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Abstract 

 

It is necessary to prevent corrosion and toxicity to improve the steel 

components and their aesthetic value that are used in our daily life , which 

led to a dilated interest in the electrodeposition substrates field especially the 

substrates of nickel (Ni) on steel.  

Nickel coating was prepared by using a Watts-type bath containing 240 g/L 

nickel sulfate (Ni2SO4·6H2O), 20 g/L nickel chloride (NiCl2·6H2O), and 20 

g/L boric acid (H3BO3) then add a ratio of titaina (5, 10, 15) g\L to nickel 

electroplating solution. Micro-sized TiO2 ceramic particles (20-30) μm were 

co-deposited with nickel using electrodeposition technique to develop 

composite coatings A nickel electrode of 99.99% purity with dimensions of 

(100 ×40 ×8) mm was used as anode and low carbon steel with dimensions 

(thickness =1mm and diameter =10 mm) as cathode (substrate) materials. 

The value of current density and voltage used in the coating process is 

(5.305A/dm2,2V) respectively. Prior to deposition, the low carbon steel 

substrates were mechanically polished with silic                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

on carbide papers of 180, 400, 600, 800, grits and put in (10% NaOH solution 

for 2min and then in 30% HCl solution at room temperature for 5s). 

In this work, several tests were carried out, including: coating thickness, 

surfaces roughness, hardness, EDS, SEM and polarization tests in salt 

solution and tap water were carried out for coating layer.  

Hardness indicate that the mechanical properties of the applied coatings with 

incorporated (TiO2) reinforcement were far more superior in comparison 

with its own matrix as well as non (composite nickel coating). 

The final results of polarization curves were carried out by Potentistatic 

technique for different coating layers with tap water and 3.5%NaCl a 
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medium and find all data by computerize which shows the addition of TiO2 

extract improved the corrosion rate with (45%) than uncoating specimen, in 

tap water as a medium for the test performed and improved the corrosion rate 

with (82%) than uncoated specimen. 
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Chapter one 

Introduction 

1.1 introduction 

Nowadays, application of steel in product manufacturing has gained 

much interest because of its unique properties such as low cost, 

recyclability and excellent mechanical characteristics. However, low 

corrosion resistance of this material is the most important problem. One of 

the most common approaches to overcome this problem is the application 

of protective coatings to enhance the life span of this material. 

1.1.1 Definition of Corrosion 

Definition of Corrosion is the distraction or material deterioration 

due to its reaction by environment, this reaction may be chemical or 

electrochemical, which leads to change of characteristics of the metal and 

substantial impairments of the function of the metal, the metal ceases to be 

an element, and becomes a compound [1].                                              

Physical causes that causes deterioration do not named corrosion, 

but it can be described as erosion, wear, or galling. Sometimes, physical 

deterioration accompanied with chemical attack, it can be described by the 

following terms: erosion- corrosion, fretting corrosion or corrosive wear 

[2,3].                                                                                                           

Corrosion of metals causes many losses to the economy. Corrosion   

effects on the metal structures of bridges and buildings, the equipment of 

metallurgical and chemical plants, underground pipelines, river and sea 

ships and many other structures. The cost of corrosion studies has been 

undertaken by several countries. For example, in the United States, losses 

related to corrosion an amount of 100$ billion per year, that is 
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approximately about 5% of the whole national product. Direct losses 

related to corrosion involve expenditures of replacing individual parts, 

units or plants, entire lines, and for many different preventive and 

protective tasks (such as the use of coatings for corrosion protection).  

Indirect losses emerge when equipment is corroded leads to defective 

products that must be rejected. About 30% of cast iron and all steel are lost 

due to corrosion. Part of this metal can be handling as scrap, but indeed 

about 10% is lost [4,5].                                                                          

  1.1.2 Forms of Corrosion                                                                                               

Classification by appearance depends on identifying forms of corrosion via 

visual observation (with magnification or naked eye).  

1.1.2.1 General Corrosion  

General corrosion is the most common form of the corrosion types and it  

can be uniform or nonuniform as shown in Fig. (1.1). It is described by a 

chemical or electrochemical reactions that occurs on the metals surfaces. 

The  metal  becomes thinner and finally cause a failure. General corrosion 

can be prevented or decreased by the suitable choice of material or by use 

of  cathodic protection or corrosion inhibitor [6]. 

 

Fig. (1.1): General corrosion [6]. 

 

Uniform Corrosion    

Nonuniform Corrosion 



Chapter One                                                          Introduction  

3 
 

1.1.2.2 Localized Corrosion  

 Localized corrosion in pipelines and flow lines is the most-feared type 

of corrosion attack in practice. The attack is characterized by the formation 

of severely corroded regions separated with sharp steps from neighboring 

areas with much less attack. Localized attack develops when the steel 

surface is partly covered with a protective film. The attack is usually 

associated with high flowrates [7].  

 Localized corrosion is characterized by damage that occurs 

preferentially at discrete sites on a material surface and may result in the 

formation of pits, cracks and grooves. A large cathode-to-anode area ratio 

is generally required in order to form an intense local anode. Since this is 

most easily obtained in metals that are passive, then localized corrosion 

most commonly occurs on materials that are passive.            

1.1.2.3 Pitting Corrosion                                                                                                                            

Pitting corrosion is a type of the localized corrosion which occur on 

the metals surface where a small area was corroded preferentially causing  

the formation of  pits, and the biggest part of the surface still not attacked 

[8].Steel does not have an important passive film and the mechanism of 

pitting differ slightly, the anodic surface corrodes in  localized area under 

overall easily available oxygen circumstances, with the corrosion products 

forming mainly at and near the cathodic regions. The operation is driven by 

variation in localized electrical potential and results a localized corrosion at 

a microscale [9].   
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1.1.2.4 Crevice Corrosion                                    

 Crevice corrosion is defined as a localized type of corrosion that is 

usually associated with a stagnant solution on the micro environmental 

level. These stagnant microenvironments tend to take place in shielded 

areas such as those formed under washers, insulation material, gaskets, 

surface deposits, fastener heads, disbanded coatings, threads, clamps and 

lap joints due to restricted oxygen diffusion into the crevice, a differential 

aeration cell tends to be set up between microenvironment and the external 

surface (bulk environment). The acidic microenvironment that is formed, 

together with a surface of high chloride ion concentration this is shown in 

the Fig. (1.2) [9].                      

 

Fig (1.2) Crevice corrosion [9] 

1.1.2.5 Intergranular Corrosion                                

 Atype of localized corrosion, which occurs along the grain boundary 

region of the metal. This type of corrosion occurs due to the presence of a 
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difference in the metallurgical properties that lead to different 

electrochemical properties of this region from other regions. So that the 

grain boundaries are more active to interact with the medium than the grain 

regions. For example, a region of welded stainless steel known as weld 

decay, whereby heating of the welded parts in these alloys to temperatures 

of 850-550°C leads to chromium depletion (due to the precipitation of 

chromium carbide resulting from the interaction of chromium with carbon) 

at the grain boundary areas and then this type of corrosion occurs when 

exposed to the corrosive medium, as shown in Figure (1.5). [10].   

 

Fig. (1.5) Intergranular Corrosion[10] 

1.1.2.6 Erosion Corrosion    

        It is a localized corrosion caused by mechanical impact with the 

electrochemical nature of the corrosion medium, which includes the 

dissolution of the metal from the surface to form dissolved ions, and these 

ions may form corrosion products that deviate away from the surface of the 

metal. [10].      

1.1.2.7 Galvanic Corrosion 

 This type of corrosion is localized corrosion, due to the presence of 

two metals of different electrical voltage or different locations in the same 

metal that are in contact with each other, with the presence of an electrical 
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conductive medium. In this case the rate of corrosion of one metal increases 

and the rate of corrosion of the other metal decreases, for to the rate of 

corrosion of each of them when they are individually exposed to this 

medium. The metal that corrodes after contact is anode and the metal that 

does not corrode after contact is cathode. The presence of a difference in 

the electrical potential between the two metals leads to the emergence of 

the galvanic current that causes this type of corrosion, the area of the anode 

and the cathode affects this type of corrosion, so it is preferable that the 

area of the cathode is small in relation to the area of the anode [10] 

 

Fig. (1.4): Factors affecting galvanic corrosion [11]. 

1.2 Aims of the Research 

         The aims of this study are to protect low carbon steel by 

electroplating process with Watt's nickel solution and Watt's nickel 

solution by adding titania with (5, 10 and 15) wt% tacking in nickel 

solution as suspension to consideration that incorporation of nickel and 
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titania (TiO2) to produce composite sacrificial coatings decreases cost and 

enhancing corrosion resistance to tap that used in our houses.  
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Chapter two 

Theoretical Part and Literature Review 

 

2.1 Corrosion Protection Methods      

          Corrosion problems can be solved using the following [12]: 

1. Select a material which is resistant to the corrosive environment. 

2. Protective coating of metal. 

3. Change the service conditions, such as pressure, temperature or 

velocity. 

4. Change environment chemistry, such as concentration, pH, impurities or 

aeration. 

5. Add a corrosion inhibitor to the bath of coating. 

6. Change the design of the system or equipment. 

7. Cathodic and anodic protection. 

2.1.1 Inhibitors Apply   

     Corrosion inhibitors are a chemical that, when available in low 

concentration (1 to 15,000 ppm) in a corrosive environment, retard  the 
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metal  corrosion. Corrosion inhibitors are spent in electrochemical 

corrosion reaction. They can be solid, liquid, or gas [13].  

2.1.1.1   Mechanisms of Corrosion Inhibition  

     There are several mechanisms that may account for the effectiveness of 

inhibitors. Some react with and virtually eliminate a chemically active 

species in the solution (such as dissolved oxygen). Other inhibitor 

molecules attach themselves to the corroding surface and interfere with 

either the oxidation or the reduction reaction, or form a very thin protective 

coating as shown in figure (2.1) [14]. 

 

 

Fig. (2.1):  Representation of a CI adsorbed into a metal surface [15]. 

2.1.2 Cathodic Protection 

We can protect against corrosion by supplying the metal with electrons and 

forcing the metal to be a cathode. Cathodic protection can use a sacrificial 

anode or an impressed voltage. A sacrificial anode is attached to the 

material to be protected, forming an electrochemical circuit. The sacrificial 

anode corrodes, supplies electrons to the metal, and thereby prevents an 
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anode reaction at the metal. The sacrificial anode, typically zinc or 

magnesium, is consumed and must eventually be replaced. Applications 

include preventing the corrosion of buried pipelines, ships, off-shore 

drilling platforms, and water heaters. A magnesium rod is used in many 

water heaters. The Mg serves as an anode and undergoes dissolution, thus 

protecting the steel from corroding. An impressed voltage is obtained from 

a direct current source connected between an auxiliary anode and the metal 

to be protected. Essentially, we have connected a battery so that electrons 

flow to the metal, causing the metal to be the cathode. The auxiliary anode, 

such as scrap iron, corrodes, this shown in fig. (2.2) [16] 

 

Fig. (2.2) Cathodic protection of (a) an underground pipeline using a 

magnesium sacrificial anode, and (b) an underground tank using an 

impressed current [17]. 

2.1.3 Anodic protection (AP)  

This method is used to reduce the corrosion process and is based on the 

formation of a protective film of metal oxide on the surface of the metal by 

applying a negative potential difference that works to reduce the potential 

difference of these metals to the passive region of the positive polarization 

curve (Anodic Polarization) and this current can be obtained by 

Potentiostat measuring device. 
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     This method of protection is suitable for metals and alloys that have the 

ability to acquire the phenomenon of passive when they are polarized 

anodically, such as iron, nickel, chromium and their alloys [11]. 

 

 

2.1.4 Protective Coating 

         The most effective method to prevent a metal from corrosion is the 

application of a layer on the surface of metal. The coating acts as a barrier 

between the environment and the metal. Also can acted as sacrificial anode. 

The recognition that one could protect a surface from environmental attack, 

through application of metallic, organic and inorganic coating, wherefore 

extending the life of the surface alone, or the entire equipment or 

component equipment [18]. 

-Metallic coatings  

         Metallic coatings availability enhanced corrosion resistance of metals 

as either sacrificial coatings or barrier coatings. This kind of coatings can 

be made by different techniques as electroplating, electroless, high velocity 

spray, hot-dip galvanizing, physical vapor deposition (PVD), chemical 

vapor deposition (CVD.  The main application of these metallic coatings 

is to prevent corrosion on low alloy steels [19].  

- Organic coatings  

         The surface of equipment is protected from environmental damage 

by the development of coatings, paints, and high-performance organic 

coatings. There are several techniques for organic coatings as acrylic 

paints, epoxy paints, organic zinc paints, polyurethane paints, phenolic and 

epoxy-phenolic coatings, fluorocarbon based coatings and silicone paints 
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and coatings. This type is preferred because of its chemical inertness to the 

environment, and also has a good surface adhesion property [19,20]. 

- Inorganic coatings  

      Chemical action, with or without electrical assistance is required to 

produce inorganic coatings. Inorganic coatings include surface 

conversions, HVOF ceramic coatings, inorganic zinc silicate, flame and 

arc spray ceramic coating. The common surface conversions are anodizing 

based on oxidizing, aluminum and phosphating processes used on steels 

and chromate surface conversions on steel [20,21]. 

2.2 Metallic coating 

         Metallic coating provides a deposit that changes the properties        

features   of the specimen to the core metal being used. The specimen is a 

composite material with a good property generally not accomplished by 

either core material if used alone. The coatings accomplish   a corrosion-

resistant deposit, and the material itself accomplish the load-bearing 

capability. The metal coatings, like chromium, nickel, copper, and 

cadmium, is usually accomplished by wet chemical processes but with 

problems in pollution. Some of the wet methods have changed with 

depositions processes and represent a good role in that coating in the future 

[21]. 

         Coatings are either anodic or cathodic to the substrate. If the metal 

coating is less noble, in the electromotive force (emf) series it acts as anode, 

conversely if are more noble it acts as cathode. The environment may 

change from the surface of the coating to one that exists within any defects, 

such as scratches, cracks or corrosion pits. These defects are quite 

important if the coating is cathodic to the substrate. In this case, if the 

substrate is exposed to a corrosive environment, it will corrode rapidly. On 
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the other hand, if the coating is anodic to the substrate, defects are less 

important. In this case, if the substrate becomes exposed, it will be 

protected by the corrosion of the coating. This is shown in Fig. (2.3). In the 

state of a cathodic deposition (a) the substrate is exposed to galvanic 

corrosion in the coating imperfection. The corrosion may be intensive 

because the area ratio between the anodic spot of bare substrate and the 

cathodic coating is very large. In the other state (b), only a cathodic reaction 

happens on the core metal (that is protected cathodically), while the coating 

is affected by an alike galvanic corrosion extended over a major area. If we 

need to save the core metal, low pored, good mechanical strength and 

constant adhesion that are more requisite for a cathodic than anodic plating 

[22]. 

 

Fig. (2.3):  Localized of corrosion at a defect in a metal coating on steel 

a) Cathodic coating, b) Anodic coating [12]. 

Table 2.1 Standard emf series of metals [23]. 
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Metallic coatings are used for many aims. Main aim is to get a good 

corrosion and wear resistance. Metallic coatings accomplish by 

electroplating, spraying, electroless plating, hot dipping, vacuum and vapor 

deposition, diffusion coating and metal cladding. The coating process for 

a specific application depends on several factors, including the number of 

parts being produced, the corrosion resistance that is required, 

environmental considerations, the production rate that is required, and the 

anticipated lifetime of the coated material. Some important plating   are 

chromium, cadmium, nickel,  zinc, and aluminum. Copper, silver, and gold 

are also applied in electrical devise and sometimes for specialty fastener 

applications [24,25 ,26]. 

2.2.1 Hot-Dip Coatings 

      In hot dipping coating, a work piece (solid metal) is put  in a solution 

container of another metal and  adherent film formed on the external layer 

with cooling. It is the simplest method of applying protective metal 

coatings to base metals but there are limitations. The melting point of the 

coating metal must be basically lower than that of the substrate   and 

preferably the melting point is low enough to allow the substrate to retain 

the advantage of work- solidifying. There must be enough inter diffusion 



Literature Review  and Theoretical part Chapter Two 

15 
 

between the core metal and the other metal to enable a bond to combine 

not so much as to expend the thin coat of saving metal that is required. In 

experience, the most useful method for applying coatings of tin, zinc, or 

aluminum to steel [26,27]. 

2.2.2 Diffusion Coating 

          This process needs an initiative step then thermal processing and 

diffusion of the coating metal into the work piece. A traditional material 

known as galvannealed steel [28]. 

2.2.3 Thermally Sprayed Coatings 

          It is the generic category of material processing technique that 

applies consumables in the form of a finely sparative molten or semi 

molten droplets to make a plaiting onto the substrate kept in front of the 

impinging jet. The melting of the consumables may be accomplished in a 

number of ways, and the consumable can be introduced in to the heat 

source in wire or powder form. Thermal spray consumables can be 

metallic, ceramic or polymeric substances. Any material can be sprayed as 

long as it can be melted by the heat source employed and does not undergo 

degradation during heating [29].  

2.2.4 Vacuum and Vapor Deposition 

      Vapor deposition mention to any operation in which materials in a 

vapor case are condensed over condensation, chemical reaction, or 

transformation to shape a tough material. These operations are made to 

shape plaiting to change the mechanical, electrical, thermal, corrosion-

protection, optical, and wear advantage of the work piece. They are also 

applied to shape free-standing bodies, fibers, and films and to infiltrate 

fabric to shape composite materials. Vapor deposition operation usually 
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take place in a vacuum chamber. There are two major division of vapor 

deposition operations: Chemical Vapor Deposition (CVD)and Physical 

Vapor Deposition (PVD). In PVD operations, the substrate is exposed to 

plasma revel. In CVD operations, thermal energy heats the gases in the 

chamber and motivate the plaiting reaction [21,30]. 

2.2.5 Electroless coating 

      This process is also famed as chemical coating or immersion coating. 

It is setup on the figuration of metal plating, making from chemical 

reduction of metal ions from electrolyte. The surface of the substrate must 

be catalytically effective and existed catalytically effective as the plating   

happen in a electrolyte that must hold a reducing agent. If the catalyst is a 

reduction product (metal), autocatalysis is guaranteed. In this state, it is 

thinkable to deposit a coating, in principle, of indefinite thickness. The 

features of electrolessplating are [24,31]: 

1. Deposit with fewer bore. 

2. Not require electricity power source. 

3. Metallize Nonconductive materials. 

4. Deposit functional layer. 

5. Deposit uniform layer, until on complicated shapes. 

6.Simple things for electroless plating. 

The limitations of the process are as the following [24,31]: 

1. Electroplating is cheaper than that electroless plating caused the  

cost of the reducing agents. 

2. It is less dense that cause the metal deposition ratio is bounded by 
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metal ion reduction in the bulk of the electrolyte. 

2.3 Electrodeposition  

          Electrochemical deposition of metals and alloys include the 

reduction of metal ions from aqueous, organic, and fused-salt electrolytes. 

The reduction of metal ions M+ in aqueous solution is explained by [32] 

Mx+
solusion + Xe    →  Mlattice         (2.2)                                          

      It can be achieved this by means of two different operations [32]: 

(1) Electrodeposition  

In this process the x electrons (e) are provided by an outer electricity 

source. Electrodeposition is also known as electroplating “electrolytic 

deposition” 

(2) Electroless (autocatalytic) deposition operations in this state the 

reducing agent is the electron source (without outer electricity source). 

These two operations, electrodeposition and electroless deposition, 

represent the electrochemical deposition. 

          Electrodeposition is one of the generality cost–effective and 

effective process of gaining composite zinc coating, with chance of 

dominant the deposit’s layer thickness, potential, the current regime, and 

room temperature operating conditions. It was showed that composite with 

a desired attribute may be made by using an adequate option of the 

electrodeposition parameters and of the particle concentration in the 

coating solution. It has also been showed that the particle size has a 

considerable action on the final properties of the composite coating [33]. 

      The plating produced is commonly for ornamental and /or protective 

objective, or improving specific features of the external layer. The external 

layer may be conductors, like metal, or nonconductors, like plastics. 
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Electroplating products are applied in many manufactures, such as air 

space, ship, electronics, machinery, jewelry, automobile, defense, and toy 

manufactures [34]. 

The electrodeposition process, in general, consists of the dissolution of a 

metal from an electrode, named anode, in solution with ions of the same 

metal(electrolyte), the passage of a continuous electric current along with 

the solution and the subsequent electric discharge of the metal on an 

electrode surface, named cathode, in contact with the solution. The current 

is produced when a potential is applied between electrodes. One of the 

electrodes is the anode. The anode is charged positively while, the cathode, 

is charged negatively. The positive ions in the solution, hence, get about 

towards the negative electrode (the cathode) and the negative ions get about 

across the positive electrode (the anode), producing the electric current fig. 

(2.4). In the electrodes, oxidation-reduction processes are then produced. 

The oxidation is caused in the anode while the reduction is caused in the 

cathode, and these reactions lead to a change in the metal oxidation state 

[35]. 
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Fig. (2.4): General sketch of an electrochemical process [35]. 

 

2.3.1 Theory of Electrodeposition  

The electrodeposition consists of immersing the object to be coated in a 

solution of the metal to be plated and passing a current between the object 

and another electrode. Done to get the desired electrical and corrosion 

resistance, reduce friction and wear or improve heat tolerance. In general, 

a metallic solution of the metal to be deposited is electrolyzed to have a 

uniform coating of the metal on the cathode. The anode is normally the 

pure metal with some exceptions. During the electrolysis, the anode 

dissolves into the electrolytic bath and metal ions from the bath solution 

gets deposited over the cathode as pure metal. The following reactions 

show the electrodeposition process [36]:    

The electrolyte MA ionizes in the bath as: 

MA(aq)    →   Mn+  (aq)  +  An-(aq)                                       (2.3) 

At the anode, the reactions can be carried out in two ways depending on 

the anode. Soluble anodes dissolve anodically into the electrolyte, whereas 

the reaction on insoluble anodes is generally the oxidation of water. 

Soluble anodes are usually used in chloride baths, and insoluble anodes are 

used in sulphate baths. Insoluble anodes are used to complete the electrical 

circuit to the solution; hence it is necessary for it to be a good conductor 

and to be unattacked by the bath with or without current flowing.  

For soluble anodes the reaction is [36]: 

M(s)   →    Mn+  +  ne-                                                                      (2.4) 

And for insoluble anodes there are two reactions depending on the pH of 

the solutions [37]:  



Literature Review  and Theoretical part Chapter Two 

20 
 

2H2O → O2 +2H+ +4e- (acid solutions)                                                (2.5)  

4OH- → O2 +2H2O +4e- (basic solutions)                                            (2.6)  

At the cathode, metal ions get reduced and deposited as metal atoms: 

Mnn+ +  ne-  →   M (s)                                                                      (2.7) 

2.3.2 Applications of Electrodeposition  

        Electrodeposition is used in many industrial based applications. These 

applications can be categorized in basically four groups [37]: 

1.Decoration: A more expensive metal can be coated onto a base metal in 

order to improve the appearance of a base metal. This can be used for 

jewelry, furniture fittings etc.  

2.Protection: The coating is given to a base material in order to prevent the 

base material from corrosion, oxidation or wear. Corrosion resistance 

coating includes chromium coating, cadmium coating and zinc coating.  

3.Electroforming: This is used in manufacturing of moulds, dies, screens 

and record stampers.  

4.Enhancement: Coatings with improved electrical and thermal 

conductivity, reflectivity and solderability etc. 

2.4 Nickel electrode  

Nickel is a chemical element with the symbol Ni and atomic number 28. It 

is a silvery-white lustrous metal [38]. Nickel belongs to the transition 

metals and is hard and ductile.The physical properties of nickel are listed 

in table (2.2). 

Table (2.2): Physical properties of nickel [38] 

Properties of nickel   Numerical value  
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Hardness  4.5 mhos 

Melting point  1455 C˚ 

Boiling point  2730 C˚ 

Atomic number  28 

Density at 25C˚ 8.908 g/cm3 

Crystal forms  FCC 

 

Nickel plating is the electrolytic deposition of a layer of nickel on a 

substrate. The process involves the dissolution of one electrode (the anode) 

and the deposition of metallic nickel on the other electrode (the cathode). 

Direct current is applied between the anode (positive) and the cathode 

(negative). Conductivity between the electrodes is provided by an aqueous 

solution of nickel salts. When nickel salts are dissolved in water, nickel is 

present in solution as divalent, positively charged ions (Ni2+). When current 

flows, divalent nickel ions react with two electrons (2e-) and are converted 

to metallic nickel (Ni0) at the cathode. The reverse occurs at the anode 

where metallic nickel dissolves to form divalent ions: The electrochemical 

reaction in its simplest form is: 

Ni2+ + 2e- → Ni                                                                                     (2.8) 

Nickel plating process can be operated for a long period of time without 

interruption because the nickel ions discharged at the cathode are 

replenished by the nickel ions formed at the anode [39] 

2.5 Electrodeposition of Composite Coatings  

        Composite deposition is a coating protective technique which 

introducing homogeneously inert particles of a various material in the 

metal matrix; this two-phase coating improves mechanical resistance and 

corrosion. The enhancement of these properties depends on the 
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combination of both metal matrix and particles. Electrodeposition of 

composite coatings consists of a metal or alloy matrix containing hard 

particles like Al2O3, TiO2, SiC, WC or SiO2 as second phases [40,41]. 

      Nowadays, the ability to produce new composite materials with good 

properties by using micro and nano particles is leading to technological 

interests. This improvement depends mainly on the percentage and the size 

of the particles codeposition, also depending on the distribution of these 

particles in the metallic matrix [41,42]. 

Composite coating prepared by electrochemical co-deposition can be 

classified in to three types based on the analyses of the reported works [43]: 

1.Coating just covered by adsorbed particles on the surface. 

2.Coating containing entrapped particles. 

3.Coating containing particles truly embedded in to the metal matrix. 

 

 

Fig. (2.5) Schematic representation of different co-deposition possibilities 

[43]. 

The (figure 2.5a) shows the first type of coating comprised of adsorbed 

only. The second type of coating (figure 2.5b) comprises particles, i.e. 

agglomerated particles inside pores. This may not be suitable for 

Composite coating by electrodeposition            
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technological application as these coating is porous and may have inferior 

mechanical properties and corrosion performance. The third option of co-

deposition as shown in (figure 2.5c), where particles are embedded well 

within the matrix and homogenously distributed within composite coating, 

is expected to have better mechanical and chemical stability of the coating. 

Therefore, there is a much higher probability for a potential application of 

such coating [43]. 

 

 

2.6 Literature Review 

A lot of studies and researches have adopted on the coating by 

electroplating and corrosion properties of coated layer and wear behavior. 

The following are several of them: 

Lung Kuo et al.,2004,[44] showed nano-ceramic particles (alumina) are 

readily conglomerated in traditional electrochemical electrolyte that makes 

composite coating Ni/Al2O3 difficult to prepare. The diameter of the 

conglomerated Al2O3 particles can be reduced by adding surfactants to the 

Ni bath or applying ultrasonic energy. Therefore, by using these two 

methods the resulting dispersion is limited. These results show when 

decrease in electrolyte concentration agglomerate of Al2O3 particles is 

reduced. 

Gül et al. ,2009,[45] prepared  Ni/Al2O3metal matrix composite coatings 

from  electrolyte containing nano alumina particles by method of direct 

current (DC) plating to increase wear resistance and the hardness of  the 

surface of the electrodeposited nickel .The resultes were increasing the 

surfactant hexadecylpyridinium bromide (HPB) content resulted in 
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increasing of Al2O3 volume percentage in Ni matrix providing segregation  

of nano-particles. The hardness values of the nano alumina reinforced 

electrodeposited coatings were also increased due to unique dispersion 

effect. 

N.S.Al-Kafaja,2009,[10] Carbon steel samples were coated with (Zn-Ni) 

and (Zn-Ni-SiC) which the particles of silicon carbide are different 

particles size once microscale (73µm) and another nanoscale (70-100nm) 

.After electroplating, these samples were analyzed by X-ray fluorescent to 

confirmed all the content for each alloy.  Polarization curves for (Linear 

polarization) were carried out by potentiostatic technique for different 

coatings layer and base metal for (tap water, (3%NaCl), and (3%HCl)) a 

medium and produce all data by computerize. The final results of this test 

sign that (Zn-Ni-nSiC) layer coating is more better than the base metal and 

two layers coating, (Zn-Ni-mSiC) and (Zn-Ni). 

Chen et al. ,2010, [46] A small amount of transparent TiO2 sol was added 

into the traditional electroplating Ni solution, leading to the formation of 

nanocrystalline Ni-TiO2 composite coatings. These coatings have a smooth 

surface. The Ni nodules changed from traditional pyramid-like shape to 

spherical shape. The grain size of Ni was also significantly reduced to the 

level of 50 nm. It was found that the amorphous anatase TiO2 nano-

particles (∼ 10 nm) were highly dispersed in the coating matrix. The 

microhardness was significantly increased from 320 HV100 of the 

traditional Ni coating to 430 HV100 of the novel composite coating with 

3.26 wt.% TiO2. Correspondingly, the wear resistance of the composite 

coating was improved by ∼ 50%. 

Gül , et al. , 2012,[47] investigated  the effect of the concentration of the 

particle on the structure of Ni- SiC composite coatings produced by 

electrodeposition method , they  show that Ni–SiC (MMCs) composites 
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coating reinforced with particles in submicron meter  on steel surfaces with 

high hardness and good resistance in wear therefore they used in 

applications that no  wear is prefered such as tools and dies. The salvations 

were increasing the SiC particle in the electrolyte lead to increasing particle 

concentration of the coatings that co-deposited. Up to a maximum of 20 

g/L, more increasing in the SiC particle decreased the coating particle 

concentration, increasing the particle content in the electrolyte lead to the 

lattice distortion of the metal matrix (Ni in this case), coatings wear 

resistance increased with SiC particle content up to 20 g/L in the electrolyte 

and the nano composite Ni–SiC coatings that co-deposited increase the 

coefficients of the friction and resistance of the wear as compared to the 

film of deposited Ni. This was referred to the combination of submicron 

size (SiC) particles in the deposit layer that increased the composite coating 

hardness by strengthening by refine grains and dispersion strengthening. 

T Mokabber et al, (2013), [48] prepared Zn–nano-TiO2 composite 

coatings were deposited on the mild steel substrate. Coatings were 

produced by electroplating method from sulphate bath in which Nano sized 

TiO2 particles were suspended. Corrosion behavior of the coatings was 

studied in 3·5 wt.% NaCl solutions, and their microhardness was evaluated 

through Vickers microhardness test. According to the results, the 

parameters of current density, particle concentration in the solution and 

temperature were optimized with respect to TiO2 content in the composite 

coatings. The optimized current density, particle concentration and 

temperature of the bath were found to be 3 A dm−2, 5 g L−1 and 40°C 

respectively. Accordingly, an increase in the amount of TiO2 particles in 

the composite coatings increases the hardness of composite coatings but 

did not have harmful effects on corrosion resistance. 
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Gadhari et al , (2016), [49] The present study investigates the effect of 

titania particles on the micro-hardness, wear resistance, corrosion 

resistance and friction of electroless Ni–P–TiO2 composite coatings 

deposited on mild steel substrates at different annealing temperatures. The 

experimental results confirmed that the amount of TiO2 particles 

incorporated in the coatings increases with increase in the concentration of 

particles in the electroless bath. In presence of TiO2 particles, hardness, 

wear resistance and corrosion resistance of the coating improve 

significantly. Microstructure changes and composition of the composite 

coating are studied with the help of scanning electron microscopy (SEM), 

energy dispersive X-ray analysis (EDXA) and X-ray diffraction (XRD) 

analysis. 

In Antar et al, (2021), [50] Ni–B–TiO2 composite coatings were 

elaborated it was prepared by adding TiO2 sol in the bath solution. To 

achieve a systematic study, various characterization tests were carried out, 

including Scanning Electron Microscopy (SEM), X-Ray Diffraction 

(XRD), microhardness test, progressive load scratch test, reciprocating 

sliding test and multi-pass scratch test. The results showed that the TiO2 

structure (crystalline or amorphous) has extensively changed the 

microstructure of Ni–B matrix. Furthermore, it was provided superior 

scratch response and better wear resistance of the Ni–B deposit since it 

offers a compact structure. 
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Chapter Three 

Experimental Work 

3.1 Introduction 

This chapter focuses on the materials and equipments that are used in 

this study. It also includes the description of the procedures of the coating 

process, beginning specimens preparation to be coated. This chapter also 

presents the tests for: Thickness of coating, roughness, Hardness, EDS, SEM 

and corrosion resistance. 

3.2 Materials 

The materials which are used in this study as follows: 

3.2.1 Low Carbon Steel 

The specimens were low carbon steel with chemical composition as 

present in table (3.1). The chemical analysis was performed by a 

spectroscopy device for metal. 

The specimens that used in all the tests were prepared by using 

cylindrical moulds and the finals specimen have disc shape with the 

following dimension (thickness =1mm and diameter =10 mm) as well as the 

surface area for these sample are (188.495 mm2) 

Table (3.1) shows the results of this inspection of the low carbon steel. 

Element C Si Mn Cr Al Fe 

Wt.% 0.12 0.17 0.65 0.04 0.4 Rem 
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3.2.2 Nickel Electrode 

        The nickel electrode used is in the rectangular form with dimensions 

of (100*40*8) mm length, width and thickness respectively with high purity 

99.99 %. Other materials use in this works show in the table: 

Table (3.2) Other materials used in this work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials Particles size (μm) Company 

TiO2 20-30 Fluka chemical 89470 

NaOH - Sigma-Aldrich Co.LLC 

HCl - Sigma-Aldrich Co.LLC 
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Fig. (3.1) : Shows the block diagram of the experimental procedure. 

3.3 Surface Preparation for Plating 

Surface specimen have been prepared as following: 

1-All surface was fully grinding by using (Carbide paper grit silicon), that 

was gradually as following (180, 400, 600, 800) and this process was done 

by using (MP-2B grinder polisher) as shown in figure (3.2). 

2-After completing every process the specimens were washed by distilled 

water and alcohol and then been dried by using an electrical dryer, then have 

been stored in desiccator. 

3-The surfaces of specimens were cleaned off by alkaline and acid solutions 

which have been showed in the following pattern. 

 

Fig. (3.2): Grinder polisher. 

3.3.1 Alkaline Cleaning 

 The specimens were immersion in alkaline solutions material (10wt % 

NaOH) and for two minutes' period at (25°C) temperature to remove any 

dust and oil from the surface of the metal, after that the samples have been 

washed with distilled water. 
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3.3.2 Acid Cleaning 

 The treatment was carried out by acid solution (HCl) with 

concentrically of (30%) and with temperature of (25°C) and for five second 

period to remove oxides and washed it with distilled water and alcohol. The 

specimens were dried by using an electrical dryer thereafter the samples were 

weighted by an electric balance and after taking weight records of the 

samples, it is placed in the coating solution for electroplating process. 

3.4 Equipment for Electroplating Process 

 Electroplating process was carried out by using beaker produce from 

glass has cylindrical shape and power supply which can give the current up 

to (0-6) A and the voltage given up to (0-20) V 

 Compositions of Electroplating Bath: Many experimental works are 

carried out to investigate the feasibility of simultaneous Watts' solution and 

Watts' solution with different percentage of Titania by addition (5, 10, 15) 

g\L. The electrolyte of watts combines nickel sulphate, nickel chloride and 

boric acid. 

 All solutions were prepared with distilled water and chemical 

dissolution that occur under acid conditions. Four baths were prepared for 

coating Watts' solution, (Watts' solution + TiO2). The following details of all 

bath represent the optimum performance coating that could be obtained in 

this study shown show in Table (3.3). 

Condition of Deposition for all specimen: 

pH = 3.5 

Temp. = 33 °C 

Coating time = 30 min 

Nickel anode = (99.9%) 

Current density =5.305 A/dm2 
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Voltage = 2 V 

Table (3.3) components of plating solution [52]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3.3): Schematic the electrochemical cell. 

Solution Chemical composition 

Ni NiSO4.6H2O = 240 g/L 

NiCl2.6H2O = 20 g/L 

H3BO3 = 20 g/L 

Ni –5TiO2 NiSO4.6H2O=240 g/L 

NiCl2.6H2O = 20 g/L 

H3BO3 = 20 g/L 

Ni –10TiO2 NiSO4.6H2O=240 g/L 

NiCl2.6H2O = 20 g/L 

H3BO3 = 20 g/L 

Ni –15TiO2 NiSO4.6H2O=240 g/L 

NiCl2.6H2O = 20 g/L 

H3BO3 = 20 g/L 
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Magnetic Stirrer 

Beaker         
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3.5 Tests 

 The present research carried out the procedure of the upcoming tests in 

order to evaluate plating layers' performance. 

3.5.1 Measurements of Coating Thickness 

 The method is carried out by coating thickness gage Type (TT 260) 

figure (3.4) The accuracy of the device (±0.1µm). In this way measurements 

were taken in the three places to provide averaged sample thickness, the test 

was done to nickel and nickel added titania by (0.5, 1 and 1.5) wt.% coated 

steel specimen. 

 

Fig. (3.4): The device of thickness measuring. 

3.5.2 Surface Roughness Test 

 The surface roughness of nickel and nickel added titania by (5, 10 and 

15) g/l coated low carbon steel specimen was measured by using the (TR-

100 surface roughness tester), which is located at the University of Babylon, 

faculty of Material Engineering. The device passes on the specimens' surface 

to measure the surface roughness, the device has sensor that records the 

roughness of the specimen surface and takes the reading directly from the 

device screen. The accuracy of the device (±0.01μm). 
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(3.5): Surface roughness device 

3.5.3 Hardness test 

 Vickers hardness (TH-717 Digital Vickers Hardness Tester) was 

measured the hardness of nickel and nickel added titania by (0.5, 1 and 1.5) 

wt% coated steel specimen and steel substrate without coating specimens the 

applied load at (200N) and holding time (10s) in College of Material 

Engineering / University of Babylon. 

3.5.4 Scanning Electron Microscopy Test (SEM) 

 The morphology of the surface deposits layer on steel specimen i.e 

nickel and nickel added titania by (0.5, 1 and 1.5) wt% coated steel was 

observed by a scanning electron microscopy model (Inspect S50 FEI 

company), the test was done in College of Pharmacy/ University of Babylon. 

Figure (3.6) show the scanning electron microscopy which carried out 

different magnification for electroplating layer. 

3.5.5 Energy dispersive X-ray spectroscopy 

Energy Dispersive X-ray model (Inspect S50 FEI company), as an 

analytical method was used to determine the element percentage for each 

layer of coated specimen which nickel and nickel added titania by (0.5, 1 and 

1.5) wt.% coated steel, specimen the test was done in college of pharmacy/ 

University of Babylon. 
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Fig. (3.6): The scanning electron microscopy used. 

3.5.6 Corrosion test 

3.5.6.1 Open Circuit Potential (O.C.P.) 

 The open circuit potential (O.C.P.) (also known as the equilibrium 

potential or open circuit voltage (OCV), is the potential at which there is no 

current being applied to the cell. It is simply a valuable technique that 

determines the potential difference between the working and reference 

electrodes. The O.C.P (voltage versus time) was recorded every 5 minutes 

for all the specimen i.e. nickel and nickel added titania by (0.5, 1 and 1.5) 

wt.% coated steel and low carbon steel specimens in the salt solution (3.5%) 

NaCl and tap water as corrosion solutions. 

3.5.6.2 Liner Polarization Test 

Liner polarization test was prepared according to ASTMG5-94(2011) 

e1. This test was done by using the Potentiostatic polarization test type (Mlab 

Sci-Electwchemica) in salt solution and tap water for uncoated, nickel and 

nickel added titania by (0.5, 1 and 1.5) wt.% coated steel specimens at 30°C. 

Potentiostatic polarization experiments were performed in three electrode 
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cell containing electrolytes salt solution. The corrosion rate measurement 

was derived by applying the following equation[52]. 

Corrosion rate (mpy) = 0.1288 icorr. (E.W.)/A.ρ                        (3.1) 

Whereas: 

E. W. = equivalent weight (g/ eq.) 

A = area (cm2) 

ρ =density (g/ cm3) 

0.1288 = conversion factor for metric and time. 

icorr. = density of current (μA / cm2). 

The improvement percentage was calculated for coated specimens using 

the following equation[52]: 

Improvement percentage = (CR0 - CR / CR0) ˣ 100                   (3.2) 

Where: 

CR0 =the rate of corrosion for master specimen (without coating). 

CR =the rate of corrosion for coated specimen (with Ni or (Ni-TiO2). 
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Chapter Four 

Results and Discussion 

4.1 Introduction 

Experimental results have been demonstrated in this chapter which 

involve coating thickness, surface roughness, corrosion test results in 

different solutions which include (tap water and salt solution) open circuit 

method and other testing such as SEM, EDS, Hardness and optical 

microscope results. 

4.2 Coating thickness: 

For coating specimens, the thicknesses were (20.85, 31.15, 37.45 and 

41.8) μm for Ni and Ni- TiO2 specimens with (0.5, 1 and 1.5) wt% 

respectively. These results indicated that the deposit rates of the last coating 

layers are greatly. This can be attributed to the high diffusivity of the species 

caused by the presence of TiO2. However, with the increasing amount of 

TiO2 particles, the rate of thickness increased as well as is demonstrated in 

Table 4.1 . 

Table (4.1) Coating thickness test result. 

Type coating Average (μm) 

Ni coating 20.85 

Ni- 5TiO2 31.15 

Ni- 10TiO2 37.45 

Ni- 15TiO2 41.8 

 



Results and Discussion  Chapter Four 
 

38 
 

  

Figure (4.1) coating thickness 

From table (4.1) and figure (4.1) show effect of addition percentage of titania 

(TiO2) to electroplating solution of nickel which illustrated the coating 

thickness increase with increase of (TiO2) percent impeded in nickel 

composite layer on the surface of steel specimen. 

4.3 Surface roughness: 

Figure (4.2) and table (4.2) show the results from the surface 

roughness test of the composite coating surface. Here, it notes that the 

surface was smoother when a concentration of 0.5 wt% TiO2 was used and 

after that, the surface roughness continued to increase with an increase in the 

concentration of titania in the coating solution until it reached the roughest 

surface when the concentration was 1.5 wt% TiO2. This according with 

coating thickness test the coating thickness and surface roughness increase 

with increase of (TiO2) percent impeded in nickel composite layer on the 

surface of steel specimen. 

Table (4.2) show surface roughness test result 

Coating surface Average(μm) 

Base metal 0.624 

Ni coating 0.975 
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Figure (4.2) Surface roughness test result. 

4.4 Hardness test 

The hardness test was conducted to determine the effect of Ni and Ni-

TiO2 electrodeposited coating on the hardness values 198 HV of low carbon 

steel. It was also conducted to find out the effect of adding ceramic particles 

titania (TiO2) with (20-30) µm particle size with different amounts to nickel 

solution with added percent (0.5 , 1 and 1.5) wt% on the hardness values of 

Ni coating and low carbon steel values. Table 4.3 shows the results of the 

hardness test for steel specimens and the Ni- TiO2 layers with 0.5, 1 and 1.5 

g/l TiO2. The difference in hardness values observed between Ni- TiO2 is 

due to the difference in the volume fraction of titania in each layer. The 

material hardness is clearly affected by the size of the particles and can be 

mathematically explained by the Hall-Petch relationship which states: 

𝐻𝑉 = 𝐻𝑜 + 𝐾 √𝑑⁄  

Whereas: 

Ni- 5TiO2 1.133 

Ni- 10TiO2 1.925 

Ni- 15TiO2 2.330 
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HV: Hardness of material with small grain size. 

Ho: Hardness material is multi-size grain (polycrystalline grain size). 

K: Constant, represents the slope of the HV hardness when drawing against 

and is based on the material kind. 

d: Diameter of the particle. 

The Hall-Petch relationship is one theory that explains why ultra-fine 

microstructures have higher hardness values 418 HV when compared to the 

coarser-grained ones with the same hardened material. 

Hardness of uncoated samples are improved after coating it with 

nickel hard metal. Furthermore, increasing of added percent from TiO2 (5 to 

1 to 1.5) wt% could improve the hardness from (282 HV) to (341 HV) to 

(388 HV) and (418 HV), this results are agreement with P. Rajesh et.al, [21]. 

Such improvement is due to the improvement in depth morphology, 

distribution and increasing in TiO2 thickness which can be clearly observed 

in results. Table (4.3) and figure (4.3) show for Hardness test 

Table (4.3) Hardness test 

 

 

 

Type of Coating Average(μm) 

Base metal 198 

Ni 282 

Ni -5TiO2 341 

Ni- 10 TiO2 388 

Ni- 15TiO2 418 
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Figure (4.3) Hardness test result  

4.5 Scanning Electron Microscope (SEM) results. 

         Figure ((4.4) A, B, C and D) demonstrated SEM microstructure of 

Nickel and Nickel-titania electrodeposited specimens at different amount of 

TiO2 (0.5, 1 and 1.5) wt%. It is clear from the figures that the amount of 

TiO2 has been progressively increased. The particles of TiO2 are deposited 

in order to produce clusters which look like a heavy, aggregated 

composition on the base material. 
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Figures (4.4) SEM for Ni and Ni- TiO2 coated specimen, A: Ni ,B: Ni-5 

TiO2, C: Ni-10 TiO2 ,D: Ni-15 TiO2 

4.6 EDX Results  

The EDX test was demonstrated to Nickel and Nickel-titania 

electrodeposited specimens at different amount of TiO2 (5, 10 and 15) g/L.

 The percentages of (Ni), (O) and (Ti) of composite coated layers and 

(Fe) for the specimens are shown in figures (4.5 (a, b, c and d)) respectively. 

This is expected due to the increased amount of Ti and O precipitation as the 

increases of added amount of TiO2.  

From figure (4.5 a) can show high percentage of Ni peak and small 

percentage of Fe this illustrated the Ni coated layer coat the full surface of 

low carbon steel  

  

Table (4.4 A) element percentage in Ni coated specimen. 

A 
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Elements Weight percent 

Ni 99.74 

C 0.26 
  

 

Table (4.4 B) element percentage in Ni- 5TiO2 coated specimen 

 

 

 

 

 

 

Elements Weight percent 

Ni 81.96 

Fe 15.95 

Ti 1.42 

Al 0.4 

C 0.27 

B 
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Table (4.4 C) element percentage in Ni- 10TiO2 coated specimen. 

 

 

 

 

 

Elements Weight percent 

Ni 80.58 

Fe 18.06 

Ti 0.89 

Al 0.47 

C 
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210 TiO-C: Ni,  25 TiO-B:  Ni, A: Ni ) EDX results(4.5 Figures 

D: Ni-15 TiO2 

Table (4.4 d) element percentage in Ni- 15TiO2 coated specimen 

 

 

 

 

 

4.7 Corrosion test 

This test was done by using the Potentiostatic polarization test in salt 

solution 3.5%NaCl (seawater solution) and tap water for uncoated, Ni and 

Ni-TiO2 coated specimens at 30 °C, with 78.539 cm2 surface area. Corrosion 

parameters (corrosion potential, corrosion current, and corrosion rate), 

extracted from these curves, are shown in Table (4.5).  

Elements Weight percent 

Ni 79.09 

Fe 19.31 

Ti 1.1 

Al 0.5 

D 
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The data listed in Table (4.5) show that attrition parameters at room 

temperature both uncoated samples and coated samples imbedded in solution 

of seawater. So, the polarization curves for seawater are shown in figures 

(4.6 (A, B, C, D and E)). The corrosion potential of all coated specimen 

shows a significant shift to a positive direction and have more noble potential 

compared to uncoated low carbon steel specimen.  

From the Table, it is clear that Ni, Ni-0.5TiO2, Ni-1TiO2 and Ni-

1.5TiO2 specimens have current densities and corrosion rate much lower 

than current densities and corrosion rate of uncoated specimen, which 

indicate that Ni-TiO2 coating acts as a barrier against attack of aggressive an 

ion, affectively improve the corrosion resistance of low carbon steel, [52,53].  

From Table (4.5) It's clear, that the samples showed the corrosion 

resistance of low carbon steel sample is increased after coating with Ni and 

Ni-TiO2 comparison with low carbon steel uncoated sample, [54].  

 

A 
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Figures (4.6) Crrosion test in Tap water. (A) Base metal specimen, (B) Ni 

coated specimen, (C) Ni-5TiO2 coated specimen. (D). Ni-10TiO2 coated 

specimen, (E). Ni-15TiO2 coated specimen.  

Table (4.5) Corrosion rate (CR) and improvement percentage of 

coated specimens in Tap water. 

 

Figures (4.6) and (4.7) show the polarization diagrams of all specimens and 

the Ecorr. (mV), I corr. (μA/cm2). The corrosion rates (mpy) have been 

demonstrated in Tables (4.5) and (4.6). These results indicate a stable 

behavior of the Ni-TiO2 coating layer. Along with an improvement of 

corrosion resistance, this TiO2 coating is able to make changes in the surface 

feature in comparison with the materials without affecting the characteristics 

of the bulk [54, 55]. Also, the presence of TiO2 in coatings can improve 

corrosion resistance of the coated specimens in tap water and salt solution 

[54, 56]. 

Sample code 
Icorr.  

(μA/cm2) 

Ecorr.  

(mV) 

Corrosion 

Rate (mpy) 

Improvement 

Percentage% 

Low carbon steel 7.047 -231 4.151 - 

Ni 5.792 -179 3.160 24 

Ni-5TiO2 5.019 -137 2.739 34 

Ni-10TiO2 4.941 -58 2.659 36 

Ni-15TiO2 4.270 -23 2.280 45 
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Figures (4.7) Corrosion test in Salt solution(A) Base metal specimen. (B) Ni 

coated specimen. (C) Ni-5TiO2 coated specimen. (D) Ni-10TiO2 coated 

specimen (E) Ni-15TiO2 coated specimen. 

Table (4.6) Corrosion rate (CR) and improvement percentage of 

coated specimens in Salt solution.  

 

The porosity decreases when TiO2 particles were added. This explanation is 

supported by the fact that particles significantly lower both the porosity and 

Sample code 
icorr. 

(μA/cm2) 

Ecorr. 

(mV) 

Corrosion 

Rate (mpy) 

Improvement 

Percentage% 

Low carbon steel 20.27 -346 11.941 - 

Ni 17.76 -262 9.692 19 

Ni-5TiO2 10.74 -242 5.861 51 

Ni-10TiO2 6.57 -188 3.463 71 

Ni-15TiO2 4.05 -178 2.163 82 

E 
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corrosion current density. This is due to the possible filling of the pores by 

these fine particles. When TiO2 particles were incorporated into the Nickel 

solution, the TiO2 reduced the current density of the corrosion to the lowest 

value (Tables 4.5 and 4.6). 
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Chapter Five 

Conclusions and Recommendations 

5.1 Introduction 

This chapter contains the concluding remarks, obtained from this 

study. It also provides recommended suggestions, which may be useful for 

future works. 

5.2 Conclusions  

In conclusion it is perhaps worthwhile to return to each of the aims 

set out in chapter one and briefly summarize any achievement: 

1- When the percentage addition of TiO2 increase, the properties such as 

coating thickness, surface roughness and hardness increased. 

2-When the percentage addition of TiO2 increase the corrosion rate 

improved from (24%) to (45%) in tap water and it improve form (19%) to 

(82%) in salt solution.  

4-Thickness of coating layer (Ni-TiO2) increase with percentage additive 

of titania increase. 

5.3 Recommendations for Future works 

  It is suggested that future works in this field should be studied 

1- Study the effect of addition ZrO2 and Al2O3 instead TiO2. 

2-  Study the effect of coating time on coating thickness.  

3- Study the porosity in the coating. 

4-  Identifying the effective factors in the plating layer adhesion 

with the basic metal.  
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 :الخلاصة

هدد البحث ددحلبح دداحلل  اخحددتلسيندداعلى خددص اللولاددملندد ب لبح دد   ل دد    لي     

 لبحكارب نل نلنلاعلطلاءلبحعص اللبم لاد علخبطدثل دضلفةداقتلي دا ثل دنل دايللفخ خدص

قاخ تهددال ددالبحم لادد عنلخفنل دداي ل ددايللفخ خددص لبحتصتددايص  لىمتددا لبم )2TiO( بحتصتددايص  

ل .بحقاو يتحلاتآ للقللبغلابلبلأخساطلبحمتعايحتلخبح ا ضصتلخ

غدضل لل240ىضلى ضصرلطلاءلبح صكللباسدت  ب ل  لاد عل دنليد طلخبطدثلي تد )لولادمل 

 غدضل لحتدر ل لا ريد لبح صكدلل20،ل (Ni2SO4 · 6H2O) حتدر ل دنل ثريتداللبح صكدل

) O2H6·  2NiCl(غضل لحتر لحمد لبحث ريد ل20،لخ ل) 3BO3H( دضلفةدنليخدثتل 

حم لادد علبحءددلاءل (titaina) تددايص   لغددضل لحتددرل ددنل ددايللفخ خددص لبحتص15،لل10،للل5 

 ل دايكرخ ترل30-20صغصر لبح جضل  )2TiO (بحكهربا للباح صكلنلىضلىرسصبلجزيئال

 البح صكللباست  ب لىق صتلبحترسصبلبحكهربا للحتء يرلبحءدلاءبللبحمر ثدتنلىدضلبسدت  ب ل

 ل دددضل دددأي يلخ ربددد نل8×لل40×لل100٪لبأبعدددايل 99.99 ءدددبليصكدددللب خدددثتليقددداءل

 ض ل كا  يل ر صدز  نل صمدتل فاقدتلل10 ضلخ ءرل=لل1بلبأبعايل سما تل=ل     لصلا

قد ح( لولادملل2،ل2يسضلل\ب ثصرل5.305بحتصارلخبحجه لبحمخت   لقللوملاصتلبحءلاءلهلل 

بحتدد بحلنل ثددللبحترسددصب،ل ايددالر ددا زلبح دد   ل دد    لبحكربدد نل  ددق حتل صكايصكصددا ل

،لحثصثداللخخةدعهال   لاد عل800،ل600،ل400،ل180بأخربقل ربصد لبحخدصلاصك نل دنل

٪لحم  لي صقتصنل ضلقلل  لا علحمد لبحهصد رخ لا ري ل10هص رخ خص لبح  يي  لب خثتل

ل.)  بن لل5٪لو  ليرجتلحربر لبحغرقتلحم  ل30ب خثتل

شد يتلقللهذبلبحعمل،لىضلإجربءلبحع ي ل نلب نتثاربل،لبمدالقدلل حد ملسدم لبحءدلاءلخن

  لادد علبحملاددولخ دداءلبح   صددتلحءثقددتلبلأسددءولخبح ددلابتلخبنتثدداربللب سددتقءا لقددلل

ل.بحءلاء

 )2OTi (ىشصرلبح لابتلإحملفنلبح  ب لبحمصكايصكصتلحلاءلاءلبحمءثثل الىق يتل   جدت

لل ايددالفولاددملبكفصددرل قاريددتل ددالبحعص دداللغصددرلبحمءلاصددتنلىددضلفجددربءلبنتثدداربللبحتآ دد

حءدلاءلبلحءثقدال (Potentistatic)  ب ستقءا لبح ءل لبحمقاستلآحصداا لباسدت  ب لىق صدت

خحلامعدد نلب سدداللخ حدد لقددللفخسدداطلىآ لاصددتل  تلا ددتليددملاال دداءلبح   صددتلب وتصدداي)ل

خبحعفدد رلولاددملجمصددال % NaCl) 3خ  لادد عل لا ددللحكلا ريدد لبح دد يي  لبتر صددزل 

علفيىلإحدملى خدصنل عد  2TiO بحثصاياللونلطريثلبحكمثص ىرل مالي علولادملفنلإةداقت

للل دداءلبح   صددتل  سددص(لسجددربء٪ ل ددنلبحعص ددتلغصددرلبحمءلاصددتن،لقدد45بحتآ ددللب خددثتل 

ل.٪ ل نلبحعص تلغصرلبحمءلاصت82ب نتثارلخى خصنل ع علبحتآ للب خثتل 

  



 
 
 

 

 

 لميـعــــوزارة التعليم العالي والبحث ال

 لـــــــــــــــــــــابـة بــــــــــــــــعـــــامــج

 المواد كليـــــــــــــة هنـــــــــــــــــــــدسة

 ادنــعـة المـهنــــــــــــــــــــــــدسم ــقس
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 رسالة

 لابجامعة ب /المواد كلية هندسة في معادنقسم هندسة ال إلىمقدمة 
د/ هندسة الموا في لدبلوم العاليا درجةجزء من متطلبات نيل وهي 

 .معادن

 من قبل

  ميثم حمد عبدالله آيات

 (موادال)بكالوريوس هندسة 

(2019) 

 بإشراف

  نبأ ستار راضيد. 

 ه1443                                       م 2022

على سطح   2TiO-Niتقصي سلوك التآكل لطلاء  
 فولاذ منخفض الكاربون 
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