:/Users/beeka/OneDrive/Desktop/Thesis%20compilation%20data/THESIS%20FINAL%20(Autosaved).A%20(Autosaved).docx%23_Toc103804067
file:///C:/Users/beeka/OneDrive/Desktop/Thesis%20compilation%20data/THESIS%20FINAL%20(Autosaved).A%20(Autosaved).docx%23_Toc103804069


 

vii 
 

List of Tables 

Table 1: thin film deposition techniques [1] ..................................................................... 3 

Table 2: coatings and their industrial usage .................................................................... 13 

Table 3: commonly used alloying elements in steels [48]. ............................................. 17 

Table 4: coatings that have been deposited on hsla [60-67]. .......................................... 18 

Table 5: ni-mo-p deposition over years .......................................................................... 24 

Table 6: chemical composition of hsla steel ................................................................... 29 

Table 7: bath composition of ni-p-mo coatings .............................................................. 30 

Table 8: bath composition of ni-p-mo/al₂o₃  ................................................................... 31 

Table 9: optimized plating parameters ............................................................................ 31 

Table 10: ra (nm) values obtained from afm testing ....................................................... 43 

Table 11: nano-indentation data ...................................................................................... 45 

Table 12: wear rate and co-f values of all samples ......................................................... 47 

Table 13: electrochemical testing values ........................................................................ 51 

 

  



 

viii 
 

Abbreviations 

Terms Full form 

C.R. Corrosion rate 

mpy Mils per year 

COF Co-efficient of friction 

EDS Energy dispersive spectroscopy 

HV Hardness Vickers 

AFM Atomic force microscopy 

CVD Chemical vapor deposition 

PVD Physical vapor deposition 

ALD Atomic layer deposition 

DC Direct current 

RF Radio frequency 

PECVD Plasma enhanced chemical vapor 

deposition 

MBE Molecular beam epitaxy 

TMAB Tri-methyl-amine-borane 

AB Ammonia-borane 

DMAB Di-methyl-amine-borane 

PSPD Position sensitive photo-diode 



 

1 
 

Chapter # 1 

Introduction 

1.1  Background  

Surfaces of different materials or structures are the first to physically or mechanically 

interact with the outer atmosphere or surroundings making them more vulnerable towards 

damage and wearing. Functionality of different surfaces deteriorate due to changes in the 

surroundings like temperature, humidity, stress etc. resulting eventually in system or 

structure failures. For instance surfaces interacting with harsh chemicals must have 

chemical stability against them to function properly without damage [2]. Usually they 

suffer from electrochemical corrosion and mechanical wear due to morphological changes 

caused by chemicals or extreme environments like humidity or temperature fluctuations 

etc. Therefore in order to solve these problems various coating systems and techniques 

(like evaporation, thermal spraying, deposition etc.) were developed and utilized for 

surface protection purposes. Coating is a centuries-old technique and is a finishing process 

for an object's surface, also known as the substrate. Coatings have been utilized to improve 

the surface qualities of materials (i.e. mechanical, adhesive, wettability, corrosion 

resistive, wear resistive, lubrication, and scratch resistance etc.) over years along with the 

advances [4]. Organic and inorganic materials can be applied to any substrate. It may form 

a hard, impervious film, a soft porous film, or a combination of the two after coating 

application. A single layer of coating or a multi-layer coating structure could be used for 

desired application [5]. 

Extended service life, greater tolerance to load or stress, low maintenance requirements, 

conservation of natural resources, excellent corrosion and wear resistance and use of 

reasonably priced structures etc. are some of most important functions of different diverse 

coatings. Most important feature in protective coatings is the hardness factor to withstand 

all the stress, load in order to avoid wear but corrosion protection is equally important in 

order to ensure long life. This could be achieved by having crack-free smooth coatings 

with lower to none surface defects. Another way to improve the wear and corrosion 
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resistance of the surface is the addition of nano-particles into the coating matrix. Coating 

adhesion to the substrate is another factor which is needed to be kept in mind which could 

be challenging as well due to presence of interface stresses. In order to make coating 

industrially viable adhesion strength must be considered essentially.  

Nowadays, there are many other depositing techniques available like spin coating, 

sputtering, evaporation, closed sublimation etc. but all these methods are more intricate 

and have limitation of poor deposition over complicated parts in contrast to electro 

deposition which is quite simple and effective. Electroplating is an immensely explored 

method in terms of coating, because of advantages like easy usage, cost-effectiveness and 

its utility to coat different compositional and structural coatings over samples of various 

sizes [6]. Properties can be tailored by changing the elemental composition and the process 

parameters or by heat treatment of coating systems [7]. Nevertheless surface properties of 

composite coatings prepared via electro-deposition need to be investigated thoroughly. 

Therefore, in this work analysis on surface and structural performance of Ni-P-Mo alloy 

and Ni-P-Mo/Al₂O₃ composite coatings is done with main focus on wear and corrosion 

resistance. This work will provide insight to the experimental set-up for Nano-composite 

coatings and impact of nano-particles on surface properties of coatings especially wear 

Figure 1: Applications of coatings being used in different industries on basis of 

material and properties [2] 
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and corrosion. Various characterization techniques were employed for the purpose of 

studying mechanical, morphological and corrosion resistive attributes of the resultant 

electro-deposited coatings. 

These past years electroplated Ni metal and nickel alloy coatings like Ni-Mo-P, Ni-W-P, 

etc. have been developed by this method and utilized for purposes like corrosion resistant, 

stability at high temperatures and for protection [8, 9]. Particles like TiO2, W, Al₂O₃, SiO₂, 

WS₂ etc. are mostly incorporated in Ni or Ni-alloy matrix for achieving improved coating 

properties like light weight, good thermal stability at high temperatures, and excellent 

wear and corrosive resistance [10, 11]. For achieving desired properties like hardness, 

wear and abrasive resistance and low coefficient of friction, different composite coatings 

like, Ni-P-Mo Ni-P-PTFE [12], Ni-SiC [13], Ni-Ti-P [14], were employed effectively [15, 

16]. Further explanation is given in chapter 2 section 2.5 and 2.6. 

1.2. Thin Surface Coatings; Deposition Types: 

Thin coat is basically thin material covering of few microns or in nanometers regime and 

it could be aesthetic or functional depending upon the need or application and are of 

various types made up of diverse materials and methods complimenting the necessity [17, 

18]. There are various physical and chemical methods that have been employed [1]. 

Table 1: Thin film deposition techniques [1] 

 

Chemical deposition Physical deposition 

ALD Sputtering methods (DC, RF etc.) 

CVD Ion plating 

Sol- gel MBE( molecular beam epitaxial) 

Electro-chemical depositions Laser beam plating 

Spray-pyrolysis Arc evaporation 

PECVD Electron beam 

Chemical bath Thermal vacuum evaporation 
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Some of commonly used methods are elaborated below: 

1.3 Physical depositing methods 

 Evaporation processes: 

It is one of the most commonly used practice for deposition of thin films. In this process 

material is evaporated from solid phase to vapors and then deposited onto specimen in a 

solid phase again. Therefore, a very measured and controlled environment is required to 

achieve good end coating and to run the method smoothly. This conversion of phases is 

achieved by the help of different energy sources like e-beam, heat and laser etc. Most 

common among these is the thermal evaporation technique. These different energy 

sources are preferred over other due to limitations in achieving the good quality film. 

 Sputtering: 

Sputtering is used to deposit ultra-thin crystalline coatings in controlled/vacuumed 

atmosphere. In this method ions are bombarded on to the cathode with specific energy and 

momentum in order to displace the cathode molecules which in turn strike the substrate 

surface and deposition occurs there.  Sputtering could be done either by using direct 

current which is cost effective and common or radio frequency power for deposition of 

dielectrics materials mainly. 

Figure 2: Different deposition methods by evaporation [1] 
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Figure 3: Sputtering mechanism [1] 

1.4 Chemical deposition methods 

In order to obtained the quality coating in more economical and effective ways chemical 

deposition methods are opted rather than physical methods. These methods have lower 

equipment requirements as well. Chemical solution, solution viscosity and pH etc. are 

important factors that needed to be kept in mind. CVD, ALD, sol-gel, dip, spin and electro-

deposition are the mostly used chemical practices. 

 Sol gel: 

It is considered as the wet-deposition method used at lower temperatures. In this process, 

colloidal suspension of various components are made followed by their gelation or 

conversion into solid substance on to the substrate surface. 

 Dip and Spin coating: 

Dip coating comprises of different steps like dipping in coating solution then deposition 

of film and evaporation of solvent in order to get solid coat on to the surface of the 

substrate. Similarly spin coating also has the solution containing precursors which are then 

deposited on to the substrate while spinning for uniform distribution and deposition of 

coating. 
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 Thermal battery enhanced deposition: 

Thermo-battery deposition is quite relatable to the plating exchange that occurs when 

noble and nobler metals are submerged in to the solution. Due to its self-limiting nature 

thin coats are attained as the anode areas when covered stop the momentum of the process 

and plating stops as well. Many metals has been deposited by this method such as gold, 

copper. [19] 

 Chemical solution deposition: 

Controlled precipitation technique for low temperature deposition mostly used for metal 

oxide films. Specimen is immersed into the solution containing chemical precursors, 

which is composed from complex ligands which act as source for anions. 

a

.
b

.

Figure 4: (a) Dip coating method (b) Spin coating [1] 
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  Laser enhanced deposition  

Laser enhanced deposition is another deposition method used to deposit the very refined 

and thin coatings. There are many deposition techniques that incorporate the usage of 

laser for coating thin films. Likes of which are laser ablation, pulsed laser deposition, 

direct laser deposition, and laser chemical vapor deposition etc. [20]. Laser plating has 

also been used for depositing the gold coatings effectively [19]. Laser enhanced 

deposition has 3 main types which are laser enhanced electro-less deposition, laser 

enhanced electro-deposition and laser enhanced thermal deposition [21]. 

Figure 5: Illustration of laser enhanced deposition [22] 

Different types of lasers are being used for the desired purposes. For instance, Nd: YAG, 

CO₂ and fiber lasers etc. for sintering purpose [23]. Following are some of the laser 

parameters that are meant to be kept in mind while operating the deposition processes[24]: 

 Laser power 

One of the most important parameters is the laser power which is calculated in 

watts (W). This unit is used in order to measure the energy transferred to the area 

being irradiated. 

 Scan speed 

Scan speed is another important parameter in terms of getting and controlling the 

final desired results. It is expressed in mm/s unit. 
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 Laser wavelength being irradiated 

Wavelength needs to be considered while operating lasers as different materials 

have variant absorption coefficient and wavelength plays pivotal role here [24]. 

Different types of lasers influence the resultant product binding in different ways 

depending upon above given parameters. 

1.5 Electro-less deposition 

This deposition method involves the metallic ion reduction on to the specimen surface 

simply by chemical or auto-catalytic means without any external current involvement. 

And also used for brazing and soldering.  Some common reducing agents used are TMAB 

(tri-methyl-amine-borane), AB (ammonia-borane), and DMAB (di-methyl-amine-borane) 

etc.[25]. Process is time consuming and auto/self-catalyzed [26]. Chemicals to avoid the 

oxidation are used as finishers to complete the process which leads to improvement in 

corrosion and friction resistive properties [27]. 

1.6 Electro-deposition 

Electroplating is a convenient and widely used method to prepare variant coatings of 

different shapes and sizes along with its economic importance which cannot be neglected 

or undermined. Amorphous coatings can also be prepared with ease, of different 

compositions and thicknesses by this method just by controlling the process conditions 

and parameters [6]. 

Main principle 

Oxidation occurs at anode which is of pure Ni where electrons are being liberated and 

directed towards the cathode comprises of the material which is being coated. Metal ions 

from electrolytic solution accept the electrons to become reduced on surface of the cathode 

(reduction occurs).  Following reactions occur particularly on surfaces of anode and 

cathode interface with electrolytic solution: 

Anode:        M                                              Mⁿ⁺ +   ne⁻ 

Cathode:      Mⁿ⁺ +   ne⁻                                        M 
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Here M denotes the metal, Mⁿ⁺ represent the metal ion and ne⁻ denotes the electrons 

present in electrolytic solution. 

 

Figure 6: Schematic electroplating 

https://www.toppr.com/ask/content/concept/electroplating-261349/ 

Parameters that effect electro-deposition process and resultant coat: 

Electrolytic solution comprises of dissolved ions of metallic salts in desired solvent 

which could be water or other than water and plays the role of ionic conduction. Electrical 

conductance improves as pH is adjusted by inorganic base or acid results in reduction of 

voltage, which eventually enhancing the deposited material’s uniformity and thickness 

throughout the substrate surface. pH should be constant around the electrode surface as 

well as to improve adhesion. Buffering agents are added specially to improve adhesion 

and stable pH of solution especially during hydrogen evolution. Different agents are added 

for different purposes such as for brightening the coating surface without polishing, for 

smoothing the coating surface, for avoiding the pit formation, for decreasing the internal 

stresses and to enhance the current efficiency etc. Current density directly effects the 

quality of depositing material and film quality. As we increase the current density mass 

transport of material will accelerate decreasing the growth of crystallites which eventually 

results in grain refinement as nucleation rate will be enhanced.  Deposition time of coating 

greatly affects the coating thickness, reaction completion, grain growth and quality of 

resultant coat etc. as process starts with nucleation progressed with the metal growth from 
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stable metal clusters ultimately followed by the normal growth of coating by the 

attachment of more atoms from the solution. 

1.7. Types of electro-deposition 

 DC current 

Method using direct current or constant current/potential to deposit the desired material 

on to the specimen surface is known to be the direct current deposition which is the 

conventional type of deposition and used more frequently. These variables are 

manipulated in a manner to get desired deposit morphology and thickness along with the 

quality [28]. Despite having issues like hydrogen evolution or porosity, this type is still a 

leader in production due to its easy to use nature and economical [29]. 

 

Figure 7:  Electro-deposition using direct current 

https://www.slideshare.net/shailaja183/electric-field-and-electroplating 

 Pulsed and pulsed reversed current (PC, PRC) 

In this type of electro-deposition, modulation waves of potential or current are applied to 

get the deposition. Apart from the variables used in DC approach some more variables are 

utilized in this type to control the deposition process such as on and off time denoted as t 
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(on) and t (off) respectively.  Variation in these two times is defined by a common factor 

namely duty cycle. Following equation is used to express the duty cycle: 

% Duty-Cycle   t (on) (s) * frequency (Hz) *100, 

Where, frequency = 1 / t (on) + t (off) 

Variation of duty-cycle in a controlled manner helps to achieve the effective deposition 

results by influencing the nucleation rate, layer being diffused or grain size etc. [30]. 

 

Figure 8: Diagram displaying the PED process[30] 

While in this process due to the periodic on and off of potential or current cycle, negatively 

charged layer formed during t (on) will get discharged during t (off) which facilitates the 

ionic passage towards the cathode. Off time facilitates the homogeneous distribution of 

ions in electrolytic bath so that they could be readily available for use while t-on [31]. 

 Pulse reversed electro-deposition: 

This type is more novel and effective than the above explained for deposition of quality 

coatings. In this process small anodic pulses are used along with cathode ones in 

alternating way during whole applied current cycle [32]. Just like PED (pulsed electro-

deposition), careful control and modulation of additional variables such as t (a) and t (c) 

results in getting desired properties in the resultant film nullifying the fear of compromised 
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quality [3]. Variation in anodic and cathodic pulses is expressed by the factor duty cycle 

as utilized in PED technique[33]. Equation is as follows: 

% Duty-Cycle                t (c) / t (a) + t (c) × 100 

Where, t (c) is cathodic pulse time and t (a) is reversed anodic pulse time. 

Industries usage of the coated products obtained by electro-deposition: 

Due to effective economic and operational advantages of using this method, many 

industrial sectors opt for using this process for deposition purposes. For instance electro-

deposited protective films are used on specimens with low wear or corrosion resistant and 

are more sensitive towards the environment in which they are being used. 

 

Figure 9: Illustration of pulse reversed current [3] 
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Figure 10: Industries that are utilizing the electroplated coatings 

(https://www.verifiedmarketresearch.com/product/electroplating-market.) 

Table 2: Coatings and their industrial usage 

 

1.8 Electrochemical deposition; why? 

This method is particularly cheaper and simple to use than other available options for 

deposition of metal, metal alloy and nano-composite coatings. Following are some of 

advantages of utilizing this method over others for deposition purposes [34]: 

 Economical and easy to use 

Coatings Industrial usage 

Pd and Ni-Pd In electrodes, for storing H₂ and evolution, distillation purposes, 

fuel cells etc. 

Ni-Al₂O₃, Ni-SiC, 

Ni-Ti 

For wear and corrosion resistive purposes 

Ti-Al-N, Cr-Al-N Hard coatings + thermal stability applications 

Co-P, Co-W Hard + Magnetic 

Ni-Mo-P, Ni-P, Ni-

Mo, Ni-W etc. 

For wear and corrosion resistance applications in extreme 

conditions 

Ni-Cr-Fe For cracking impedance and catalysis purpose, also employed 

as soft magnets 



 

14 
 

 Time efficient 

 Production of coatings with low porosity 

 Easy to control various parameters such as pH, current density, operating 

temperature, deposition time etc. for achieving required deposit 

 High nucleation and fine grain size could be achieved by controlling the 

parameters because of electric crystallization 

 Can be used for deposition of complex structures 

 Versatile and high rates of deposition hence increasing overall production [35, 36]. 

Further research on this method is recommended, due to the material operational cost in 

an industrial setting that is projected to be over 200 times cheaper than electro-less 

deposition method [37]. 

1.9 Research Aim  

This research project aims to deposit Ni-based Nano-composite coatings on HSLA steel 

substrates by electro-deposition method and to improve the mechanical and corrosion 

resistive performance of resultant coatings.   

 

 

 

 

 

 
 



 

15 
 

 

Chapter # 2 

Literature review 

This chapter deals with prior work done on nickel base alloy or composite coatings. Apart 

from coatings a little insight to HSLA substrates and their choice would be given as well. 

Nickel coatings provide very promising alternative to other counter parts due to various 

other limitations, one of them is major environmental deterioration due to waste 

production. Distinct properties and various compositional combinations resulting pleasing 

performance as compared to other materials embarks a competition making nickel 

coatings undeniably a potential candidate for industrial applications. Nickel is preferred 

due to its amazing properties like good mechanical strength, light weight, corrosion 

resistive, good finisher, good thermal and electrical conductance, and good surface 

properties as well. Novel combinations are being introduced in simple nickel coatings to 

get more application friendly properties. 

Second phase micro or Nano particles (such as Al2O3, TiO2, CNTs, SiC etc.) are 

incorporated successfully using electro-deposition technique, in Ni or Ni-alloy matrix 

showing enhancement in tribological properties and more mechanically and chemically 

stable coatings [5]. Nano composite coats are a major topic in materials scientific research 

and as the industry moves towards the Nano science, our understanding of rudimentary 

components of coatings as well as potential to modify them at atomic scale is rising. Thin 

hard PVD coatings (mono, multilayer, and composite such as TiN, TiAlN, AlTiN 

coatings, nanocoating nACo, etc.) and other diverse coating diverse coating systems like 

(hard metal + coatings, high speed steel + coatings, nitrided steel + coatings) were 

explored respectively. Duplex coatings and duplex treatments (self-lubricated films on 

PVD coatings, laser hardening of PVD coated surfaces) were investigated to expand the 

application regions of thin hard coatings [38]. These thin coatings were also prepared by 

chemical deposition processes mentioned in detail in first chapter. 
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2.1. HSLA steel; substrates: 

Although HSLA steels have almost relatable chemical composition to plain carbon steels 

still they have higher (twice) strength, (due to light weights and high strength) have higher 

load-bearing abilities which sits well with their engineering applications. This higher 

strength is due to the grain refinement (by precipitation hardening) caused by micro 

alloying with elements like vanadium, Nb, Ti etc. Manufacturing processes (like rolling 

and cooling) in a controlled manner also impact their strength value as compared with 

simple steel [39]. These steels are considered as micro-alloyed steels as minute amounts 

of alloying additions are used as compared with other steel types [40]. For example Nb, 

Ti [41], Mo, Cr, or Si etc. are some of the elements that are being used as alloying 

additions due to the impartment of their unique properties in steel such as ductility, 

strength, stiffness, machinability, wear or corrosion resistance etc. [42]. Ni is an effective 

ferrite solid solution strengthening metal which imparts the strength to the structure [43]. 

However it does not have any impact on austenitic formation and refinement. Therefore 

it could not be a favorable choice while needing the austenitic grain refinement. Cr as 

Ferrite grain refinement can be effectively catered by chromium carbide than nickel [44]. 

Cr impartment also enhances the corrosion resistive properties in the steel [45]. 
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Table 3: Commonly used alloying elements in steels and their functionalities [46]. 

 

Comprehensive understanding and investigation of elemental impact on each other needs 

to be done prior to the development of structure with required properties [47]. For example 

Nb is the most favorable element used for the purpose of precipitation hardening in the 

steel and also resists the transformation of phases from γ → α increasing strength of steel. 

It also imparts the grain refinement properties to the steel by creating the pinning effect to 

the grain boundaries [48, 49] [50, 51]. Mo could serve the same purpose as Nb and also 

provides Nb sites to nucleate when both are used in combinations [52-54]. 

2.1.1: HSLA coating; why? 

HSLA (high strength low alloy) steels are frequently used in the industrial areas like 

construction industry, locomotive industry, transportation, oil and gas industry etc. [55, 

56]. Therefore they are more subjected to the extreme environments/atmospheres which 

causes deterioration of their wear or corrosive performance. Hence different coatings 

containing different elemental compositions are used for protecting them in extreme 
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conditions[57]. For example Cu also serves the purpose of corrosion resistance just like 

Nickel and chromium in order to enhance the HSLA steels durability to be used in more 

poignant and aggressive conditions [56].  

Table 4: Coatings that have been deposited on HSLA steels over years [58-65]. 

Coatings Purpose Method Year 

Ni-Cr-P Corrosion, fatigue and crack 

resistance 

Electro-deposition 1992 

Ni-W-SiC For protection against H₂ 

Embrittlement 

Electro-deposition 1992 

N-ion 

implantation 

To resist contamination by 

hydrogen 

Ion implantation 1993 

Ni / Cr alloys For resistance against H attack Thermal spraying 2003 

Galvano-

Alcotec 

For corrosion resistance and air 

craft applications 

Electro-plating 2003 

Zn–14% Ni & 

SermeTel 

1140/962 

For H embrittlement resistance Electro-deposition 2008 

Ni-P/WS₂ For better tribological 

performance 

Electro-less deposition 2012 

Ni-Co layers For impact resistance, hardness 

and corrosion resistance as well 

Thermal spraying (HVOF) 2015 

Ni-P/PTFE For self-lubrication Electro-less 2017 

Ni-WC For wear and friction resistance Laser deposition 2019 

Cu, Cr, Ni, 

Zn 

For improved mechanical and 

corrosion resistance 

Electro-deposition 2019 

Ni-P-Ti For wear and corrosion resistance Electro-less deposition 2020 

Ni-P/TiC For grain refinement, 

hardenability 

Pulsed electro-deposited 2021 
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2.2. Ni coatings 

Nickel deposition is done by means of different types of electrolytic baths which are as 

following: 

 Watts’s bath 

 Sulphate bath 

 Chloride bath 

 Fluoborate bath 

This has led to greater focus on the development of novel nickel processing techniques. 

Ni’s key advantages includes its lightness accompanied with high strength to weight ratio. 

Good corrosion resistance, erosion and deposition and other chemical containments, high 

thermal and electrical conductivity, good light birefringence and finishing in variant 

shades and textures on its surface [5]. For certain applications, hard 'nickel' coatings are 

recommended. Therefore some hard elements are added such that Co, W, Mo etc. in order 

to enhance the performance as well as its numerous industrial applications, has boosted 

its use in a variety of new industries, putting it in direct rivalry with other materials. 

Electroforms, in particular, benefitting from their enhanced wear attributes [66]. Dry gases 

such as carbon dioxide, hydrogen and ammonia are impervious to nickel coatings. Carbon 

tetrachloride, fuel, soap and petroleum are all resilient to it. Ni coatings enhances fatigue 

resistance. Corrosion fatigue also mitigated by Ni- coatings. Ni coatings are just not 

impervious to nitric acid or chlorides conditions [67]. Ni coatings have huge industrial 

usage whether they are alloys or composite coatings. Ni plated coatings were mainly used 

for the corrosion resistance purposes and for bright ornate look of different specimens 

[67]. The study about Ni and its alloy or composite coatings is not the novel idea in process 

instead it is well established field and reason for this are the continuous improvements 

that were being witnessed because of different compositional combinations of Ni (nickel) 

with other elements. Each composition shows distinct and favorable properties enhancing 

the overall coating potential [8]. 

Therefore, for further enhancement in properties like hardness, wear and abrasive 

resistance and low coefficient of friction, different compositions of alloy and composite 

coatings like Ni-P, Ni-B (binary alloys), Ni-P-Mo, Ni-P-Sn etc. (ternary alloys), Ni-SiC, 
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Ni-TiP, Ni-Mo-P-Al2O3 (composites) etc. were employed effectively. These ternary and 

quartet systems are studied mainly to get improved coating properties and to boost this 

industry towards more effective and robust solution [68]. 

Nickel instead of Cr: 

Functional Cr coatings are extensively used in aeronautical, automobile, and engineering 

industries due to their remarkable mix of abilities, which include excellent mechanical 

properties, exceptional corrosion, wear, or heat resistance, and low impact resistance. The 

most commercially available Cr electrodepositing treatment, on the other hand, uses an 

aqua bath incorporating hexavalent Cr. It is regarded as a carcinogen, which, when 

coupled with its strong oxidizing properties, poses substantial health and environmental 

risks to humans and the environment. As a result, hexavalent Cr's use has been restricted. 

Furthermore, due to its outstanding stability, the common wetting agent per Fluor-o-

octane-sulfonic acid (PFOS) used in Cr electroplating to minimize the hazard of the 

procedure by limiting the mists produced during electroplating is being outlawed, posing 

an issue for the environment [69]. 

2.3. Ni-P Coatings: 

Because of their superior qualities Ni-P coatings are used favorably for corrosion and wear 

resistive purposes. As plated deposits of this alloy have many significant properties like 

mechanical, rheological and electrochemical properties as well as catalytic properties and 

favorable magnetic characteristics depending upon their composition and structure. 

Processing of these alloy coatings can result in excellent hardness properties than Cr 

coatings. Mechanical, tribological, corrosion, catalytic and magnetic properties as well as 

key process variables influenced by P-content in coated deposit and the presence of certain 

bath constituents are all taken in to account. In view of the foregoing, researchers are 

concentrating their efforts on discovering alternatives to Cr while keeping the demand for 

outstanding functional qualities in manufactured deposits The electric current flowing 

between the electrodes drives the electro-deposition process (plating substrate) where 

standard Ni (-0.25 V) and P (-0.28 V) reducing potentials are closer to one other, enabling 

for effortless co-deposition. By electroplating nickel with phosphorus, it gains greater 

hardness (500 HV as-plated Ni-P), corrosive and wear resistance, and a lower friction 
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coefficient (0.4-0.7 as-plated Ni-P), as well as a changeover to paramagnetic properties. 

Coatings having low phosphorus level exhibit high hardness and wear resistance than with 

a greater phosphorus content even though they have strong protection against corrosion 

but poor mechanical performance due to a shift to amorphous structure. The majority of 

amorphous Ni-P deposits are brittle having limited ductility. Pulse plating, rather than 

direct current plating, can preserve Ni-P crystalline structure while at greater phosphorus 

concentrations, resulting in good mechanical qualities distinctive of low-phosphorus 

deposits [70]. 

Because of no significant specification of several process parameters in the Ni-P 

electroplating process, determining the primary influencers, their method, and the 

magnitude of their impact is tedious job. By adjusting process parameters like current 

density, electrodepositing of Ni-P allows for good control over deposit thickness, 

appropriate shape, and appealing physical characteristics of the coating. The formation of 

metal phosphides inside the microstructure after subsequent heat treatment might increase 

hardness. Electro-less plating on Ni-P might be chosen when precise finishes are required 

on complicated, demanding profiles, such as tiny fittings, despite rising electrolyte costs, 

additional maintenance requirements, and considerably shorter bath spans [71]. More 

research on throw power and current distribution on basic and more intricate geometries, 

including the impact of solution/cathode action, are essential for both methods of 

deposition [72]. During the electro-deposition of NiP alloys, the interrelationship of four 

aspects is considered to be important which are as follows: [73] 

 Substrate state, 

 Electrolyte composition, 

 Process parameters, and 

 Deposit characteristics 
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Figure 11: Ni-P electrolytic deposition process and needed factors [72] 

Ni-P alloy electrodeposited coatings have various field applications such as automobiles, 

aerospace, for functional and decorative purposes and other such industrial products with 

remarkable properties like high precision constituents, diffusion obstructions, micro-

batteries,  catalytic coatings for hydrogen evolution in water electrolysis, magnetic 

memory discs (thin films) and sensors etc. [72]. 

2.4. Addition of Mo in Ni-P alloy: 

Because of its great corrosion resistance, high hardness and wear resistance, ease of 

operation, and economic advantage, (Ni–P) plating is widely used in coating industry. It 

also improves the surface's solder ability and buffing properties, prolonging the 

serviceability. With the rise of strong industrial demands, binary Ni–P alloys are no longer 

able to handle applications requiring unique conditions, such as machine manufacturing 

and corrosion-resistant constituents in saline water. As a result, several investigations have 

focused on the ternary alloy, or the co-deposition of additional metal into the Ni–P coating, 

such as Zn, Cu, Co, Fe, Sn, W, and Mo etc. (mostly electro-less). By modification of the 

microstructures and grain size, the ternary alloy improves the physical as well as chemical 

properties of resultant coating. Generally, hardness and corrosion resistive properties of 

ternary Ni–Mo–P alloy are better than binary Ni–P alloy coatings. And due to Mo 
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incursion crystallization temperature as well as deposition rate of ternary alloy are lower 

than binary ones [18]. Furthermore, when the coating reaches a significant thickness, the 

Mo–P co-deposition enhances the coating's hardness and internal stress concentration, 

making it more brittle and susceptible to cracking and stripping [74]. Due to the restricted 

mobility of refractory elements in their alloys, alloying with refractory metals, such as 

molybdenum, is a very well strategy to raise the thermal properties and enhance the 

thermodynamic properties of crystallization and transformation of many metals and alloys 

[75]. Mo also has an effective edge over Cr while micro-alloying in HSLA steel as it 

causes the dislocation recovery interruption and take part in impeding the phase 

coarsening effect [76]. Electro-deposited Ni-Mo coatings are considered due to the 

corrosion resistant and good harness properties, but their properties (neither corrosive nor 

hardness) were not up to the par with chrome coatings. Yet their properties were not only 

enhanced but were superior to that of chrome coatings upon heat -treatment above 100 

degrees Celsius [77]. Another advantage of nickel-moly (Ni-Mo) coatings over chrome 

was the harmless waste while Cr6+ ions in chrome coatings cause serious health problems 

[78]. Amount of Mo could be only used up to certain limit to get better results above 17 

at. (Atomic) % of Mo in coating was having the deteriorated effect on properties like 

corrosion or hardness due to crack formation [79]. Phosphorus (P) therefore, is the most 

used element among all due to its role in enhancing corrosion resistive properties [80]. 

Mo and P both elements could not be electrodeposited separately in their own molten salt 

solution, but their co-deposition occurs due to the presence of iron, nickel group salts but 

not in higher amounts due to enhancement of cracks in film possibly because of hydrogen 

evolution. Co-deposition results after multiple steps of molybdenum salt reduction to 

molybdic oxide which would be further reduced by the atomic hydrogen residing on the 

surface of metal introduced [81]. Owing to the Phosphate anion surface protection layer 

formation in aqueous environment dissolution of such coats (i.e., Ni-P, Co-P) becomes 

limited kinetically. So, P incorporation in Ni-Mo coatings displays increment in properties 

like hardness and corrosion. P amount should be more than 14 at. (Atomic) % for coating 

to be amorphous [82]. In the table given below are the Ni-Mo-P coatings that are being 

deposited by various methods on various substrates. 
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Table 5: Ni-Mo-P deposition over years 

 

 

2.5. Ni-composite coatings and their electro-deposition: 

Composite coating is a type of coating that employs a blend of two or more compounds 

to protect the substrate. The strengthening granules in the coating matrix are being used 

to generate this unique type of coating. It is manufactured in a wide range of means to 

satisfy the needs of diverse industries. These composite coatings provide further 

corrosion, wear, and mechanical characteristics as well as protection [5]. Attempts have 

been undertaken to enhance the characteristics of nickel coatings by including a second 

phase in the form of scattered non-metallic particles into them known as composite 

coatings. The particles can be included to provide the coatings more wear resistance, 

especially at elevated temperatures. Hard refractory particles like silicon or chromium 

carbides, or tungsten or zirconium borides etc. are used for the purpose. For self-

lubricating and low friction nickel coatings Mica or graphite are utilized. Nickel deposits 

can contain oxides such as alumina, thoria, silica, or titania for their dispersion-

strengthening qualities. Nickel, its alloys, and compounds are the most researched matrix 

due to its great brightness, hardness, corrosion resistance and less hazardous nature. For 
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example, studying the progress of the hydrogen reaction during electro-co-deposition of a 

Ni and MoS₂ particles [83]. 

 

Figure 12: Diagram representing the co-deposition of particles in to Ni-Matrix [84]. 

The process of co-deposition consists of five stages: 

1. On the particles, ionic clouds formation occurs. 

2. Convection in the direction of the cathode 

3. Transmission in the boundary layer of a hydrodynamic generated in solution 

4. Then passing through concentration boundary layer occurs i.e. diffusion 

5. Finally adsorption of particles occur at the cathode (within the metal deposit). 

Brownian motion occurs continuously among particles fully dispersed in an electrolyte 

solution. Whenever two particles approach each other, their separation or aggregation is 

fundamentally decided by the energies existing between them. Particles face 

agglomeration when attraction energy between them exceeds the repulsion one, while 

opposite occurs otherwise. The quantity of net force for the creation of agglomerated 

structures is largely determined by the system's state and character. As a result, knowing 

the structure of the interfacial area is serious to understand the dispersion stability of solid 
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particles in electrolyte [85].  Metal ions with undissolved particles of oxides (SiO₂, TiO₂, 

CeO₂, Al₂O₃, ZrO₂, MoS₂, and SrSO₄), carbides (SiC, B4C), nitrides (Si3N4), polymers 

(PTFE), and even metals are reduced by electro-deposition. This results in a metal/alloy 

matrix with micro/Nano solid particles implanted in it. The size, nature, and type of 

particles present in solution strongly impact the composite coating's properties. This can 

improve the vital characteristics of substrate metals and alloys. Composite coating is 

primarily used to improve wear and corrosion resistance as they have better yield strength, 

hardness and toughness than pure metals [5, 86-94]. Different nanoparticles are also 

incorporated in these coating for enhancement of properties for advance industrial 

applications like light weight, good thermal stability at high temperatures, excellent wear, 

and corrosive resistance. Particles like Ti, W, Al2O3, SiO2, WS2 etc. are used for 

achieving properties like high hardness, toughness, and corrosion resistance in Ni-

composite coatings. These coating type still need to be investigated further for more 

revolutionary progress as different compositions and combinations impart distinct 

properties in resultant coatings [95]. 

2.6. Al₂O₃ nano-particles: 

Alumina Nano-particles incursion into the coatings (like other hard Nano particles) is due 

to improved properties like wear resistance and hardness as these particles are hard in 

nature. The composite coatings with alumina nanoparticles have improved hardness and 

corrosion resistance qualities [96]. Coating surfaces containing alumina particles can be 

smooth and dense, but they can also be rough. The surface particle size has also been 

reduced to micrometer which eventually results in grain refinement. These findings reveal 

that the addition of alumina in the coatings bath substantially refines the surface 

morphology [97]. Proper dispersion of particles is very important for their adsorption on 

to the cathode surface due to higher particle density and more chances for loose particles 

to adsorb. The smaller the agglomerated alumina particle groups, the greater the electric 

field's ability to attract them, resulting in effective and strong adsorption [98]. For example 

Nano-Ni/Al₂O₃ composite coating is largely utilized in microelectronics to boost the wear 

resistance of metal surfaces [98]. The inclusion of nano-Al₂O₃ causes increase in hardness, 

which increased erosion and wear resistance. The high level of hardness, wear, and 



 

27 
 

oxidation resistance of nano-Al₂O₃ ceramic material has piqued curiosity for further 

research [99]. 

2.7. Research gap  

Nano-composite coatings are been used in various industries for protection purposes. And 

Ni-composite coatings have a special importance in this regard because of their eco-

friendly advantages along with excellent surface wear and corrosion resistive properties. 

But pure Ni metal coatings has some disadvantages at extreme conditions as they become 

unstable. Therefore, many studies are being done to explore various elemental 

combinations and compositions with Ni in order to achieve more economical and better 

performing coatings systems.  

Ni-Mo-P ternary alloy has been extensively used for corrosion and wear resistive 

protection coatings. Whereas, ceramic alumina nano or micro particles also have good 

stability thermally and chemically [100]. They also have good corrosion as well as wear 

resistance and have been incorporated in Ni and other Ni-alloy matrixes before for the 

same purposes [101]. But these ceramic particles have not been incorporated in Ni-P-Mo 

alloy matrix prior. Hence we investigated their effect on surface, mechanical and electro-

chemical properties of this ternary alloy in order to improve further research.  

2.8. Research Objectives 

Following are the main objectives of this research project: 

 To develop Ni-P-Mo nano-enhanced composite coatings, having improved wear 

and corrosion properties for usage in extreme conditions, by means of an effective 

and economical method.  

 To investigate the effect of different alumina nano-particles concentrations on 

mechanical and structural properties of resultant coatings 

 To thoroughly investigate and identify the optimized experimental parameters to 

electrodeposit Ni-Mo-P alloy and Ni-Mo-P/Al₂O₃ composited coatings on HSLA 

steel substrates 
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2.9. Novelty in project 

In this project novelty comes by the co-depositing alumina nano-particles in Ni-P-Mo 

alloy matrix. Prior Ni-P-Mo alloy coatings have been investigated extensively in terms of 

wear and corrosion resistive properties. And alumina nanoparticles have also been used 

in various nano-enhanced composite coating systems. Still their impact on Ni-P-Mo alloy 

system is yet to be explored. Therefore we incorporated and study their impact on 

properties of Ni-P-Mo alloy coatings. 
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Chapter # 3 

Methodology 

3.1  Experimental Methods 

 Sample Preparation 

HSLA (high strength low alloy steel AISI 4340) substrates of having 2.5x2.5cm² size were 

used for fabrication of coatings by electro deposition method. All samples were cut from 

a full HSLA steel sheet. After cutting the samples (of 2.5x2.5cm2 size), they were prepared 

by grinding with Si-C emery papers of multiple grades (starting from 180 to 2000), prior 

to the coating. After grinding the substrates they were polished by 0.5 microns Alumina 

solution to get surface free of dirt, scratches and to lower the surface roughness in order 

to achieve good coating adhesion. Sonication of substrates was done using acetone 

(electrolyte) for 20 minutes prior to coating. Before dipping the substrate in solution it 

was chemically activated by utilizing 20% H₂SO₄. And then distilled water was utilized 

for thorough rinsing the substrate before dropping into the solution (electrolyte) bath 

[102]. Chemical Composition of HSLA steel is given below in Table 6. 

 

Table 6: Chemical composition of HSLA steel 

Elements C Si Mn Ni Cr S &B Fe 

Wt% 0.28 1.2 0.9 0.3 1.1 0.025 balance 

 

 Bath Composition and set-up 

Electro-deposition was performed using common 2 electrode system where electrodes 

were hanged parallel to each other in 250ml solution beaker. Whole experimental set-up 

is given in figure 13. All the chemicals used were purchased from Sigma Aldrich. These 

were dissolve in 150ml distilled water in 250ml beaker. Continuous stirring was achieved 
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by using a small sized magnetic stirrer and additive such as Ammonium hydroxide 

(NH4OH) was introduced to the electrolyte for pH maintenance. KXN-3020D, DC power 

supply (as voltage source) was used for the experiment to occur. Bath composition 

included Nickel sulfate hexa-hydrate (NiSO₄.6H₂O) reagent >98%, Nickel hypophosphite 

monohydrate (NaH₂PO₄.H₂O) reagent > 99 %, Sodium molybdate dihydrate 

(Na₂MoO₄.2H₂O), Tri-sodium citrate (HOC (COONa) (CH₂COONa) reagent > 99% for 

Ni-P-Mo alloy coatings and then same composition was utilized for Ni-P-Mo/Al₂O₃ 

composite coatings along with the addition of different concentrations of Al₂O₃ 

nanoparticles of size 40~50nm. pH of solution was in acidic regime 4.5 to 5 which was 

adjusted by addition of few drops of concentrated H2SO4. Boric acid was also added to 

ensure good coating adhesion.  

 

Figure 13: Experimental set-up 

Bath compositions of Ni-P-4.48g/l Mo alloy and Ni-P-Mo/Al₂O₃ composite coatings are 

shown in Table 6 and Table 7. 

Table 7: Bath composition of Ni-P-Mo coatings 

Sr. No. Chemicals used Quantity in 150ml solution bath 

1 Nickel sulphate hexahydrate 8.0925 grams 

2 Sodium hypophosphite 1.59 grams 

3 Sodium citrate 13.236 grams 

4 Sodium molybdate 0.726 grams, 0.52 grams,0.96 grams 
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Table 8: Bath composition of Ni-P-Mo/Al₂O₃ composite coatings 

Sr. No. Chemicals used Amount in 150ml solution bath 

1 Nickel Sulphate Hexahydrate 8.0925 grams 

2 Sodium Hypophosphite 1.59 grams 

3 Sodium Citrate 13.236 grams 

4 Sodium Molybdate 0.726 grams 

5 Alumina powder (50nm) 0.1 grams, 0.05 grams, 0.02 grams 

6 Boric acid 3 grams 

 

 Electro-deposition Parameters and Conditions 

In order to ensure the uniformity and resultant improved properties of coatings, parameters 

play key role and need to be controlled and optimized carefully. The conditions and 

process parameters for electro-deposition are enlisted in Table 9. 

Table 9: Optimized plating parameters 

Temperature range 30~35°C 

pH 4~5 (Acidic) 

Current 0.3A 

Etching time 30 secs in 15% conc.H2SO4 

Deposition time 50 min 

3.2. Characterization techniques  

Following characterization methods were employed to study and analyze the obtained 

results. 

 SEM (scanning electron Microscope) 

To overcome the short comings from optical Microscope like resolution and 

magnification, electron microscopes were originated. Electrons are used as incident beam 

to interact with the sample surface. These interactions results in diverse discharges such 

as: Back scattered electrons, Auger electrons, Secondary electrons emissions and X-rays. 

Scanning electron microscope works as the high energy electron beam is projected onto 
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the specimen using objective lens and these electrons then interact with surface of sample 

resulting in various discharge. “SEM” as the foremost technique in field of research was 

used to analyze coating surfaces, for thoroughly studying the fractured or effected areas 

and different such characterizations. We also used this technique in order to analyze the 

composition of samples. Coatings were cleansed thoroughly before SEM testing as to 

avoid the distractions while data reading due to surface impurities. 

 EDS 

Energy dispersive spectroscopy (EDS) is the most used technique in the field of analytical 

testing. This technique is mainly based on using characteristic x-rays emission process 

when atomic energy imbalances by the bombardment of high speed electrons and the 

electron from innermost shell gets knocked out leaving a vacancy behind which is then 

filled by the electron from the outer higher energy shell emitting energy in form of x-rays. 

Each characteristic x-ray corresponds to specific energy, so different elements could be 

identified verily by the energy peak signal and amount/content of element in compound 

can also be identified by the analyses of peak intensity (energy signal) [103]. We used 

EDS analysis for compositional study of elements deposited in coatings and their resultant 

impact on coating properties. In spot EDS analysis, due to the possibility that certain 

element might not be detected because of lower concentrations therefore, line EDS 

spectrum was utilized for getting the clear idea about compositional distribution of all 

present elements along specific line area of coating surface. 

 Surface roughness (Optical Profilometer) 

Roughness measurements are obtained by various equipment like AFM, STM or other 

optical methods. This is a faster way to measurement roughness and readings are recorded 

in Ra (mean roughness) and Rz (roughness depth) in microns. Mainly there are 2 ways to 

calculate roughness of various samples which are as follows: 

 Contact mode method 

 Non –contact mode method 
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Rough surfaces are more prone to cracks and wear out more quickly, also corrode more 

but helps in bonding than smooth surfaces so surface roughness is an important parameter 

of material to be measured before any application. 

 AFM 

This method is used for the precise and detailed study of the topography at atomic scale. 

We can get analysis of substrates in both air and liquid surroundings. It could be used to 

mage the surfaces of variety of substrates such as ceramics, composites, polymers and 

biological etc. [104-109]. Topographical features of different surfaces is captured by AFM 

by the help of a cantilever. The difference in heights due to the features present on the 

surface of specimen. These differences in features causes the change in deflection of laser 

beam as well generating the resultant data and all of this is recorded by means of PSPD. 

Feedback loop is used to govern the tip height from surface for maintaining steady laser 

site. We can get the map of all features present on surface of specimen by use of AFM [4, 

110]. AFM analysis was done in order to get the precise image of surface roughness values 

of all coatings to study their behavioral changes and properties in different applications 

like wear and corrosion studies. Surface of specimen should be prepared or cleaned before 

testing as the dust particles or any such impurity could generate false deflections so 

influencing the resultant readings. 

 Micro-Vickers Hardness 

In this instrument diamond knoop or Vickers indenter is utilized to apply load of up to one 

thousand (1000) grams against the sample surface. This application of force onto the 

material surface cause deformation permanently of materials by the size and shape of 

indenter. The measurements taken from the indent are then used in specific formulas to 

determine hardness values for Vickers and knoop both methods. Micro testing scope is 

used to examine the indent due to its extremely small size [111]. 
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Figure 14: Formulae for HV hardness calculations [111]. 

F denotes force in Kgf, 

d stands for mean value of diagonals d 1 and 2 calculated arithmetically 

And HV stands for hardness Vickers. 

Micro hardness testing was used to determine the hardness of coating surfaces. Surface of 

coating should be smooth and free from impurities in order to get the accurate results. 10 

to 15 indent readings were taken from different points, in order to get detailed surface 

hardness measurements. After tabulating these reading, their average value was calculated 

to get overall hardness of entire coating surface. 

 Nano-indentation 

Nano-indentation as the name describes used to measure hardness various materials in sub 

nano-accuracy by the application of indenter tip [112]. Nano tester tests the materials 

properties (elastic and plastic), utilizing EMF (electromagnetic force) and capacitive depth 

extents. Due to depth sensing high accuracy and precision of penetration and load can be 

made possible in a very controlled manner while experimenting. This testing was utilized 

in order to find nano-accuracy hardness values of coating surfaces 

Following measurements were taken from this method of all coatings: 

 Young’s Modulus 

 Hardness 

Above measurements are done by using following calculative formulas: 

1- For calculating hardness of materials 

H = 
𝐏𝐦𝐚𝐱

𝐀𝐜
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2- For the calculation of Reduced Elastic Modulus 

𝚬𝖗 = 𝑺 × √𝝅 ∕ 𝟐√𝑨𝒄 

 

3- For calculating testing material and probe poison ratios and Young’s Modulus of 

probe: 

𝑬𝑰𝑻 =
𝟏 − (𝒗𝒔)²

𝟏
𝐄𝐫

−
𝟏 − (𝒗𝒊)²

𝐄𝐢

 

 Pin on disc: tribometer for wear analysis 

Wearing of the materials which is basically (displacement of material) occurs when 2 

bodies comes in contact with each other while relatively moving. Friction and wear are 

not related to material properties rather belong to the system. Pin on the disc test is very 

important characterization tool for the measurements of wear and wear coefficient 

especially the hard coatings [113]. This COF (coefficient of friction) can also be 

determined by the senor at pivot of the arm as it records the changes in torque. Wear rate 

is then calculated by the measurement of loss of material while testing [114]. This testing 

was then done to determine the tribological properties of all coatings. In the light of above 

mentioned testings’ results like AFM, optical profilometry, SEM/EDS, Micro and Nano-

hardness, wear rates and COF values of all coatings were determined and analyzed 

accordingly. 

 Corrosion testing: Tafel plots 

Due to difference in any 2 electrode potentials at equilibrium while they are in contact 

either electrically or electrolytically corrosion ensues. Rate at which material corrodes 

could be predicted by Tafel plots [115, 116]. Corrosion testing was performed in order to 

check the coating life in drastic conditions as in tribological testing. Corrosion rates in 

miles per year were calculated using icorr values of all coatings. Following is the formula 

used for the purpose: 
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Corrosion rate (mpy) = (0.13) (Icorr) (E.w.)/d 

Where E.w. represent equivalent weight, and d is density in g/cm³. 
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Chapter # 4 

Results and discussion 

Different characterization techniques were employed in order to analyze the resultant 

samples data. Chemical elemental composition and coating morphology was obtained and 

studied using EDS and SEM testing respectively. SEM was performed by Instrument 

JSM-6490 Joel Model SEM set-up using tungsten (W) thermionic emission. 401MVD 

model of Wolpert group digital micro Vickers hardness instrument was utilized for testing 

the Micro-hardness of all samples. 980 mN force with 5 seconds dwell time was used for 

indentation purpose. AFM testing was performed using JSPM-5200 SPM PARAMs. 

Reference voltage of -3.8V (cantilever contact mode) was selected for testing to get 

surface roughness values at nano-scale. Surface roughness was measured using optical 

profilometer. 2µm tip roughness of instrument Surfcorder SE1700𝛼 was utilized having 

(M. speed 0.500mm/s and length 4mm). Gamry PCl4G750-52089 (electrochemical 

potentiostat) was utilized to study corrosion rate in 3.5% salt (NaCl) solution. Pin on disk 

tribometer instrument was used to study tribological micro-properties of coatings, of 

model MT/60/NI. Nano-indentation by using Berkovich diamond indentor was performed 

in order to get the hardness and elastic strain values of coatings (having poison ratio value 

0.07 and elastic modulus of 1140 GPa). 5mN and 0.2s⁻¹ was the target load and target 

strain rate values used respectively for running the test. 

4.1 Micro-structural analysis 

Different concentrations of alumina particles of around 50nm in size were used to check 

their impact on coating properties and morphology. In Figure 15 (a) surface morphology 

of Ni-P-Mo alloy coating shows the nodular grain structure throughout the coating 

surface. Nodular size of grains in alloy coating is larger and coarser then those of 

composite coatings. Nodular morphology of Ni-P-Mo alloy coating become more refined 

and homogenously compact in Ni-P-Mo/Al₂O₃ composite coatings which can be seen 

from Figure 15 (a) to (d). Due to the presence of alumina nanoparticles more uniform and 
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denser surfaces of coatings are attained validating the successful incorporation of 

nanoparticles in composite coatings. This refinement in grain structure occurs due to 

increment in nucleation rate as nano-particles act as potential sites for nucleation to take 

place, mentioned in studies by Islam et al, Yu et al [117, 118] and Mohanty et al [119] as 

well. Here alumina nanoparticles serves the same purpose for nodular grain refinement of 

composite coatings. Although composite coatings are not entirely free of defects i.e., 

micro-cracks or porosity but decrement in their density and size was observed as Al₂O₃ 

Nano-particles were introduced in to the coatings. Nano-particles cover the pore interior 

walls and fill the gaps in between to reduce them in density and size also observed by 

S.sarbishei et al [120] and Naizi, H., et al [121] in their respective researches. However 

particles addition in a coating should be kept in a certain range for good results as if they 

exceed a certain concentration their incorporation in the coating gets restricted and 

agglomeration becomes serious problem curtailing the much needed coating performance 

[122].  

In Figure 15 (d) morphology seems inclining towards coarser surface as the amount of 

Alumina nanoparticles increases might be due to Nano-particles agglomeration and 

increase in surface asperities like cracks, micro porosity etc.. Best results were obtained 

by the coating containing the 0.3g/l of alumina nanoparticles with fewer defects. Surface 

morphology of composite coatings cannot be only attributed to the incorporation of 

nanoparticles, concentration of other elements like P and Mo plays important role as well 

[96].  

Therefore, other factors must be considered as well while explaining the behavioral 

changes in resultant coatings. Size of nanoparticles, added, was in Nano regime, therefore, 

they could not be seen at this magnification in SEM images. But the changes in the coating 

morphology indicate towards their successful incursion in the coatings. From Figure 15 

(b to d) clear difference in composite coating morphology can be seen as the Nano-

particles concentration is varied. 
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Figure 15: Composite coating morphology: (a) shows the morphology of Ni-P-(4.48g/l) Mo 

coating (b) Morphology of comp. 0.1g/l alumina (c) Morphology of Comp. 0.3g/l alumina coating 

(d) morphology of 0.7g/l alumina coating 

EDS testing was done to get the elemental composition of coatings and to assure the 

successful incursion of alumina nanoparticles in the Ni-Mo-P alloy matrix. Increment in 

Aluminum At. % was observed along with increased concentration of Al₂O₃ nanoparticles. 

Also from the data shown in Figure 16 it is very much evident that the presence of alumina 

nanoparticles effects the deposition of other elements like P, Mo and Ni in the resultant 

coatings which in turns effects the overall coating properties. As the alumina 

concentration was enhanced in the electrolytic bath, other elements like Ni, P and Mo 

deposition became lesser. This behavior is observed earlier in the research done by Rahimi 

et al as well [96]. Presence of nanoparticles in electrolytic bath prohibit the diffusion of 

other metallic ions towards the electrode (affecting their deposition ) and their higher 

concentration makes this effect more profound in composite coatings which added to the 

reason why there appears a drastic propertied change in coatings containing the varied 

nanoparticle concentrations [123]. Other studies regarding this effect has been reported as 
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well by Boonyongmaneerat, Y., et al and Low, C.T.J., et al [124, 125]. Results obtained 

in our case are in accordance with the above mentioned effect. 

 

Figure 17 shows the elemental peaks of a composite coating confirming the alumina 

presence in the coating. Fe and Cu presence came from the substrate. 

 

Figure 17: Elemental peaks of Ni-P-Mo/0.3 g/l Al₂O₃ composite coating 

4.2 Surface roughness 

Roughness is an important factor while describing the coating surface properties. Two 

different scales were utilized while taking the Roughness measurements of all samples. 

Figure 16: EDS images of (a) Ni-P-Mo alloy coating (b) Ni-P-Mo/0.1 g/l Al₂O₃ (c) Ni-P-

Mo/0.3 g/l Al₂O₃ (d) Ni-P-Mo/0.3 g/l Al₂O₃ along with atomic percentages of elements present 

in all coatings 
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One is in micro-meter (Optical Profilometery) and other is in more precise nanometer 

scale (AFM). Roughness values obtained on both scales show the composite coatings to 

be rougher than alloy one. Ni-P-Mo 0.3g/l Al₂O₃ has the lowest roughness among all 

composite coatings but greater than the Ni-P-Mo alloy coating. Alumina nanoparticles 

deposition in Ni coatings causes the disturbance in Ni coating’s usual surface structure 

resulting in enhancement of surface roughness along with micro-crystallinity [126]. 

Presence of nano-particles causes the nucleation rate to enhance as can be seen in Figure 

15 (b to d) which in return increases the surface roughness. From Figure 18, Ni-P-Mo 

0.3g/l Al₂O₃ coating has the lowest Ra (μm) value among composite coatings due to 

comparatively homogeneous and smooth surface with lowest asperities (i.e., cracks, 

porosity, pinholes). In Ni-P-Mo 0.3g/l Al₂O₃ composite coating, due to nano-particles 

agglomeration, surface asperities and coarseness enhances causing the roughness values 

to increase as well. Our results are in accordance with the studies done by Allahyarzadeh, 

M., et al. [127, 128] [129], Borkar, T., et al. by the addition of reinforcements in Ni 

composite coatings [130], Nicolenco, A., et al. by the addition of alumina sub-micron 

particles in Fe-W matrix [101], and Karthikeyan, et al., by incorporation of alumina 

nanoparticles into Ni-P coatings [131] as well. 

 

Figure 18: Surface roughness trend of all samples 
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AFM studies were conducted in order to have a lucid idea about the change in surface 

roughness values at smaller scale i.e., in nanometers of composite coatings as the amount 

of alumina nanoparticles increased from 0.1 to 0.7 g/L. Results obtained from AFM show 

similar trend as obtained from profilometry. AFM images of all coatings are given in 

Figure 19. From these images differences in surface morphologies of all samples could 

be seen. Among composite coatings, Ni-P-Mo/0.3g/l Al₂O₃ has the lowest Ra (nm) value, 

compared with Ni-P-Mo/0.3g/l Al₂O₃ and Ni-P-Mo/0.7g/l Al₂O₃ therefore, showing 

smooth surface morphology. The reason could be higher grain refinement, dense and 

comparatively lesser surface defects like cracks or micro-porosity than the rest of 

composite coatings as can be seen from Figure 15 (c). In Ni-P-Mo/0.7g/l Al₂O₃ because 

of particles agglomeration (due to increase in their concentration), generating micro 

porosity and cracks which also led to increase in roughness value from figure 19 (d), 

where surface clearly has more spikes than the rest. Supported by research done by 

Grewal, H.S., et al. who states the brittle nature of Al₂O₃ nanoparticles and their possible 

effect over coating appliance which results in high surface roughness and porosity as the 

content keeps on increasing [132]. 

 

Figure 19: AFM analysis (a) AFM image of Ni-P-Mo alloy coating (b) AFM image of Ni-P-

Mo/0.1g/l Al₂O₃ (c) AFM image of Ni-P-Mo/0.3g/l Al₂O₃ (d) AFM morphological image of Ni-

P-Mo/0.7g/l Al₂O₃ 
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Roughness increases with alumina presence as compared with coating without alumina 

but difference in values is not high. As increment in reinforced particles beyond certain 

concentration occurs surface roughness does not vary much due to low heterogeneity 

according to Shi, X., et al. [133]. Which is in accordance with our results as there is not 

much difference between the roughness values of composite coatings as shown in Figures 

18 and 19 as well. Therefore the amount of alumina nanoparticles must be in a certain 

range to get best possible results as over incursion causes issues like porosity due to 

agglomeration and micro cracking declining the coating properties. Roughness values 

obtained from AFM are given in Table 10. 

Table 10: Ra (nm) values obtained from AFM testing 

Samples Ra (nm) 

Ni-P-Mo 11.9 

Ni-P-Mo/ 0.1g/l Al₂O₃ 23.1 

Ni-P-Mo/ 0.3g/l Al₂O₃ 18.1 

Ni-P-Mo/ 0.7g/l Al₂O₃ 26.1  

4.3 Mechanical testing  

Micro-Vickers hardness 

Similarly, by the addition of alumina nanoparticles in coatings, hardness increases 

enviably. As all composite coatings have higher hardness values than the Ni-P-Mo alloy 

coating. In composite coatings increment in hardness values with the alumina 

nanoparticles concentration is because they are hard in nature, and impede the movement 

of dislocations by residing at grain boundaries limiting the plastic deformation to occur in 

the coatings. Supported by the research done by Goral, A., which stated that addition of 

Al₂O₃ nanoparticles in to Ni-based coatings led to increment in hardness considerably. 

This increase in micro-hardness is attributed to the effect of dispersion hardening caused 

by Alumina nanoparticles in Ni-matrix explained by Orowan theory [134]. Another reason 

for this increase in micro-hardness values of composite coatings than alloy coatings is the 

increase in nucleation rate and grain refinement by the addition of nano-reinforcements. 

As previously reported by Mousavi, S.R., that enhancement in nucleation sites occurs due 
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to increment of Alumina nanoparticles which causes the grain refinement resulting in 

hardness enhancement of coatings [135]. In composites due to dominance of directional 

covalent bonds, plastic deformation and movement of dislocations gets restricted which 

is another reason for hardness enhancement in coatings [136]. Li, C., et al. [137] explained 

the similar pinning effect by the addition of Nano-reinforcements. 

 

Figure 20: Micro-hardness trend 

From Figure 20, graph shows the hardness values of all composite coatings obtained from 

Vickers hardness tester compared with alloy hardness value. Coating containing highest 

alumina particle concentration shows dip in hardness value to 530 (HV 0.1) as compared 

with rest. This decrement in hardness value is due to higher surface roughness and 

asperities caused by particle agglomeration due to increased particle concentration. 

Nano-indentation 

Hardness values were obtained in nanometer scale by Oliver and Pharr method which is a 

load controlled depth sensing instrument for more precise results. In composite coatings 



 

45 
 

alumina Nano particles play pivotal role in hardness and elastic strain increment. 

Hardness, Elastic Modulus and strain values of composite coatings are given in Table 11. 

Table 11: Nano-indentation data 

 

While analyzing the nano-indentation data the foremost factors that we need to consider 

are area under the curve and the indentation depth by berkovich tip in to the coating 

surface. Max. Load of 5mN was applied for the indentation purposes. According to Figure 

21 (b), Ni-P-Mo alloy coating with Max. Depth of 290nm has more indentation depth and 

area under the curve as compared with the composite coatings. Min. Depth penetration 

was 181nm of composite coating containing 0.3 g/l alumina nanoparticles concentration. 

This decrease in penetration depth and area under curve of composite coatings depict their 

higher resistance towards the plastic deformation and high mechanical strength as 

compared to bare HSLA and Ni-P-Mo alloy coatings [57]. Turbulence in curves shows 

that coatings have high surface roughness and are not entirely free of defects. These hard 

alumina particles impede the dislocation movement and provide coating resistance to 

deform to have higher strain values as well. Apart from this in composite coatings nano 

or micro particles addition fills the gap or porosity if present hence making the coatings 

more compact and dense 

Samples Hardness 

(GPa) 

Elastic modulus 

(GPa) 

H/E 

Ni-P- Mo 3.39 107 0.03 

Ni-P-Mo/0.1g/l/Al₂O₃ 7.02 132.27 0.052 

Ni-P-Mo /0.3g/l/Al₂O₃ 7.20 120.28 0.06 

Ni-P-Mo /0.7g/l/ Al₂O₃ 5.41 115.35 0.04 
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structured which results in increase of hardness values and modulus as well [138] as can 

be seen from Figure 15. From figure 21 (a) Ni-P-Mo/0.3g/l Al₂O₃ has the highest elastic 

strain value. Increment in hardness values is due to lower surface discontinuous and 

dispersion hardening by the presence of hard reinforced phase in the matrix. How much 

reinforcement is added and how uniformly it is distributed are among the deciding factors 

while discussing enhancement in hardness as explained by Balaraju, J.N., et al [139] as 

well. In Ni-P-Mo/0.7g/l Al₂O₃ having highest alumina content depreciation in hardness 

and strain values is distinct because of rise in surface roughness and surface asperities. If 

higher hard particles insertion occurs, particles agglomeration and internal stress 

relaxation occurs in coating surface results in decrement or gradual fall of properties. 

Locking and unlocking theory of dislocations explains the yielding phenomenon that 

occurs during applied stress. As liberation of dislocations and formation of new ones and 

their multiplication process extends from grain to grain in presence of stress leading to 

low areas (or areas such as pop-ins) or decrease in values [140]. In order to determine the 

wear resistant properties of a material, H/E elastic strain to failure factor considered to be 

an important indicator. More robust and long lasting coatings would have higher H/E 

value that it has more resistance to deformation or wear [141, 142]. Study done by 

Figure 21 (a) Elastic strain (H/E) trend (b) Force vs. Displacement curves of all samples 
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Nicolenco, A., et al. shows H/E ratio to be an important parameter as well in determining 

wear resistance of materials i.e. higher H/E ratio should have lower wear rates and 

deformation [101]. Which are very much in accordance to our wear results from table 12 

as Ni-P-Mo/0.3g/l Al₂O₃ alumina has the highest H/E ratio as well as highest wear 

resistance among composite coatings. 

4.4 Tribological testing wear analysis 

According to the obtained results, Ni-P-Mo/Al₂O₃ composite coatings proves to be more 

wear resistant than Ni-P-Mo alloy coating. Relatively in composite coatings grain 

refinement and nucleation rate increases due to incursion of nanoparticles in the coatings 

which impede the dislocation movements and hence enhances the hardness and wear 

resistance would be higher as compared with alloy coatings. Wear rates and Co-F values 

of composite coatings are given in Table 12. 

Table 12: Wear rate and Co-F values of all samples 

Samples Wear rates (mm3/mm) Av. CoF 

HSLA 5.0081E⁻⁶ 0.1166 

Ni-P-Mo 5.28E⁻⁸ 0.4369 

Ni-P-Mo/0.1g/l Al₂O₃ 1.04E⁻⁸ 0.69 

Ni-P-Mo/0.3g/l Al₂O₃ 0.373E⁻⁸ 0.459 

Ni-P-Mo/0.7g/l Al₂O₃ 19.4E⁻⁸ 0.747  

 

Wear rate of Ni-P-Mo/0.7g/l Al₂O₃ is highest due to its higher surface roughness and Co-

friction which led to higher micro-asperities than the rest of composite coatings and it has 

lowest hardness and modulus as well. Higher wear rates could be due to micro-cracks, 

stresses and higher coefficient of friction value as explained by delamination theory stated 

by Suh et al. [143] as well. Another reason for high coefficient of friction and wear rate 

could be the presence of debris which enhances the sternness among contacting surfaces 

[101]. According to study done by Luo, et al. nanoparticles are highly reactive that their 

chemical interactions and agglomeration could occur if higher amount is incorporated in 

coatings. Dislocations unlocking and locking and nucleation could be an issue as well in 
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decrement of mechanical properties if hard particles are incorporated [144]. Singh, et al. 

and Zawawi et al. suggested the certain incorporation of nanoparticles concentration in 

coatings for better performance as well [145, 146]. In our results wear phenomenon 

transforms from abrasive-adhesive to abrasive as the incorporation of alumina in coating 

is enhanced along with hardness which is similar to the findings by luo, et al. [142] and 

by Allahkaram, et al. [147]  as well who states that Abrasive wear is dominant at higher 

alumina nanoparticles concentration. H/E (elastic strain) of Ni-P-Mo/0.3g/l Al₂O₃ is 

higher among other coatings (in figure 21) which in turns comparable to the wear results 

as wear resistance of this sample amplified as can be seen in Figure 22 (b). 

 

Furthermore, this improvement in wear resistance is mainly due to dispersion hardening 

restricting the deformation or wear and grain refinement as could be seen in figure 15 (c). 

However static Co-F rise in alumina reinforced coatings could be due to the high surface 

roughness values as previously reported by Allahyarzadeh,et al. [128]. Increase and 

decrease in different sliding speeds could influence the friction as well, so it could not be 

constant [148]. Alumina particles transforms the wear process from adhesive to rolling 

one which in turn reduces the wear rate [149]. 

Figure 22: (a) Co-F vs. time plot for all samples (b) wear rates of all samples 
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4.5 Electrochemical Corrosion Behaviour 

In Ni-P-Mo alloy and composite coatings, Mo and Alumina nanoparticles play an 

important role in improving the corrosion performance. Here Mo amount is kept constant 

so the improvement in corrosion performance is certainly because of Alumina 

nanoparticles. Icorr and C.R. (mpy) values of composite coatings are given in Table 13. 

Composite coatings have more chemical stability than alloy coatings hence help prevent 

localized corrosion as reported by Ranganatha, et al. [150]. 

 

Figure 23: Comparison of corrosion rates of all samples 
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Figure 24: Tafel plots of all coatings 

Corrosion mechanism in pores enhances preferentially as cationic dissolution occurs 

leading to formation of metal hydroxide and ultimately becoming a source for hydrogen 

evolution as in formula 5 [151, 152] given below: 

(5)    Mn+ + nH2O                                 M (OH) n + nH+ 

Corrosion further deepens along the pore as salt solution acidity increases. Therefore more 

the pores a surface has, more would be the initialization points for localized corrosion to 

occur [153]. In composite coatings, alumina nanoparticles fill up the coating gaps, cracks 

or free areas making it to be denser and compact which results in improvement in hardness 

as well as corrosion values can be seen from Figure 23 where lowest corrosion value is 

of Ni-P-Mo/ (0.3g/l) Al2O3 having smoother surface compared with rest of composite 

coatings. Small concentrations of alumina nanoparticles act as a barrier for corrosive 

media by minimizing the path ways through the coatings [154].  Alumina nanoparticles 

act as controlling species for electrochemical reactions by reducing the pore density and 

sizes hence decreasing the rise of corrosion [121]. Ni-P-Mo/ (0.7g/l) Al2O3 has the highest 

corrosion rate of 5.1 mpy and major reasons could be higher surface defects and 

agglomeration of nano-particles given in Table 13. Corrosion improvement in composite 

coatings could be due to labyrinth effects as well caused by the presence of nano-particles 
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[155]. Addition of second phase particles could cause more corrosion if not incorporated 

in certain concentrations due to high surface roughness. When the coating is crack free or 

more compact and finer, then it would be more water-repellent so surface would be less 

likely exposed to the aqueous environment [137]. That’s why coating having high surface 

roughness values are drier and would be less water repellent hence corrosion performance 

will be compromised.  

Table 13: Electrochemical testing values 

Samples Icorr (A/cm2) C.R (mpy) 

HSLA 30E⁻⁶ 13.8 

Ni-P-Mo 10.5 E⁻⁶ 4.8 

Ni-P-Mo /0.1g/l Al2O3 3.4E⁻⁶ 1.4 

Ni-P-Mo /0.3g/l Al2O3 0.28E⁻⁶ 0.3 

Ni-P-Mo /0.7g/l Al2O3 11E⁻⁶ 5.1 
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Conclusions: 

Successful electro-deposition of Ni-P-Mo alloy and Ni-P-Mo/Al₂O₃ composite coating on 

HSLA steel samples was achieved along with promising and positive results in terms of 

its mechanical wear and corrosive properties. Following conclusions were drawn: 

 Nucleation rate enhances as we add alumina nano-particles as they act as 

nucleation sites hence helps to improve the grain refinement of composite coatings 

 Hardness and wear properties were considerably improved by addition of Alumina 

Nano-particles in Ni-P-Mo coatings as compared with bare HSLA steel and simple 

Ni-P-Mo alloy coatings. 

 Comp. 0.3g/l showed the best hardness and wear resistant values. Whereas 

Comp.0.7 g/l showed the lowest hardness and wear resistant values among 

composite coatings mainly due to agglomeration of particles due to high 

concentration and high surface Co-F and roughness 

 Corrosion resistive properties were also enhanced by the addition of these Nano-

particles. 

 Comp. 0.3g/l has best corrosion resistant value of 0.3 mpy and Comp. 0.7g/l has 

highest value of 5.1 mpy 

 Excessive amount of these particles proved to be detrimental to properties. 

Further studies need to be done on effects of heat treatment and change of different process 

parameters on properties of these composite films. 
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Future recommendations 

Following are some of the recommendations for future work/research in this field of study: 

 Effect of heat treatments on the behavior and properties of these alloy and 

composite coatings on HSLA substrates needs to be explored further. 

 Effect of different processing parameters while coating of substrates needs to be 

checked as well. For example, current density plays a crucial role in coating quality 

and adhesion, temperature needs to be consider as well. 

 Double layered coatings using this composite and alloy on different substrates 

could be studied showcasing the dynamics among multiple interfaces and their 

overall impact on the coating properties. 

 

 

 

 

 

 

 

 

  



 

54 
 

References: 

[1] A. Jilani, M. Abdel-wahab, and A. Hammad, "Advance Deposition Techniques for 

Thin Film and Coating," (2017). 

[2] R. Bajwa, "Electroplated composite coatings with incorporated nano particles for 

tribological systems with the focus on water lubrication," Bournemouth 

University, (2016). 

[3] S. Behboudi-Khiavi, M. Javanbakht, S. A. Mozaffari, and M. Ghaemi, 

"Controllable Pulse Reverse Electrodeposition of Mesoporous LixMnO2 

Nano/Microstructures with Enhanced Electrochemical Performance for Li-Ion 

Storage," ACS Applied Materials & Interfaces, vol. 11, no. 24, pp. 21552-21566, 

2019/06/19 (2019). 

[4] S. Hogmark and P. Hedenqvist, "Tribological characterization of thin, hard 

coatings," Wear, vol. 179, no. 1, pp. 147-154, 1994/12/01/ (1994). 

[5] R. C R, S. Basavarajappa, and I. Sogalad, "Electrodeposition of Ni-nano composite 

coatings: a review," Inorganic and Nano-Metal Chemistry, vol. 48, pp. 1-16, 02/05 

(2019). 

[6] R. L. e. a. Melo, "Characterisation of electrodeposited and heat-treated Ni−Mo−P 

coatings.," Journal of the Brazilian Chemical Society, p. 7, (2012). 

[7] A. Pogrebnjak, K. Smyrnova, and O. Bondar, "Nanocomposite Multilayer Binary 

Nitride Coatings Based on Transition and Refractory Metals: Structure and 

Properties," Coatings, vol. 9, no. 3, (2019). 

[8] J. Niedbała, "Electrochemical Production and Characterization of Ni-Mo, Ni-Mo-

P and Ni+Mo Coatings," Materials Science Forum, vol. 514-516, pp. 465-469, 

(2006). 

[9] K. Mehmood et al., "Microstructure and Corrosion Behavior of Atmospheric 

Plasma Sprayed NiCoCrAlFe High Entropy Alloy Coating," vol. 15, no. 4, p. 

1486, (2022). 

[10] T. Luo, X. Wei, H. Zhao, G. Cai, and X. Zheng, "Tribology properties of 

Al2O3/TiO2 nanocomposites as lubricant additives," Ceramics International, vol. 

40, no. 7, pp. 10103-10109, (2014). 



 

55 
 

[11] M. Imran et al., "Enhanced visible light photocatalytic activity of TiO2 co-doped 

with Fe, Co, and S for degradation of Cango red," vol. 255, p. 119644, (2021). 

[12] C. H. Lin, "A Hydrophobic Surface Based on a Ni-P-PTFE Coating on a Metallic 

Bipolar Plate," International Journal of Electrochemical Science, pp. 3147-3160, 

(2018). 

[13] M. R. Vaezi, S. K. Sadrnezhaad, and L. Nikzad, "Electrodeposition of Ni–SiC 

nano-composite coatings and evaluation of wear and corrosion resistance and 

electroplating characteristics," Colloids and Surfaces A: Physicochemical and 

Engineering Aspects, vol. 315, no. 1, pp. 176-182, 2008/02/15/ (2008). 

[14] Z. Li and Z. Farhat, "Microstructure development and nanoindentation behaviour 

of annealed Ni-P-Ti coatings," Surface Engineering, vol. 37, no. 4, pp. 527-535, 

2021/04/03 (2021). 

[15] Y. Wang et al., "Influence of pretreatments on physicochemical properties of Ni-

P coatings electrodeposited on aluminum alloy," Materials & Design, vol. 197, p. 

109233, 01/01 (2021). 

[16] Z. Li, Z. Farhat, G. Jarjoura, E. Fayyad, A. Abdullah, and M. Hassan, "Synthesis 

and characterization of scratch-resistant Ni-P-Ti-based composite coating," 

Tribology Transactions, vol. 62, no. 5, pp. 880-896, (2019). 

[17] "13 - SOLVENT USE IN VARIOUS INDUSTRIES," in Handbook of Solvents 

(Second Edition), G. Wypych, Ed. Oxford: ChemTec Publishing, (2014), pp. 1-

261. 

[18] S. C. Cha and A. Erdemir, Coating technology for vehicle applications. Springer, 

(2015). 

[19] S. Nagamine, K. Kobayakawa, and Y. Sato, "Formation of Gold Line Pattern by 

Laser Enhanced Electroless Plating," Journal of Japan Institute of Electronics 

Packaging, vol. 3, pp. 29-33, 01/01 (2000). 

[20] R. J. v. Gutfeld and K. G. Sheppard, "Electrochemical microfabrication by laser-

enhanced photothermal processes," IBM Journal of Research and Development, 

vol. 42, no. 5, pp. 639-653, (1998). 

[21] R. Von Gutfeld and J. Puippe, "Increase of Metal Plating and Dissolution Rates by 

Laser Radiation," Oberflache Surf., vol. 22, no. 9, pp. 294-297, (1981). 



 

56 
 

[22] X. Dai, "Effects of Laser Irradiation on a Copper Electrodeposition Process and 

Coating Quality," International Journal of Electrochemical Science, vol. 12, pp. 

9747-9757, 10/01 (2017). 

[23] M. M. Savalani, L. Hao, and R. Harris, "Evaluation of CO2 and Nd:YAG lasers 

for the selective laser sintering of HAPEX®," Proceedings of the Institution of 

Mechanical Engineers Part B Journal of Engineering Manufacture, vol. 220, 02/01 

(2006). 

[24] S. H. Riza, S. H. Masood, R. A. R. Rashid, and S. Chandra, "6 - Selective laser 

sintering in biomedical manufacturing," in Metallic Biomaterials Processing and 

Medical Device Manufacturing, C. Wen, Ed.: Woodhead Publishing, (2020), pp. 

193-233. 

[25] A. A. Ellsworth and A. V. Walker, "Role of the Reducing Agent in the Electroless 

Deposition of Copper on Functionalized SAMs," Langmuir, vol. 33, no. 35, pp. 

8663-8670, 2017/09/05 (2017). 

[26] A. Lahiri, G. Pulletikurthi, and F. Endres, "A Review on the Electroless Deposition 

of Functional Materials in Ionic Liquids for Batteries and Catalysis," (in English), 

Frontiers in Chemistry, Review vol. 7, no. 85, 2019-February-20 (2019). 

[27] X. Zhang and J. Zhang, "A new concept for electroless nickel plating: aluminium 

as reducing agent," RSC Advances, 10.1039/C6RA01435F vol. 6, no. 36, pp. 

30695-30698, (2016). 

[28] M. Bellardita, A. Di Paola, S. Yurdakal, and L. Palmisano, "Chapter 2 - 

Preparation of Catalysts and Photocatalysts Used for Similar Processes," in 

Heterogeneous Photocatalysis, G. Marcì and L. Palmisano, Eds.: Elsevier, (2019), 

pp. 25-56. 

[29] S. Imanian Ghazanlou, A. H. S. Farhood, S. Ahmadiyeh, E. Ziyaei, A. Rasooli, 

and S. Hosseinpour, "Characterization of Pulse and Direct Current Methods for 

Electrodeposition of Ni-Co Composite Coatings Reinforced with Nano and Micro 

ZnO Particles," Metallurgical and Materials Transactions A, vol. 50, no. 4, pp. 

1922-1935, 2019/04/01 (2019). 

[30] S. Mandati, S. Bulusu, S. Dey, and S. V. Joshi, "Pulsed Electrochemical 

Deposition of CuInSe2 and Cu(In,Ga)Se2 Semiconductor Thin Films," (2018). 



 

57 
 

[31] M. S. Chandrasekar and M. Pushpavanam, "Pulse and pulse reverse plating—

Conceptual, advantages and applications," Electrochimica Acta, vol. 53, no. 8, pp. 

3313-3322, 2008/03/10/ (2008). 

[32] F. Giro et al., "Pulsed electrodeposition of high aspect-ratio NiFe assemblies and 

its influence on spatial alloy composition," Microsystem Technologies, vol. 14, 

pp. 1111-1115, 08/01 (2008). 

[33] Z. He, M. D. Hayat, S. Huang, X. Wang, and P. Cao, "PbO2 electrodes prepared 

by pulse reverse electrodeposition and their application in benzoic acid 

degradation," Journal of Electroanalytical Chemistry, vol. 812, pp. 74-81, 

2018/03/01/ (2018). 

[34] I. Gurrappa and L. Binder, "Electrodeposition of nanostructured coatings and their 

characterization—A review," Science and Technology of Advanced Materials, 

vol. 9, no. 4, p. 043001, 2008/12/01 (2008). 

[35] K. Kakaei, M. D. Esrafili, and A. Ehsani, "Chapter 7 - Alcohol Oxidation and 

Hydrogen Evolution," in Interface Science and Technology, vol. 27, K. Kakaei, 

M. D. Esrafili, and A. Ehsani, Eds.: Elsevier, (2019), pp. 253-301. 

[36] S. Arulmani, S. Anandan, and M. Ashokkumar, "Chapter 1 - Introduction to 

Advanced Nanomaterials," in Nanomaterials for Green Energy, B. A. Bhanvase, 

V. B. Pawade, S. J. Dhoble, S. H. Sonawane, and M. Ashokkumar, Eds.: Elsevier, 

(2018), pp. 1-53. 

[37] J. Rigali, "Electroless Deposition & Electroplating of Nickel on Chromium-Nickel 

Carbide Powder," (2017). 

[38] R. Veinthal et al., "Coatings and surface engineering. Industry oriented researchc 

[Pinnete- ja pinnatehnoloogiaalastest uuringutest]," Estonian Journal of 

Engineering, vol. 18, pp. 176-184, 01/01 (2012). 

[39] M. S. Rashid, "High-Strength, Low-Alloy Steels," Science, vol. 208, no. 4446, pp. 

862-869, 1980/05/23 (1980). 

[40] "11 - Steels for aircraft structures," in Introduction to Aerospace Materials, A. P. 

Mouritz, Ed.: Woodhead Publishing, (2012), pp. 232-250. 



 

58 
 

[41] "Chapter 10 - The Application of CALPHAD Methods," in Pergamon Materials 

Series, vol. 1, N. Saunders and A. P. Miodownik, Eds.: Pergamon, (1998), pp. 299-

408. 

[42] "High-Strength Low-Alloy Steels," Alloying: Understanding the Basics: ASM 

International, (2001), p. 0.  

[43] G. Huang, X. Wan, K. Wu, H. Zhao, and R. D. Misra, "Effects of Small Ni 

Addition on the Microstructure and Toughness of Coarse-Grained Heat-Affected 

Zone of High-Strength Low-Alloy Steel," Metals, vol. 8, no. 9, (2018). 

[44] M. A. Razzak, "Heat treatment and effects of Cr and Ni in low alloy steel," Bulletin 

of Materials Science, vol. 34, no. 7, pp. 1439-1445, 2011/12/01 (2011). 

[45] S. Vervynckt, K. Verbeken, B. Lopez, and J. Jonas, "Modern HSLA steels and role 

of non-recrystallisation temperature," International Materials Reviews, vol. 57, no. 

4, pp. 187-207, (2012). 

[46] H. G. Simms, "Oxidation behaviour of Austenitic stainless steels at high 

temperature in supercritical plant," (2011). 

[47] A. Kostryzhev, N. Singh, L. Chen, C. Killmore, and E. Pereloma, "Comparative 

Effect of Mo and Cr on Microstructure and Mechanical Properties in NbV-

Microalloyed Bainitic Steels," Metals, vol. 8, no. 2, (2018). 

[48] S. Vervynckt, K. Verbeken, B. Lopez, and J. J. Jonas, "Modern HSLA steels and 

role of non-recrystallisation temperature," International Materials Reviews, vol. 

57, no. 4, pp. 187-207, 2012/07/01 (2012). 

[49] J. Takahashi, K. Kawakami, J.-i. Hamada, and K. Kimura, "Direct observation of 

niobium segregation to dislocations in steel," Acta Materialia, vol. 107, pp. 415-

422, 2016/04/01/ (2016). 

[50] S. Vervynckt, K. Verbeken, P. Thibaux, M. Liebeherr, and Y. Houbaert, "Control 

of the Austenite Recrystallization in Niobium Microalloyed Steels," Materials 

Science Forum, v.638-642, 3567-3572 (2010), vol. 638-642, 04/08 (2010). 

[51] J. C. Villalobos, A. Del-Pozo, B. Campillo, J. Mayen, and S. Serna, "Microalloyed 

Steels through History until 2018: Review of Chemical Composition, Processing 

and Hydrogen Service," Metals, vol. 8, no. 5, (2018). 



 

59 
 

[52] H. Mohrbacher, "Principal effects of Mo in HSLA steels and cross effects with 

microalloying elements," Central Iron and Steel Research Institute (CISRI), pp. 

75-96, (2010). 

[53] M. G. Akben, B. Bacroix, and J. J. Jonas, "Effect of vanadium and molybdenum 

addition on high temperature recovery, recrystallization and precipitation behavior 

of niobium-based microalloyed steels," Acta Metallurgica, vol. 31, no. 1, pp. 161-

174, 1983/01/01/ (1983). 

[54] G. Miyamoto, K. Yokoyama, and T. Furuhara, "Quantitative analysis of Mo solute 

drag effect on ferrite and bainite transformations in Fe-0.4 C-0.5 Mo alloy," Acta 

Materialia, vol. 177, pp. 187-197, (2019). 

[55] N. Li, W. Kingkam, R. Han, Y. Huang, H. Zhang, and C. Zhao, "Effect of Alloying 

Elements on Mechanical Properties of High-Strength Low-Alloy Steel," Materials 

Science Forum, vol. 1007, 07/15 (2020). 

[56] C. Ledermueller, H. I. Pratiwi, R. F. Webster, M. Eizadjou, S. P. Ringer, and S. 

Primig, "Microalloying effects of Mo versus Cr in HSLA steels with ultrafine-

grained ferrite microstructures," Materials & Design, vol. 185, p. 108278, 

2020/01/05/ (2020). 

[57] K. Shahzad et al., "Corrosion and Heat Treatment Study of Electroless NiP-Ti 

Nanocomposite Coatings Deposited on HSLA Steel," Nanomaterials, vol. 10, no. 

10, (2020). 

[58] K. Shahzad et al., "Corrosion and Heat Treatment Study of Electroless NiP-Ti 

Nanocomposite Coatings Deposited on HSLA Steel," Nanomaterials, vol. 10, p. 

1932, 09/27 (2020). 

[59] C. M. Wong, "Environmentally assisted cracking of nickel-chromium-phosphorus 

amorphous alloy coated 4340 steels," 9300519 Ph.D., Texas A&M University, 

Ann Arbor, (1992). 

[60] F. D. Fassini, M. A. Zampronio, and P. E. V. de Miranda, "Design of ion-implanted 

coatings to impede hydrogen contamination of steel," Corrosion Science, vol. 35, 

no. 1, pp. 549-556, 1993/01/01/ (1993). 



 

60 
 

[61] K. Shahzad et al., "Effect of concentration of TiC on the properties of pulse 

electrodeposited Ni–P–TiC nanocomposite coatings," Ceramics International, vol. 

47, no. 13, pp. 19123-19133, 2021/07/01/ (2021). 

[62] C. S. Brandolt, M. R. Ortega Vega, T. L. Menezes, R. M. Schroeder, and C. F. 

Malfatti, "Corrosion behavior of nickel and cobalt coatings obtained by high-

velocity oxy-fuel (HVOF) thermal spraying on API 5CT P110 steel," Materials 

and Corrosion, https://doi.org/10.1002/maco.201508505 vol. 67, no. 4, pp. 368-

377, 2016/04/01 (2016). 

[63] Q. Ma, Y. Li, X. Yin, and W. Meng, "Effects of Laser Fluence on Microstructure 

and Bonding Characteristics of Wideband Laser-Deposited Nickel Composite 

Coatings," Journal of Materials Engineering and Performance, vol. 28, no. 5, pp. 

2661-2671, 2019/05/01 (2019). 

[64] I. Sivandipoor and F. Ashrafizadeh, "Synthesis and tribological behaviour of 

electroless Ni–P-WS2 composite coatings," Applied Surface Science, vol. 263, pp. 

314-319, 2012/12/15/ (2012). 

[65] F. Vargas, G. Latorre, and I. Uribe, "BEHAVIOR OF THERMAL SPRAY 

COATINGS AGAINST HYDROGEN ATTACK," CT&F - Ciencia, Tecnología 

y Futuro, vol. 2, pp. 65-73, (2003). 

[66] J. K. Dennis and T. E. Such, "Chapter 13 - Deposition of nickel alloys," in Nickel 

and Chromium Plating (Third Edition), J. K. Dennis and T. E. Such, Eds.: 

Woodhead Publishing, (1993), pp. 363-389. 

[67] Z. Ahmad, "CHAPTER 7 - COATINGS," in Principles of Corrosion Engineering 

and Corrosion Control, Z. Ahmad, Ed. Oxford: Butterworth-Heinemann, (2006), 

pp. 382-437. 

[68] Y. Wang et al., "Influence of pretreatments on physicochemical properties of Ni-

P coatings electrodeposited on aluminum alloy," Materials & Design, vol. 197, p. 

109233, (2021). 

[69] J. K. Dennis and T. E. Such, "Chapter 4 - Engineering applications," in Nickel and 

Chromium Plating (Third Edition), J. K. Dennis and T. E. Such, Eds.: Woodhead 

Publishing, (1993), pp. 66-95. 

https://doi.org/10.1002/maco.201508505


 

61 
 

[70] A. Lelevic, "Ni-P coatings electroplating-A review, Part I: Pure Ni-P alloy," arXiv 

preprint arXiv:1807.04693, (2018). 

[71] R. Taheri, "Evaluation of electroless nickel-phosphorus (EN) coatings," 

Saskatoon: University of Saskatchewan Saskatoon, (2002). 

[72] A. Lelevic and F. C. Walsh, "Electrodeposition of NiP alloy coatings: A review," 

Surface and Coatings Technology, vol. 369, pp. 198-220, 2019/07/15/ (2019). 

[73] A. Lelevic and F. Walsh, "Electrodeposition of NiP alloy coatings: A review," 

Surface and Coatings Technology, vol. 369, 03/28 (2019). 

[74] G.-S. Song, S. Sun, Z.-C. Wang, C.-Z. Luo, and C.-X. Pan, "Synthesis and 

Characterization of Electroless Ni–P/Ni–Mo–P Duplex Coating with Different 

Thickness Combinations," Acta Metallurgica Sinica (English Letters), vol. 30, 

06/07 (2017). 

[75] Y. Chou, C.-Y. Bai, M. Ger, S.-J. Lee, C.-Y. Lee, and C. Chao, "Studies on Ni-

Mo-P Coatings by Electroless Deposition," Key Engineering Materials - KEY 

ENG MAT, vol. 364-366, pp. 333-339, 01/01 (2008). 

[76] C. Ledermueller, H. Pratiwi, R. Webster, M. Eizadjou, S. Ringer, and S. Primig, 

"Microalloying effects of Mo versus Cr in HSLA steels with ultrafine-grained 

ferrite microstructures," Materials & Design, vol. 185, p. 108278, 10/01 (2019). 

[77] N. Semmar and C. Boulmer-Leborgne, "4 - Pulsed laser surface treatment of 

multilayer gold–nickel–copper (Au/Ni/Cu) coatings to improve the corrosion 

resistance of components in electronics," in Laser Surface Modification of Alloys 

for Corrosion and Erosion Resistance, C. T. Kwok, Ed.: Woodhead Publishing, 

(2012), pp. 109-123. 

[78] J. K. Dennis and T. E. Such, "Chapter 5 - Bright nickel electroplating," in Nickel 

and Chromium Plating (Third Edition), J. K. Dennis and T. E. Such, Eds.: 

Woodhead Publishing, (1993), pp. 96-131. 

[79] M. J. Cruz et al., "Corrosion properties of nickel coatings obtained from aqueous 

and nonaqueous electrolytes," Surface and Interface Analysis, vol. 51, no. 9, pp. 

943-953, (2019). 

[80] N. Alharthi, E.-S. M. Sherif, H. S. Abdo, and S. Zein El Abedin, "Effect of Nickel 

Content on the Corrosion Resistance of Iron-Nickel Alloys in Concentrated 



 

62 
 

Hydrochloric Acid Pickling Solutions," Advances in Materials Science and 

Engineering, vol. 2017, p. 1893672, 2017/06/22 (2017). 

[81] M. N. Hull, "The anodic oxidation of molybdenum in hydroxide ion solutions," 

Journal of Electroanalytical Chemistry and Interfacial Electrochemistry, vol. 30, 

no. 1, pp. App.1-App.3, 1971/03/01/ (1971). 

[82] C. Sherwin, S. Bhat, and S. P. Hebbar, "A brief review on nickel and chromium 

coatings developed by electrochemical route," AIP Conference Proceedings, vol. 

2236, no. 1, p. 040007, 2020/05/20 (2020). 

[83] D. Trabelsi, M. Zouari, M. Kharrat, M. Dammak, M. Eyraud, and F. Vacandio, 

"Type and concentration effects of particulate solid lubricants on the 

microstructure, friction, and wear of electrodeposited Ni composite coatings," 

Proceedings of the Institution of Mechanical Engineers, Part J: Journal of 

Engineering Tribology, vol. 233, no. 6, pp. 965-974, (2019). 

[84] S. Pinate, "Control of particles codeposition and strengthening mechanisms in 

nickel based nanocomposite coatings," Jönköping University, School of 

Engineering, (2021). 

[85] T. Borkar, Electrodeposition of nickel composite coatings. Oklahoma State 

University, (2010). 

[86] J. R. Roos, J. P. Celis, and H. Kelchtermans, "Dispersion-hardened electrolytic 

copper-alumina coatings," Thin Solid Films, vol. 54, no. 2, pp. 173-182, 

1978/10/16/ (1978). 

[87] L. Benea, E. Danaila, and J.-P. Celis, "Influence of electro-co-deposition 

parameters on nano-TiO2 inclusion into nickel matrix and properties 

characterization of nanocomposite coatings obtained," Materials Science and 

Engineering: A, vol. 610, pp. 106-115, 2014/07/29/ (2014). 

[88] P. Gadhari and P. Sahoo, "Effect of Process Parameters on Microhardness of Ni-

P-Al2O3 Composite Coatings," Procedia Materials Science, vol. 6, pp. 623-632, 

2014/01/01/ (2014). 

[89] R. P. Socha, P. Nowak, K. Laajalehto, and J. Väyrynen, "Particle-electrode surface 

interaction during nickel electrodeposition from suspensions containing SiC and 



 

63 
 

SiO2 particles," Colloids and Surfaces A: Physicochemical and Engineering 

Aspects, vol. 235, no. 1, pp. 45-55, 2004/03/18/ (2004). 

[90] M. F. Cardinal, P. A. Castro, J. Baxi, H. Liang, and F. J. Williams, 

"Characterization and frictional behavior of nanostructured Ni–W–MoS2 

composite coatings," Surface and Coatings Technology, vol. 204, no. 1, pp. 85-90, 

2009/09/25/ (2009). 

[91] X.-S. Liang, J.-H. Ouyang, Y.-F. Li, and Y.-M. Wang, "Electrodeposition and 

tribological properties of Ni–SrSO4 composite coatings," Applied Surface 

Science, vol. 255, no. 7, pp. 4316-4321, 2009/01/15/ (2009). 

[92] L. Shi, C. Sun, and W. Liu, "Electrodeposited nickel–cobalt composite coating 

containing MoS2," Applied Surface Science, vol. 254, no. 21, pp. 6880-6885, 

2008/08/30/ (2008). 

[93] N. K. Shrestha, M. Kawai, and T. Saji, "Co-deposition of B4C particles and nickel 

under the influence of a redox-active surfactant and anti-wear property of the 

coatings," Surface and Coatings Technology, vol. 200, no. 7, pp. 2414-2419, 

2005/12/21/ (2005). 

[94] A. Afshar, M. Ghorbani, and M. Mazaheri, "Electrodeposition of graphite-bronze 

composite coatings and study of electroplating characteristics," Surface and 

Coatings Technology, vol. 187, no. 2, pp. 293-299, 2004/10/22/ (2004). 

[95] S. Ozan, K. Munir, A. Biesiekierski, R. Ipek, Y. Li, and C. Wen, "1.3.3A - 

Titanium Alloys, Including Nitinol," in Biomaterials Science (Fourth Edition), W. 

R. Wagner, S. E. Sakiyama-Elbert, G. Zhang, and M. J. Yaszemski, Eds.: 

Academic Press, (2020), pp. 229-247. 

[96] A. R. Rahimi, H. Modarress, and S. Amjad Iranagh, "Effect of alumina 

nanoparticles as nanocomposites on morphology and corrosion resistance of 

electroless Ni–P coatings," Surface Engineering, vol. 27, no. 1, pp. 26-31, 

2011/02/01 (2011). 

[97] C. Gheorghies, G. Carac, and I. Stasi, "Preparation and structural characterization 

of nickel/alumina nano-particles composite coatings," Journal Of Optoelectronics 

And Advanced Materials, vol. 8, no. 3, p. 1234, (2006). 



 

64 
 

[98] S.-L. Kuo, Y.-C. Chen, M.-D. Ger, and W.-H. Hwu, "Nano-particles dispersion 

effect on Ni/Al2O3 composite coatings," Materials Chemistry and Physics, vol. 

86, no. 1, pp. 5-10, (2004). 

[99] A. S. Praveen and A. Arjunan, "Effect of nano-Al2O3 addition on the 

microstructure and erosion wear of HVOF sprayed NiCrSiB coatings," Materials 

Research Express, vol. 7, no. 1, p. 015006, 2019/12/09 (2019). 

[100] S. T. Aruna, W. V.K, and K. Rajam, "Synthesis and characterization of Ni–Al 2 O 

3 composite coatings containing different forms of alumina," Journal of Applied 

Electrochemistry - J APPL ELECTROCHEM, vol. 40, pp. 2161-2169, 12/01 

(2010). 

[101] A. Nicolenco et al., "Nanocrystalline Electrodeposited Fe-W/Al2O3 Composites: 

Effect of Alumina Sub-microparticles on the Mechanical, Tribological, and 

Corrosion Properties," (in English), Frontiers in Chemistry, Original Research vol. 

7, 2019-April-16 (2019). 

[102] K. Shahzad et al., "Corrosion and Heat Treatment Study of Electroless NiP-Ti 

Nanocomposite Coatings Deposited on HSLA Steel," Nanomaterials, vol. 10, no. 

10, p. 1932, (2020). 

[103] O. T. Shindo D., "Shindo D., Oikawa T. (2002) Energy Dispersive X-ray 

Spectroscopy. In: Analytical Electron Microscopy for Materials Science. Springer, 

Tokyo," springer , tokyo, (2002). 

[104] S. Sinha Ray, "Techniques for characterizing the structure and properties of 

polymer nanocomposites," (2013), pp. 74-88. 

[105] K. W. Shinato, F. Huang, and Y. Jin, "Principle and application of atomic force 

microscopy (AFM) for nanoscale investigation of metal corrosion," Corrosion 

Reviews, vol. 38, no. 5, pp. 423-432, (2020). 

[106] M. S. Mahmoudi and A. Bahrami, "A novel excitation scheme to enhance image 

resolution in dynamic atomic force microscopy," Physics Letters A, vol. 384, no. 

4, p. 126099, (2020). 

[107] C. J. Rourk, "Conductive atomic force microscopy data from substantia nigra 

tissue," Data in brief, vol. 27, p. 103986, (2019). 



 

65 
 

[108] L. Belec and Y. Joliff, "Mechanically affected zone in AFM force 

measurements—Focus on actual probe tip geometry," Materials & Design, vol. 

104, pp. 217-226, (2016). 

[109] T. Heim, K. Lmimouni, and D. Vuillaume, "Ambipolar charge injection and 

transport in a single pentacene monolayer island," Nano Letters, vol. 4, no. 11, pp. 

2145-2150, (2004). 

[110] A. Stylianou, S.-V. Kontomaris, C. Grant, and E. Alexandratou, "Atomic Force 

Microscopy on Biological Materials Related to Pathological Conditions," 

Scanning, vol. 2019, p. 8452851, 2019/05/12 (2019). 

[111] S. Kumar and A. Mukhopadhyay, "EXPERIMENTAL INVESTIGATION OF 

FRICTION AND WEAR OF HEAT TREATED AISI 304 STAINLESS STEEL 

AGAINST EN-8 STEEL USING A MULTITRIBOTESTER AND EFFECT OF 

MICROSTRUCTURE ON WEAR BEHAVIOUR," (2018). 

[112] N. Michailidis, K.-D. Bouzakis, L. Koenders, and K. Herrmann, 

"Nanoindentation," in CIRP Encyclopedia of Production Engineering, C.I.R.P, L. 

Laperrière, and G. Reinhart, Eds. Berlin, Heidelberg: Springer Berlin Heidelberg, 

(2014), pp. 1-9. 

[113] R. Zdero, L. E. Guenther, and T. C. Gascoyne, "Chapter 19 - Pin-on-Disk Wear 

Testing of Biomaterials Used for Total Joint Replacements," in Experimental 

Methods in Orthopaedic Biomechanics, R. Zdero, Ed.: Academic Press, (2017), 

pp. 299-311. 

[114] K. W. Street, K. Miyoshi, and R. L. Vander Wal, "19 - Application of Carbon 

Based Nano-Materials to Aeronautics and Space Lubrication," in Superlubricity, 

A. Erdemir and J.-M. Martin, Eds. Amsterdam: Elsevier Science B.V., (2007), pp. 

311-340. 

[115] A. Atrens, G. L. Song, Z. Shi, A. Soltan, S. Johnston, and M. S. Dargusch, 

"Understanding the Corrosion of Mg and Mg Alloys," in Encyclopedia of 

Interfacial Chemistry, K. Wandelt, Ed. Oxford: Elsevier, (2018), pp. 515-534. 

[116] R. A. Buchanan and E. E. Stansbury, "4 - Electrochemical Corrosion," in 

Handbook of Environmental Degradation of Materials (Second Edition), M. Kutz, 

Ed. Oxford: William Andrew Publishing, (2012), pp. 87-125. 



 

66 
 

[117] M. S. Islam et al., "Electroless Ni-P/SiC Nanocomposite Coatings With Small 

Amounts of SiC Nanoparticles for Superior Corrosion Resistance and Hardness," 

Journal of Materials Engineering and Performance, vol. 24, pp. 4835-4843, 

(2015). 

[118] L. Yu, W. Huang, and X. Zhao, "Preparation and characterization of Ni–P–

nanoTiN electroless composite coatings," Journal of Alloys and Compounds, vol. 

509, pp. 4154-4159, 03/01 (2011). 

[119] D. Mohanty, T. K. Barman, and P. Sahoo, "Effect of incorporation of nano-

alumina on tribo-mechanical behavior of electroless Ni-B coatings," Jurnal 

Tribologi, vol. 30, pp. 24-43, (2021). 

[120] S. Sarbishei, F. Sani, and M. R. Mohammadi, "Effects of alumina nanoparticles 

concentration on microstructure and corrosion behavior of coatings formed on 

titanium substrate via PEO process," Ceramics International, vol. 42, 02/01 (2016). 

[121] H. Niazi et al., "How deposition parameters affect corrosion behavior of TiO2-

Al2O3 nanocomposite coatings," Applied Surface Science, vol. 353, pp. 1242-

1252, 2015/10/30/ (2015). 

[122] S. Gawad, A. M. Baraka, M. S. Morsi, and M. Eltoum, "Development of 

Electroless Ni-P-Al2O3 and Ni-P-TiO2 Composite Coatings from Alkaline 

Hypophosphite Gluconate Baths and their Properties," International Journal of 

Electrochemical Science, vol. 8, pp. 1722-1734, 02/01 (2013). 

[123] S. Yari and C. Dehghanian, "Deposition and characterization of nanocrystalline 

and amorphous Ni–W coatings with embedded alumina nanoparticles," Ceramics 

International, vol. 39, no. 7, pp. 7759-7766, 2013/09/01/ (2013). 

[124] Y. Boonyongmaneerat, K. Saengkiettiyut, S. Saenapitak, and S. Sangsuk, "Effects 

of WC addition on structure and hardness of electrodeposited Ni–W," Surface and 

Coatings Technology, vol. 203, no. 23, pp. 3590-3594, 2009/08/25/ (2009). 

[125] C. T. J. Low, R. G. A. Wills, and F. Walsh, "Electrodeposition of composite 

coatings containing nanoparticles in a metal deposit," Surface and Coatings 

Technology, vol. 201, pp. 371-383, 09/01 (2006). 



 

67 
 

[126] B. Szczygieł and M. Kołodziej, "Composite Ni/Al2O3 coatings and their corrosion 

resistance," Electrochimica Acta, vol. 50, no. 20, pp. 4188-4195, 2005/07/25/ 

(2005). 

[127] M. Allahyarzadeh, M. Aliofkhazraei, A. S. Rouhaghdam, and V. Torabinejad, 

"Electrodeposition of multilayer Ni–W and Ni–W–alumina nanocomposite 

coatings," Surface Engineering, vol. 33, no. 5, pp. 327-336, 2017/05/04 (2017). 

[128] M. H. Allahyarzadeh, M. Aliofkhazraei, A. R. S. Rouhaghdam, and V. 

Torabinejad, "Gradient electrodeposition of Ni-Cu-W(alumina) nanocomposite 

coating," Materials & Design, vol. 107, pp. 74-81, 2016/10/05/ (2016). 

[129] M. H. Allahyarzadeh, M. Aliofkhazraei, A. R. S. Rouhaghdam, and V. 

Torabinejad, "Structure and wettability of pulsed electrodeposited Ni-W-Cu-(α-

alumina) nanocomposite," Surface and Coatings Technology, vol. 307, pp. 525-

533, 2016/12/15/ (2016). 

[130] T. Borkar and S. P. Harimkar, "Effect of electrodeposition conditions and 

reinforcement content on microstructure and tribological properties of nickel 

composite coatings," Surface and Coatings Technology, vol. 205, no. 17, pp. 4124-

4134, 2011/05/25/ (2011). 

[131] S. Karthikeyan and B. Ramamoorthy, "Effect of reducing agent and nano Al2O3 

particles on the properties of electroless Ni–P coating," Applied Surface Science, 

vol. 307, pp. 654-660, 2014/07/15/ (2014). 

[132] H. S. Grewal, H. Singh, and A. Agrawal, "Microstructural and mechanical 

characterization of thermal sprayed nickel–alumina composite coatings," Surface 

and Coatings Technology, vol. 216, pp. 78-92, 2013/02/15/ (2013). 

[133] X. Shi et al., "Effect of Al2O3 Nanoparticles and Heat Treatment on the Wear 

Resistance of Electrodeposited Ni-W/Al2O3 Composite Coatings," Journal of 

Materials Engineering and Performance, 2021/11/11 (2021). 

[134] A. Góral, "Nanoscale structural defects in electrodeposited Ni/Al2O3 composite 

coatings," Surface and Coatings Technology, vol. 319, pp. 23-32, 2017/06/15/ 

(2017). 



 

68 
 

[135] S. R. Mousavi, "Preparation, corrosion, and wear resistance of Ni-Mo/Al 

composite coating reinforced with Al particles," Materials & design, vol. 110, 

08/06 (2016). 

[136] Y. Gui, C. Song, S. Wang, and D. Zhao, "Elevated-temperature wear behaviors of 

NiMo/Mo2Ni3Si intermetallic “in situ” composites," Journal of Materials 

Research, vol. 31, no. 1, pp. 66-75, (2015). 

[137] C. Li, Y. Wang, and Z. Pan, "Wear resistance enhancement of electroless 

nanocomposite coatings via incorporation of alumina nanoparticles prepared by 

milling," Materials & Design, vol. 47, pp. 443-448, 2013/05/01/ (2013). 

[138] M. M. Taheri and Masoud, "Synthesis and Characterization of Hard Cr2O3 and 

Superhard Cr-Zr-O PVD Coatings," (2019). 

[139] J. N. Balaraju, Kalavati, and K. S. Rajam, "Influence of particle size on the 

microstructure, hardness and corrosion resistance of electroless Ni–P–Al2O3 

composite coatings," Surface and Coatings Technology, vol. 200, no. 12, pp. 3933-

3941, 2006/03/31/ (2006). 

[140] R. Maaß and P. M. Derlet, "Micro-plasticity and recent insights from intermittent 

and small-scale plasticity," Acta Materialia, vol. 143, pp. 338-363, 2018/01/15/ 

(2018). 

[141] A. Leyland and A. Matthews, "On the significance of the H/E ratio in wear control: 

a nanocomposite coating approach to optimised tribological behaviour," Wear, 

vol. 246, no. 1, pp. 1-11, 2000/11/01/ (2000). 

[142] A. Góral, L. Lityńska-Dobrzyńska, and M. Kot, "Effect of Surface Roughness and 

Structure Features on Tribological Properties of Electrodeposited Nanocrystalline 

Ni and Ni/Al2O3 Coatings," Journal of Materials Engineering and Performance, 

vol. 26, no. 5, pp. 2118-2128, 2017/05/01 (2017). 

[143] N. P. Suh and P. Sridharan, "Relationship between the coefficient of friction and 

the wear rate of metals," Wear, vol. 34, no. 3, pp. 291-299, 1975/10/01/ (1975). 

[144] T. Luo, X. Wei, H. Zhao, G. Cai, and X. Zheng, "Tribology properties of 

Al2O3/TiO2 nanocomposites as lubricant additives," Ceramics International, vol. 

40, pp. 10103-10109, 08/01 (2014). 



 

69 
 

[145] A. P. Singh, R. K. Dwivedi, and A. Suhane, "Influence of nano particles on the 

performance parameters of lube oil – a review," Materials Research Express, vol. 

8, no. 10, p. 102001, 2021/10/01 (2021). 

[146] N. N. M. Zawawi, W. H. Azmi, A. A. M. Redhwan, and M. Z. Sharif, "Coefficient 

of friction and wear rate effects of different composite nanolubricant 

concentrations on Aluminium 2024 plate," IOP Conference Series: Materials 

Science and Engineering, vol. 257, p. 012065, 2017/10 (2017). 

[147] S. R. Allahkaram, S. Golroh, and M. Mohammadalipour, "Properties of Al2O3 

nano-particle reinforced copper matrix composite coatings prepared by pulse and 

direct current electroplating," Materials & Design, vol. 32, no. 8, pp. 4478-4484, 

2011/09/01/ (2011). 

[148] N. Dewan Muhammad and C. Mohammad Asaduzzaman, "Friction Coefficient 

and Wear Rate of Different Materials Sliding Against Stainless Steel," 

International Journal of Surface Engineering and Interdisciplinary Materials 

Science (IJSEIMS), vol. 1, no. 1, pp. 33-45, (2013). 

[149] M. H. Allahyarzadeh, M. Aliofkhazraei, A. R. S. Rouhaghdam, and V. 

Torabinejad, "Electrochemical tailoring of ternary Ni-W-Co(Al2O3) 

nanocomposite using pulse reverse technique," Journal of Alloys and Compounds, 

vol. 705, pp. 788-800, 2017/05/25/ (2017). 

[150] S. Ranganatha, T. V. Venkatesha, and K. Vathsala, "Development of electroless 

Ni–Zn–P/nano-TiO2 composite coatings and their properties," Applied Surface 

Science, vol. 256, no. 24, pp. 7377-7383, 2010/10/01/ (2010). 

[151] C. Sun, H. Zeng, and J.-L. Luo, "Unraveling the effects of CO2 and H2S on the 

corrosion behavior of electroless Ni-P coating in CO2/H2S/Cl– environments at 

high temperature and high pressure," Corrosion Science, vol. 148, pp. 317-330, 

2019/03/01/ (2019). 

[152] C. Sun, J. Li, S. Shuang, H. Zeng, and J.-L. Luo, "Effect of defect on corrosion 

behavior of electroless Ni-P coating in CO2-saturated NaCl solution," Corrosion 

Science, vol. 134, pp. 23-37, 2018/04/15/ (2018). 

[153] M. Cui, S. Ren, S. Qin, Q. Xue, H. Zhao, and L. Wang, "Processable poly(2-

butylaniline)/hexagonal boron nitride nanohybrids for synergetic anticorrosive 



 

70 
 

reinforcement of epoxy coating," Corrosion Science, vol. 131, pp. 187-198, 

2018/02/01/ (2018). 

[154] S. K. Dhoke, N. Rajgopalan, and A. S. Khanna, "Effect of Nanoalumina on the 

Electrochemical and Mechanical Properties of Waterborne Polyurethane 

Composite Coatings," Journal of Nanoparticles, vol. 2013, p. 527432, 2013/05/20 

(2013). 

[155] S. Wang et al., "Green synthesis of graphene with the assistance of modified lignin 

and its application in anticorrosive waterborne epoxy coatings," Applied Surface 

Science, vol. 484, pp. 759-770, 2019/08/01/ (2019). 

  

 

 

 

 

 

 

 

 


