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I  

Abstract 

          . Separator is the most important part in power plant that used heavy fuel oil 

in operation system. Separator works on purification  the crude oil from particles, 

mud, mineral elements, water, and any  contaminations by centrifuge force. In this 

study, investigation on reasons of failure in  heavy fuel  separator and suggestions 

four baths of electroless plating to prevent it have been studied Three types of 

specimens are used in this study. The first type is presented by taken several 

specimens from damage disc to analyze the failure.The second type is several 

specimens from shaft of SS316L in 15mm diameters ×10mm thickness for 

electroless plating have been taken.The last type is U-bend sheets from SS316L at 

different dimensions are used in test of stress corrosion cracking and numerical 

modeling. For analysis the failure, material characterizations ;chemical 

composition, hardness, light optical microscope, X-ray diffraction, scanning 

electron microscope, X-ray fluorescence, heavy fuel analysis and numerical 

modeling of stress corrosion cracking by ANSYS15.07 have been studied. 

Electroless nickel plating has been done in four different baths (Ni-P),(Ni-Cu-P), 

(Ni-Zn-P) and (Ni-SiC-P) nano composite coating at (1and 2 hours) respectively 

have been studied. Micro-hardness, surface roughness have been carried out. 

Corrosion with Tafel extrapolation and cyclic polarization in 3.5%NaCl solution 

have been accomplished. The erosion-corrosion has also been carried out in one 

active environment (heavy crude oil )at nine different periods:15, 30, 

45,60,75,90,105,120and 135 minutes). Also stress corrosion cracking test for four 

U-bend specimens in the same media  at three different times(480,960and1440 

hours) has been taken.  

      From the failure analysis results, the chemical composition of disc separator 

material is identical with 316SS alloy, the hardness of failed disc separator has been 
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decreased from 331HV300 at far away damage position to 220HV300 near the damage 

position. From visual test , SEM images ,reduction in  hardness , disc  weight loss, 

decreasing toughness of disc and presence of several micro cracks so the most 

important causes to failure are erosion-corrosion and stress corrosion cracking. 

Intergranular stress corrosion cracking(IGSCC) can be seen by SEM images. The 

best results of electroless plating tests for heat treated specimens which coating by 

(Ni-SiC-P),(Ni-Zn-P),(Ni-Cu-P)and(Ni -P) at (2 hours' time of coating) showed  

that (erosion-corrosion rate at 90 minutes  in heavy crude oil) have been decreased 

by  (47.5%,42.4%, 13%and 12.5) respectively. On the other hand after heat treated 

the Vickers hardness has been increased by (70%,64.7%,65% and 64%) for coated  

specimens by (Ni-SiC-P),(Ni-Zn-P),(Ni-Cu-P)and(Ni-P) at (2 hours' time of 

coating) respectively. From results of polarization tests; the corrosion rate after heat 

treated for coated specimens by (Ni-SiC-P),(Ni-Zn-P),(Ni-Cu-P)and(Ni-P) at (2 

hours' time of coating) have been decreased by 91.6%,96% ,87% and 81% 

respectively.In cyclic polarization examinations the difference between pitting 

potential and protect potential for(Ni-SiC-P),(Ni-Cu-P), (Ni-Zn-P), and(Ni-P) at (2 

hours' time of coating) have been improved by 63%,39.1%,36 and 

21.7%respectively. However the average surface roughness of all four coating 

layers in(2 hours' time of coating) have been increased after heat treated than them 

in (1 hour time of coating) as(73%,36.5%,60%and65%)respectively. The results of  

SEM images for stress corrosion cracking test in U-bend  specimens in heavy crude 

oil at 480,960 and 1440 hours show that stress corrosion cracking take the 

intergranular form especially for bare specimens. The stress corrosion cracking 

don’t appear in  all four coating layers which have high thickness.Finally the results 

of finite elements analysis give clear picture about the regions which subjected to 

high and low stresses and strains.Minimum equivalent stress and strain in all four 

samples  were 0.0310Pa and 2.5657x10
-10

 respectively.  
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Chapter One Introduction 

Introduction 

1.1. General View  

     The term separator in oilfield terminology designates a pressure vessel 

used for separating well fluids produced from oil and gas wells into gaseous 

and liquid components. A separator for petroleum production is a large vessel 

designed to separate production fluids into their constituent components oil, 

gas and water. All electric stations that work in heavy fuel have separators. 

These separators work to purify heavy fuel from clay, particulates and 

mineral impurities. The separators can be classified into three or some time 

more types. The most famous types are vertical, horizontal and spherical or 

centrifugal separators[1]. Separators of  Kufa power plant are lied in the last  

specie . Figure (1.1) shows Kufa cement factory and its power plant which 

consists of five units with 30MW. 

Figure (1.1):(a) Kufa Cement Factory (b): Kufa Power Plant. 
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    Each unit has one oil separator for purification lubrication oil engine but all 

units are participated in two large heavy fuel  oil separators. All types of 

separators are shown in Figure (1.2). Each main basic part in separator 

consists of several components. The most important component in separator is 

bowel disc or called disc stack[1]. 

 

Figure (1.2):Types of Separators (a): Horizontal (b): Vertical (c) and (d)Spherical 

Centrifugal Separator Kufa Power Plant. 

       Disc stack  is a small part made from stainless steel or special alloy called 

superalloy. The main function of disc stack is to scatter metal particles and 

clays at a high speed aside and thus exit them away from the fuel.[2] .The 

disc stack centrifuge uses a tremendously high centrifugal force to separate 

two liquid phases from one another or to remove solids (typically impurities) 

from liquids. When subjected to these forces, the less dense fluids move 

toward the center, while the denser solids or liquids move outward toward the 

rotating bowl wall. However heavy fuel contains harmful contents such as 
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sediment, clay, mineral particles, sulfur, vanadium, chlorides. All these 

inclusions create an effective corrosive environment [2-5].Figure (1.3) shows 

the discs  stack  of  Kufa power plant which number 68 piece, so   they are 

chosen in this study to analyze the failure on it and then attempting to reduce 

or prevent this failure in this part. 

 

Figure (1.3):Discs Separator. 

1.2. Service Conditions and Main Problem 

      Separator spins at a very high speed, up to 7000 r.p.m. It consists of large 

spherical tank which involves on heavy crude oil with temperature about 85-

100°C, and an entry pressure about 1 bar. This particular type gives a 

production of 9m
3
/hr..Failure may occur quickly or slowly, but it is not 

sudden, depending on the purity of the fuel used and the operating conditions. 

Precipitates, clay ,mineral particles, high pressure and high speed all these 

lead to failure. All these circumstances  conditions and centrifugal forces 

from high speeds may encourage the occurrence of environmental failure[6]. 

Due to the complex shape of separator discs and high velocity of separator a 

turbulent flow is occurred. Turbulent flow is the most effective factor which 
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encourages on erosion corrosion. Materials selection for engineering parts 

which are subjected to erosive-corrosive environments is a continuous 

challenge in the mining industry[6,7]. Through the SEM images and the 

virtual inspection cracks, corrosion products  and pitting are noticed  on 

surface separator  discs surface. The type of failure is proven by the current 

study and identifies ways to treat it.However the most important way to 

reduce failure in most parts that they operate in high  or low temperature like 

gas turbine, compressor, separators and blades of nozzle ring is surface 

treatment or called surface engineering[8,9].  

1.3. Surface Treatments 

    These processes are sometimes referred to as post-processing. They play a 

very important role in the appearance, function and life of the product. 

Broadly, these are processes that affect either a thin layer on the surface of 

the part itself, or add a thin layer on top of the surface of the part. There are 

different coatings and surface treatments processes, with different 

applications, uses, etc. The important uses include: improving the hardness , 

improving the wear resistance, controlling friction, improving the lubrication,   

improving corrosion resistance,improving aesthetics[10]. The surface 

engineering is presented by treatment of the surface and near –surface region 

of material to allow the surface to perform functions that are distinct from 

those functions demanded from the bulk of the material[11] .There are 

several way of surface treatment that can be used to protect the surfaces from 

corrosion, stress corrosion cracking ,erosion corrosion, wear and oxidation, 

the most important ways that are used in centrifugal pumps ,turbocharger, gas 

turbine and impeller are :thermal spraying ,vapor deposition, anodizing, 

painting, cladding, electroplating and electroless  plating[12,13] . In this 
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study, the electroless plating by binary , ternary alloy and composite coating 

are chosen to prevent the failure. 

1.3.1.Electroless Plating by Binary Alloys (Ni-P)    

    Preventive strategies to reduce the high cost of corrosion have attracted 

enormous interests in the world. Advanced technologies have been utilized 

to control this phenomenon. For instance, creation of the stable and 

protective layer between the metal and its corrosive environment through 

coating processes enables us inhibit or reduce the corrosion rate [14-16]. 

Deposition of binary Ni–P coatings by electroless method has been 

extensively developed as a simple, low-cost, and easy technique in the 

commercial processes. ElectrolessNi–P (EN) deposit is useful in many 

practical applications due to their unique properties such as high corrosion, 

wear and abrasion resistance, good ductility, hardness and surface uniformity 

[17]. 

1.3.2. Electroless Plating by Ternary Alloys 

    In this study, two types of ternary alloys are used as follows: 

1.3.2.1. Electroless Plating by (Ni-Cu-P) 

        Interest in electroless plating of nickel-based ternary alloys has 

increased because of their excellent corrosion, wear, thermal and electrical 

resistance. They also possess good magnetic properties. Many metal 

elements, such as copper, zinc, iron, cobalt, tungsten, molybdenum, and 

rhenium can be codeposited in an Ni-P matrix to improve some properties. 

The choice of these elements depends on the applications sought 

after[18].Copper content in electroless Ni-Cu-P alloy coatings depends 

mainly on pH, temperature, and Cu
2+

 concentration in electrolyte composition 
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and has a significant effect on the corrosion resistance of the coatings. In 

addition, it was reported that the inclusion of Cu in electroless Ni-P coatings 

improves their smoothness, brightness, anti-corrosion and also increases the 

deposit rate and surface hardness [19].  

1.3.2.2. Electroless Plating by (Ni-Zn-P) 

     Ternary  Ni-Zn-P alloy thin films are considered a replacement for 

cadmium sacrificial coatings for anticorrosive protection of steel parts 

working in highly corrosive media. Also, cadmium plating presents major 

disadvantages due to metal toxicity and utilized salts as well as simultaneous 

discharge of  hydrogen ions during the cadmium plating process, making 

cadmium plating parts to be susceptible of acid provoked brittleness[20]. For 

these reasons, in the last decades, intense studies and researches were 

accomplished for finding replacements for cadmium based anticorrosive 

protection coatings[20]. The most common sacrificial layer replacements for 

cadmium are zinc and its alloys. Zinc presents a more negative electrode 

standard potential (E=-0.76 V, measured vs. hydrogen normal electrode), thus 

being capable of acting as a sacrificial coating for plated steel parts .The 

dissolution rate of the protective coating was considerably reduced by 

alloying zinc with other elements (Ni, Co, Fe, etc.) that shifted the standard 

electrode potential of the alloy to values closer to those of the substrate[21]. 

The incorporation of Zn into Ni–P matrix has great impact on its 

microstructure, mechanical and electrochemical properties. The 

electrochemical properties of Ni–Zn–P alloy have revealed that these coatings 

possess more noble character compared to other ternary alloys  [22].  

1.3.3. Electroless Plating by Nano-Composite Coating(Ni-P-SiC) 

  Electroless nickel-phosphorus matrix deposition method received widespread 
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acceptance in various industries. Adding second-phase hard particles have 

improved several properties of composite coatings such as mechanical, 

tribological, anti-corrosion and anti-oxidation properties. Hard particles such 

as oxides or carbides embedded in a metal matrix aim to increase its 

mechanical and wear properties of the coatings[23]. The use of particles in 

nano scale could also change the microstructure of the electrodeposits and 

electroless plating leading to a more compact structure and thus to improved 

corrosion resistance. Further the engineering materials can be strengthened 

and protected from corrosion and abrasion phenomenon, by plating them with 

the micro/nano composite of non metallic/metallic particles such as ZrO2, SiC, 

WC, TiO2, Si3N4 and Al2O3 etc [24,25].   

1.4. Aim of This Work 

    The main objective of this work includes the analysis of failure in separator  

heavy fuel power plant and attempts to prevent this failure by using 

electroless nickel phosphorus coatings (EN).The real objectives for this study 

can be presented as follow:  

1-Analysis the failure parts, fuel analysis ,products and their chemical 

compositions. 

2-Applying four  types of coating baths (Ni-P) , (Ni-Cu-P)(Ni-Zn-P)and (Ni-

P-SiC) nano composite coating based up on Ni electroless plating at two 

different time (60,120 minutes). 

3-Reducing corrosion, erosion-corrosion and stress corrosion cracking(SCC) 

by electroless plating. 

4-Simulate stress corrosion cracking (SCC)by using ANSYS software(15.07) 

based on U-bend specimens types. 
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     Chapter Two  

Theoretical Part and Literature Review 

2.1 .Introduction 

     This chapter deals with the definition of failure analysis, types of failure, 

heavy fuel  oil and its components. Electroless plating by binary,tenrary and 

composite coating, types of solutions, baths, electroless plating mechanism 

and factors affecting on electroless plating are presented in this chapter as a 

way suggested for reducing the failure. Finally this chapter deals with 

industrial alloys which the discs separator  made from it and they have special 

applications. 

2.2 .Failure Analysis  

     Failure analysis is a critical process in determining the physical root causes 

of problems. The process is complex, draws upon many different technical 

disciplines, and uses a variety of observation, inspection, and laboratory 

techniques and its important process of finding the root causes by collecting 

enough information for the part to be analyzed. This process is not limited to 

collecting information, but rather exceeds the expectation of failures in 

structures, equipment, buildings, etc., as well as through the process of 

finding solutions or correct treatment of problems .The engineering 

importance of failure analysis is evident in minimizing material and human 

losses as all the engineering parts are designed to work under certain 

conditions and for a certain age cannot be exceeded unless the development of 

these parts [26]. In the current study, the failure is analyzed by visual 

inspection, LOM, SEM, EDS, AFM and hardness test. Not only this current 

study is presented in the failure analysis, but also the attempting to prevent or 

reduce it by suggested surface treatment. 
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 2.3.Types of Failures 

    The failure of engineering materials is almost an undesirable event for 

several reasons; these include putting human lives in jeopardy, causing 

economic losses, and interfering with the availability of products and services. 

Several failures  types can be presented in this chapter as follow [26]: 

2.3.1. Mechanical Failure 

      The mechanism of mechanical failure has several sorts as follow: 

2.3.1.1. Fracture 

      Simple fracture is the separation of a body into two or more pieces in 

response to an imposed stress that is static (i.e., constant or slowly changing 

with time) and at temperatures that are low relative to the melting temperature 

of the material. For metals, two fracture modes are possible: ductile and 

brittle. Classification is based on the ability of a material to experience plastic 

deformation. Ductile metals typically exhibit substantial plastic deformation 

with high energy absorption before fracture. However, there is normally little 

or no plastic deformation with low energy absorption accompanying a brittle 

fracture. Ductile and brittle are relative terms; whether a particular fracture is 

one mode or the other depends on the situation[27]. Ductile fracture is almost 

always preferred to brittle fracture for two reasons: First, brittle fracture 

occurs suddenly and catastrophically without any warning; this is a 

consequence of the spontaneous and rapid crack propagation. However, for 

ductile fracture, the presence of plastic deformation gives warning that failure 

is imminent, allowing preventive measures to be taken. Second, more strain 

energy is required to induce ductile fracture inasmuch as these materials are 

generally tougher[27,28]. 
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2.3.1.2. Fatigue 

 Fatigue is a form of failure that occurs in structures subjected to 

dynamic and fluctuating stresses (e.g., bridges, aircraft, machine 

components). Under these circumstances, it is possible for failure to occur at a 

stress level considerably lower than the tensile or yield strength for a static 

load. The term fatigue is used because this type of failure normally occurs 

after a lengthy period of repeated stress or strain cycling. Fatigue is important 

inasmuch as it is the single largest cause of failure in metals, estimated to be 

involved in approximately 90% of all metallic failures; polymers and 

ceramics (except for glasses) are also susceptible to this type of 

failure[27,29]. 

2.3.1.3. Thermal Fatigue 

    Thermal Fatigue is normally induced at elevated temperatures by 

fluctuating thermal stresses; mechanical stresses from an external source need 

not be present. The origin of these thermal stresses is the restraint to the 

dimensional expansion and/or contraction that would normally occur in a 

structural member with variations in temperature [30]. 

     Furthermore, a cyclical temperature change encourages failure by thermal 

fatigue; when the material heats in a non-uniform manner, some parts of the 

structure expand more than others. This non uniform expansion introduces a 

stress within the material, and when the structure later cools and contracts, 

stresses of the opposite sign are imposed. As a consequence of the thermally 

induced stresses and strains, fatigue may eventually occur. The magnitude of 

a thermal stress developed by a temperature change  T depends on the 

coefficient of thermal expansion    l and the modulus of elasticity E 
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according to this  equation [30,31]:   

 sth =  lE  T     ..…………………………………….…….………………2.1 

Where: sth:thermal stress 

 :thermal expansion 

l :length of specimens 

E:young modulus 

 T:the difference between temerature 

2.3.1.4. Creep 

 Materials are frequently used at high temperatures and subjected to 

static mechanical stresses (e.g., turbine rotors in jet engines and steam 

generators subjected to centrifugal stresses; high-pressure steam lines). 

Deformation under such circumstances is termed creep. Creep, defined as the 

time-dependent and permanent deformation of materials when subjected to a 

continuous load or stress, is typically an undesired phenomena that is 

frequently the limiting factor in a part's lifetime. It is observed in all sorts of 

materials; for metals, it becomes significant only at temperatures above 

around 0.4Tm, where Tm is the absolute melting point. [27,32]. 

2.3.1.5. Wear 

      It is known that loaded contacts in relative movement give rise to wear 

phenomenon, which depends on several parameters such as: roughness of 

rubbing surfaces, nature and microstructure of materials [33].  
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   Wear is progressive in that it increases with usage or increasing amounts of 

motion, and it ultimately results in the loss of material from a surface or the 

transfer of material between surfaces. Wear failures occur because of the 

sensitivity of a material or system to the surface changes caused by wear . The 

wear process can be examined in three stages. The first stage is concerned 

with debris generation and deals with various mechanisms of material 

removal from sliding surfaces. The second one is devoted to the evolution of 

debris inside contact (i.e. mechanical physical and chemical changes). The 

third stage refers to own behavior of debris, which can be either eliminated 

out of the contact, or accumulated between sliding surfaces[34]. 

2.3.2. Mechanical Environmental 

    In the following several mechanical environmental are presented as follow: 

2.3.2.1. Stress Corrosion Cracking 

    Stress corrosion cracking (SCC) is the formation and growth of crack 

through materials subjected to tensile stress and a specific corrosive medium. 

The stress in the form of tensile (not compressive) plays a key role in the SCC 

fracture processes. In fact, SCC would never have occurred in the absence of 

stress. The required tensile stresses may be in the form of directly applied 

stresses, thermal, in the form of residual stresses, or a combination of all. SCC 

can lead to unexpected sudden failure of normally ductile metals. Metal-

environment combinations susceptible to cracking are specific. This means 

that all environments do not cause SCC on all of the alloys. Additionally, the 

environments that cause this kind of cracking have little corrosion effect on 

the alloy in normal conditions[35-37].  

     In certain states, unwanted environmental and metallurgical changes have 

occurred and provide the metal-environment combination sensitive to SCC. 
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The SCC sites on the metal surfaces may not be visible by visual inspection, 

while metal parts are being filled with microscopic cracks. These invisible 

cracks progress rapidly and lead the component and structures to catastrophic 

failures. SCC is classified as either intergranular stress corrosion cracking 

(IGSCC) or transgranular stress corrosion cracking (TGSCC), depending upon 

the  primary crack morphology [35-37]. SCC can be shown in Figure (2.1).  

 

Figure(2.1): (a):Sketch of TGSCC and IGSCC(b):SEM Image of TGSCC(c):SEM Image of 

IGSCC  [35,36]. 
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       To facilitate the study and knowledge of SCC, it has been classified into 

four concepts that include influencing factors, conditions , Major types of 

stress-corrosion cracking, alloys with high sensitivity to SCC, and the 

mechanism of its occurrence.  

Factors affecting SCC: 

 The factors affecting SCC involve the tensile stress ,corrosive environments 

and sensitive materials. Factors affecting SCC can be presented in Figure 

(2.2). 

 

Figure(2.2): Factors Affecting Stress Corrosion Cracking[35]. 

     Pure metals are typically resistant to stress corrosion cracking, but metallic 

alloys such as stainless steel and aluminum alloys are susceptible due to the 

large amount of alloying elements in the matrix. Typically, alloys rely on 
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intermetallic formation at the grain boundaries to increase strength and 

ductility[38]. 

     Consequently, the intermetallics cause an anodic condition at the grain 

boundaries, which in turn causes preferential intergranular corrosion in 

aluminum alloys. Macroscopically, SCC fractures have a brittle 

appearance[38].  

 Major types of stress-corrosion cracking [38-41]: 

 (a) Chloride stress corrosion cracking. It occurs in austenitic steels under 

tensile stress in the presence of oxygen, chloride ion and high temperature. 

 (b) Caustic stress corrosion cracking. Cracking of steels in caustic 

environments where the hydrogen concentration is high, for instance, cracking 

of Inconel tubes in alkaline solutions. 

 (c) Sulfide stress corrosion cracking. Cracking of steels in hydrogen sulfide 

environment as encountered in oil drilling industry. 

 (d) Seasonal cracking. The term is now obsolete. It had a historical 

significance only. It refers only to SCC of brass in ammoniacal environment, 

but still occasionally occurs in refrigeration plant using ammonia refrigerant. 

 SCC sites 

(a) Surface discontinuities. Cracks may initiate at surface irregularities, such 

as grooves. 

(b) Corrosion pits. SCC can also initiate at the pits which are formed on the 

surface due to breakdown of passivity by chloride ions. 

(c) Grain boundaries. Intergranular corrosion resulting from the sensitization 

by impurities, such as sulfur, at the grain boundary which makes the grain 

boundaries very reactive to SCC. 

Table (2.1) shows most environments with sensitive materials to SCC. 
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Table (2.1): Metals and Alloys with Environments that Produce SCC[43]. 

 Mechanisms of Stress Corrosion Cracking 

     In past,the mechanisms of SCC are not completely understood. There has 

been disagreement as to the mechanism of cracking in any given system and 

there is confusion as to whether the mechanism varies from one system to 

another. Four basic categories of mechanisms have been proposed[44,45]: 

(a) Mechano-electrochemical model.  

      This suggests that there are pre-existing paths in an alloy which become 

intrinsically susceptible to anodic dissolution. For instance, a grain boundary 

precipitated anodic to the grain boundary would provide an active path for 

localized corrosion to proceed. Similarly, if a more noble constituent is 

Metals, Alloys Environments 

Aluminum 

alloys 

NaCl–H2O2 solutions ,NaCl solutions, Seawater ,Air or water 

vapor 

Copper alloys Ammonia vapor and solutions Amines, Water or water vapor 

Titanium alloys Red fuming nitric acid ,Seawater, Methanol–HCl 

Stainless steels Acidic chloride solutions, NaCl–H2O2 solutions, Seawater ,H2S 

NaOH–H2S solutions ,Condensing steam from chloride waters 

Steel NaOH solutions ,NaOH–Na2SiO4 solutions, Calcium, 

ammonium, and sodium nitrite solutions ,Mixed acids (H2SO4–

HNO3) ,Acidic H2S solutions, Seawater, Carbonate–bicarbonate 

solutions 

Magnesium 

alloys 

NaCl–Na2CrO4 solutions, Rural and coastal atmospheres 

,Seawater, Distilled water 

Nickel Fused caustic soda 

Lead Lead acetate solutions 

Inconel Caustic soda solutions 

Gold alloys FeCl3 solutions ,Acetic acid–salt solutions 
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precipitated along a grain boundary, the impoverished zone adjacent to the 

precipitate would provide an active path for localized corrosion. Also, the 

removal of the protective film at the crack tip by plastic deformation would 

facilitate the onset of localized corrosion.  

(b) Film rupture model. This is based on a repetitive cycle comprising: 

localized film disruption, localized attack at the point of disruption and film 

repair. Plastic strain plays a major role. This mechanism has several 

variations. 

(c) Embrittlement model. This is based on the postulate that an 

electrochemical process embrittles the materials in the vicinity of a corroding 

surface. This mechanism was based on a study of high strength martensitic 

steels in chloride media. 

 (d) Adsorption model . Adsorption of damaging species causes weakening of 

cohesive bonds between surface metal atoms by specific damaging species. 

The surface energy associated with crack formation is lowered by adsorption 

of species and the probability of a metal forming a crack under tensile stress is 

increased. A universal theory does not exist and several theories have to be 

examined for results and analyzed to reach a plausible explanation. 

2.3.2.2. Embrittlement 

 Various metal alloys, specifically some steels, experience a significant 

reduction in ductility and tensile strength when atomic hydrogen (H) 

penetrates into the material. This phenomenon is aptly referred to as hydrogen 

embrittlement; the terms hydrogen induced cracking and hydrogen stress 

cracking are sometimes also used. Strictly speaking, hydrogen embrittlement 

is a type of failure; in response to applied or residual tensile stresses, brittle 

fracture occurs catastrophically as cracks grow and rapidly propagate. 
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Hydrogen in its atomic form (H as opposed to the molecular form, H2) 

diffuses interstitially through the crystal lattice, and concentrations as low as 

several parts per million can lead to cracking[36,46]. 

      As for SCC, three different conditions must be present at the same time 

(see Figure (2.3)[47]. 

 

 Figure(2.3): Factors Required for The Occurrence of Hydrogen-Assisted Cracking[47]. 

2.3.3. Environmental Failure 

   2.3.3.1. Corrosion Damage  

         Corrosion is the destructive attack of a metal by chemical or 

electrochemical reaction with its environment. Deterioration by physical 

causes is not called corrosion, but is described as erosion, galling, or wear. In 

some instances, chemical attack accompanies physical deterioration, as 

described by the following terms: corrosion–erosion, corrosive wear, or 

fretting corrosion. Rusting applies to the corrosion of iron or iron-base alloys 

with formation of corrosion products consisting largely of hydrous ferric 

oxides. Nonferrous metals, therefore, corrode, but do not rust. However, 
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corrosion is beneficial or desirable in some cases. For example, chemical 

machining or chemical milling is widely used in aircraft and other 

applications. Unmasked areas are exposed to acid and excess metal is 

dissolved. This process is adopted when it is more economical or when the 

parts are hard and difficult to machine by more conventional methods. 

Anodizing of aluminum is another beneficial corrosion process used to obtain 

better and more uniform appearance in addition to a protective corrosion 

product on the surface[48-50]. 

2.3.3.2. Erosion-Corrosion 

      Erosion-corrosion has many definitions. Erosion-corrosion is the 

acceleration of corrosive attack due to the simultaneous action of corrosion 

and erosion. The attack is more severe than if just corrosion or erosion alone 

were acting. The erosive action removes metal from the surface as dissolved 

ions, as particles of solid corrosion products, or as elemental metal. Erosion 

corrosion can be primarily erosive attack or primarily chemical attack, or 

somewhere in between. Both gases and liquids can cause attack [51,52]. 

    Nearly all turbulent corrosive media can cause erosion-corrosion .Erosion-

corrosion is characterized in appearance by grooves, waves, rounded holes, 

and/or shaped grooves. Affected areas are usually free of deposits and 

corrosion products, although corrosion products can sometimes be found if 

erosion-corrosion occurs intermittently and/or the liquid flow rate is relatively 

low [52]. 

  Several parameters are effected on erosion corrosion[53]: 

 Impact angle 
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  Hardness of material  

 Particle size 

  Shape of particle 

  Type of material   

 Protective layer 

 Flow rate velocity 

  Temperature of fluid .  

    The mechanism of corrosion-erosion can be presented in Figure(2.4). The 

way in which this corrosion mechanism manifests itself can vary but typically 

it has two basic features: 

• The liquid flow removes diffusion limitations and increases the supply of 

corrosive reagents 

• The metal is exposed through mechanical removal of the passivized 

protective film. 

   A passive film on a metal is a non-active chemically protective barrier layer 

between the corrosive substance and the metal substrate, the protective layer 

typically has low mechanical strength. When this layer is broken off by high 

velocity fluid flow, or some other impinging material, the metal beneath 

begins form another passive layer. When pits are formed this can accelerate 

the degradation even further by the disruption of the flow this can cause eddy 

current which then speed up the removal the protective layer[54]. 
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. 

Figure(2.4):Sketch of Mechanism Corrosion-Erosion[54]. 

2.4. Protection Methods of  Corrosion ,Erosion-Corrosion and 

Stress Crack Corrosion 

   2.4.1. Methods of Corrosion and Erosion Corrosion Control                   

1- Barrier protection: Provided by a protective coating that acts as a barrier 

between corrosive elements and the metal substrate like paint, powder, 

coatings and galvanizing. 

2- Cathodic protection: Employs protecting one metal by connecting it to 

another metal that is more anodic, according to the galvanic series like 

impressed current ,galvanic sacrificial anode  

3- Corrosion resistant materials: Materials inherently resistant to corrosion in 

certain environments. 
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4- Design factors, for example, for copper tubing carrying potable water, are 

the control of the velocity and the minimization of abrupt changes in the flow 

system geometry reduce erosion corrosion. 

5- Inhibitors are used in recirculating cooling water systems and steam 

condensate return lines but find limited application in once-through 

production systems because of the cost. A notable exception is the extensive 

use of inhibitors in oil/gas production[55,56]. 

2.4.2. Methods of Stress Crack Corrosion Control 

 1-Lowering the stress levels. This may be done by annealing treatment in the 

case of residual stress. Stress relief temperature for plain carbon steels are at a 

range of 1100–1200
o
F(594-649

o
C) and for austenitic stainless steels are 

frequently at temperatures ranging from 1500 to 1700°F(816-927
o
C). 

 2-Eliminating aggressive species in the environment. For instance, in case of 

austenitic stainless steels, reduction of chloride under 10 ppm reduces 

significantly the probability of the stress corrosion cracking to occur. 

3-Changing the material in one plane if neither environment condition nor 

stress level can be changed. For example, in case of AISI304, stainless steel 

utilizing a high nickel alloy content (e.g., Inconel) can be useful. 

 4-Applying cathodic protection by impressed current or sacrificial anode. In 

cathodic protection, note that the failure is due to SCC, not hydrogen 

embrittlement. In cathodic protection, the released hydrogen due to cathodic 

reaction can accelerate the hydrogen embrittlement. 

5-Generally,in galvanic corrosion (a)select metals, close together, as far as 

possible, in the galvanic series. 
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(b) Do not have the area of the more active metal smaller than the area of the 

less active metal. 

(c) If dissimilar metals are to be used, insulate them. 

6-Adding inhibitors such as phosphate and other organic and inorganic to the 

system can reduce the stress corrosion cracking effects in mildly corrosive 

media.  

7-Shot-peening generates residual compressive stress in surface of the 

component and prevent the stress corrosion cracking to be occurred. 

8-Coating by hot dipping ,chemical vapour deposition,thermal barrier coating 

and electrodepostion or electrolessplating by binary ,ternary and compsite 

coating is sometimes effective[57]. 

     In this study electrolessplating by binary,ternary alloy and nano compsite 

coating are used to reduce the failure.  

2.5. Electroless Plating 

     The electroless coating technology was invented by A. Brenner and G. 

Riddell in 1946. Electroless nickel coating, which was used under the idiom 

(autocatalytic nickel coating), which is produced nickel ions by the catalytic 

reduction doesn’t use electric current [58].  

      Electroless nickel plating is a process for depositing a nickel alloy from 

aqueous solutions onto a substrate without the use of electric current. It differs 

from electroplating which depends on an external source of direct current to 

reduce nickel ions in the electrolyte to nickel metal on the substrate [59].                 

Electroless nickel plating is a chemical process which reduces nickel ions in 

solution to nickel metal by chemical reduction. The most common reducing 
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agent used is sodium hypophosphite. It is estimated that sodium 

hypophosphite is used in more than 99% of all electroless nickel plating. 

There are three types of EN (Electroless of Nickel), coatings available based 

on the weight percentage of phosphorus: (i) low phosphorus (2-5) %, (ii) 

medium phosphorus (6-9) % and (iii) high phosphorus (10-13)% [60].    

    Consequently, once the performance requirements for the coating have 

been defined, it is essential that the appropriate type of electroless nickel be 

specified. For instance, there are distinct differences in the corrosion 

resistance and hardness properties of low and high phosphorus 

deposits[59,61].  

     Based on the presence of phosphorus content the structure may be 

microcrystalline, amorphous or a combination of both. Only electroless Ni-

high P coating is effective in offering an excellent protection whereas 

electroless Ni-low P and Ni-medium P coatings are not recommended for 

severe corrosive environment [62]. 

    The structure of electroless nickel is responsible for some of its unique 

properties. It differs greatly from the crystalline structure of electrodeposited 

nickel and it can normally be described as having an amorphous structure or 

one consisting of ultra-fine crystallites. The amorphous nature of the deposits 

becomes more dominant with increasing phosphorus content and above 

10.5%, deposits are considered truly amorphous. The absence of a well-

defined crystal structure eliminates the possibility of intergranular corrosion 

that can be a problem with crystalline deposits, such as electrolytic nickel. 

Electroless nickel, therefore, provides a more effective barrier coating in 

protecting a substrate from corrosive attack [59,63]. 
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    A feature of great importance in all applications for electroless nickel is the 

ability to produce deposits with a very high degree of thickness uniformity. It 

is obviously beneficial when coating complex parts with critical dimensions, 

such as ball valves or threaded components. This huge advantage over 

electrodeposited nickel is due to the fact that no current is involved and the 

associated problems of current distribution do not exist. Uniform thickness of 

electrodeposits is not easy to obtain and becomes more difficult with 

increasing complexity of the part. Improved current distribution can be 

obtained by a suitable choice of electrolyte, the use of auxiliary anodes and 

shields and by optimizing rack design. However, it is almost certain that the 

thickness uniformity available by electroless plating will not be achieved on 

complex parts by electroplating. In electroless nickel plating the rate of nickel 

deposition on all areas should be equal, provided uniform solution conditions 

are maintained[64,65]. The wide acceptance and growth of electroless nickel 

plating can be attributed in part to this outstanding feature of deposit 

uniformity, even on complex components [59,65]. Figure (2.5) provides an 

example of the difference in thickness uniformity of nickel deposited 

electrolytically and by the electroless process.  

 

Figure (2.5): Comparison of Deposit Uniformity [59]. 
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2.5.1 Typology of Electroless Baths 

      Most applications of the electroless coating are based on their wear and 

corrosion resistance. However, characteristic like luminescence has a great 

potential in defense and aerospace applications [66]. 

     Electroless coatings can be divided, essentially, into three main categories: 

 Alloy coatings 

 Composite coatings 

 Metallic coatings 

In particular NiP with or without particles is considered alloy or composite 

coating [66]. 

2.5.2. Types of Electroless  Baths 

          Electroless nickel plating is carried out by the immersion of objects, 

with a surface wetted and activated by a catalyst, in a solution containing 

nickel ions and suitable reducing agents, which may include hypophosphite, 

borohydride, aminoboranes, hydrazine, etc. at temperatures above 85 °C. 

Further, some organic complexing agents for nickel ions, buffers, stabilizers, 

accelerators, etc. are also present. Mainly two types of baths have been used 

for depositing alloys, These also include acidic and alkaline baths [67]. 

2.5.2.1.Acidic Baths 

       Firstly acidic baths, that represents almost the whole of the process used 

nowadays, are described. Once the substrate is immersed into the bath, the 

reaction proceeds forward due to the following factors: reduction in nickel ion 

concentration, conversion of the hypophosphite to phosphate, then the 

consequence is the increase in hydrogen ion concentration, and adsorption of 
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this gas by the deposit[67]. Aminoboranes are also used as reductants instead 

of hypophosphite in electroless nickel deposition from acid solutions. The 

coatings obtained from this formulation have a better quality [68]. 

2.5.2.2.Alkaline Baths 

       The second and less used type of electroless nickel baths consists in 

solutions with alkaline features. The reduction of nickel in these solutions 

follows the same pattern as in acid ones unfortunately they have some 

problems[68]. 

   The main disadvantage of the alkaline solutions are their high instability at 

higher temperature, in particular greater than 90°C, due to the loss of 

ammonia, which is useful to raise the bath pH at that temperature. Another 

difference from the previous solutions is that the nickel’s rate of deposition 

increases with hypophosphite concentrations; unfortunately very high 

concentrations of this element make the bath unstable due to homogeneous 

deposition in the bulk. Also temperature influences the rate of deposition in 

the same way as in acid solutions. The control of pH is very difficult due to 

higher temperature than 90°C. Borohydrides are used as reducing agents in 

alkaline electroless nickel-plating baths. [69]. 

2.6. Components of Ni Bath 

    Firstly the most important component is represented by the metal ions 

which  constitutes the source of metal are deposited. Metal ions( source of 

nickel ions): nickel chloride, nickel sulfate, nickel acetates . The reducing 

agents are another fundamental element because they reduce metal ions and 

allow them to deposit on the substrate . Complexant agents are used in order to 

prevent excess of free nickel ions concentration, so they stabilize the nickel 

phosphate precipitation and act also like pH buffers. Exultant, known as 
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accelerators, are useful to increase the deposition rate and are the exact 

opposite of complexants and stabilizers. These last prevent the breakdown of 

the solution by shielding catalytically eventual active nuclei. Buffers are used 

for long-term pH control instead pH regulators are used for subsequent pH 

adjustment. Finally wetting agents increase the wettability of the surfaces that 

has to be coated [70]. 

 It follows a list where are described the components, seen before, and some of 

physical properties are shown in Table (2.2): 

Table (2.2): Physical Properties of Ni-P Matrix Coating[71]: 
 Property  Value  

  

Organization of the Coating  

Melting Temperature  

Electrical Resistance   

Thermal Conductivity  

Wear Resistance 

 

Thermal expansion 

 

Uniformity 

Adhesion 

Heat Resistance 

Corrosion Resistance 

Hardness 

 

 

 

Amorphous in precipitation state, crystallized 

when heat treated 

890
o
C  

60 µW /cm
2
/cm at 15 ºC 

  

0.0105- 0.0135cal/cm.sec.°C 

Superior to electroplating. Superior to industrial 

plating when heat treated 

13* 10
-6

m/m·K 

Excellent. 

Excellent. 

Withstands high temperature oxidation 

Equivalent to pure nickel 

Precipitation state: 500~550Hv, Heat treated at 

400°C:800~1000Hv 

 

2.7. Theory of Electroless Plating 

     Electroless nickel plating is different from most of the plating techniques. 

EN solutions contain a reducing agent such as sodium hypophosphite to drive 
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the reaction that reduces nickel ions to their metallic state. Hypophosphite 

baths are the most common types of commercially used EN baths. 

    The mechanism of the electroless Ni-P deposition reactions taking place in 

the hypophosphite bath is not well understood, but it has been postulated that 

it occurs in microcells of alternating anodic/cathodic polarity on the surface 

of the substrate. The chemical reactions that occur when using sodium 

hypophosphite as the reducing agent in electroless nickel plating are as 

follows [72]: 

3NaH2 PO3 + 3H2 O+NiSO4  ↔ 3NaH2 PO3 +H2 SO4 + 2H2 +N i   . ....…. .2.2   

H2 PO2
-
 + H2 O ↔ H

+
 + HPO3

-2
 + 2H ................................ ………………..2.3 

2H PO2
−
 + Ni 

++
 + 2H2 O ↔ 2H2 PO3

−
 + H + 2H 

+
 + Ni......……….. ….......2.4 

Ni
2+

 + 2H ↔ Ni+ 2H
+
  ………………………………………………...........2.5 

H2 PO2
-
 + H ↔ P + OH

-
 + H2 O ……………………..……………… ……. 2.6 

    Reactions (2.4) to (2.6) are responsible for the formation of the Ni-P alloy 

coating. Also the reactions of electroless plating by Ni-Cu-P are presented:  

…...............2.7 

…..............2.8 

These reactions resulted in reduction of Zn, Ni, and P on the metal surface as 

follows :Ni
+2

+H2PO2 + 2H2O → Ni + H2PO3 
−
 +2H

+
……….……………... 2.9 

 2H2PO2 → H2PO3 
−
 + P +OH

-
 + ½ H2……………….………………2.10       

Zn
+2

 +2e → Zn.……………………………………………………..2.11 

       Thus in the EN plating process, the driving force for the reduction of 

nickel metal ions and their deposition is supplied by a chemical reducing agent 

in solution. This driving potential is essentially constant at all points of the 

surface of the component, provided the agitation is sufficient to ensure a 

uniform concentration of metal ions and reducing agents [72]. 
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2.7.1 Phase Diagram of Nickel-Phosphor Alloys 

    The phase diagram for nickel-phosphorus alloys was originally developed 

by Konstantinov in 1908, many years before electroless nickel was 

discovered. It was modified by Hansen in 1943 and by Koeneman and 

Metcalfe in 1958[73]. 

      Phase or constitution diagrams are representations of the structures present 

in equilibrium in an alloy at different compositions and temperatures. They are 

used by metallurgists as road maps for alloy design, heat treatment, 

performance prediction, failure analysis, and the like. Most are binary, 

consisting of mixtures of only two elements. Phase diagrams are normally 

developed by combining pure elements, melting the mixture at high 

temperature to homogenize it, then slowly cooling the alloy to room 

temperature. The formation of phases is then normally detected by thermal 

analysis, by X-ray diffraction, or by microscopic observation [73]. 

      At  temperatures below the melting point, the conventional diagram shows 

only two phases for alloys containing less than 15 percent phosphorus. There 

is a very small solid solution region called alpha (α), and the nickel phosphide, 

Ni3P. The alpha phase consists of less than 0.17 percent phosphorus dissolved 

in nickel. Ni3P is an intermetallic compound containing 15 percent 

phosphorus. The region between these two phases consists of a mixture of α   

and Ni3P. This diagram has frequently been used to try to explain the structure 

of electroless nickel coatings. Different authors have theorized that Ni3P and 

other phosphides were present in the as-deposited coating, and that the deposit 

consisted of a mixture of these intermetallic compounds with a nickel. Figure 

(2.6) illustrates the phase diagram of nickel –phosphor alloy [73]. 
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Figure (2.6): Phase Diagram of Nickel - Phosphor Alloys [73] 

2.7.2 Effective Parameters 

     There are numerous parameters affecting the EN process. The following   

function, describes the deposition rate as a function of effective parameters of 

the EN method [72,74]: 

D =   (T, pH, CNi
2+

  , Red, CRed ,n1 )  .... …….……………………………..2.12                             

  Where: D= Deposition rate 

 T= Temperature 

pH= solution pH 

CNi
2+ 

= Concentration of nickel in the solution 

Red= Type of the reducing agent  

 CRed = Concentration of reducing agent 

n1 = Agitation factor 
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2.7.2.1 Effect of Temperature 

       Temperature is the most important parameter affecting the EN deposition 

rate. Most of the reactions involved in the deposition process are endothermic. 

As a result, by increasing the temperature the deposition rate increases. The 

increasing in temperature of solution bath increased the chemical reaction due 

to increase of motion of ions, molecules and electrons.   

     Figure (2.7) illustrates the effect of temperature on the deposition rate .As 

the Figure shows, the deposition rate increases with increasing bath 

temperature. Most of the acidic baths are operated at 80-90°C while the 

alkaline baths can be operated at lower temperatures (as low as 40°C). This is 

why alkaline baths are used for coating plastic substrates [72,74].  

 

Figure (2.7): Effect of Temperature on the Deposition Rate [72]. 
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2.7.2.2. Effect of pH      

        Many of the reactions involved in the EN process are sensitive to changes 

in the pH of the solution. By increasing the pH the nickel-reduction reaction is 

accelerated. On the contrary, by increasing the pH of the solution, the 

phosphorus reduction is retarded. This is due to the production of hydroxide 

ions as a result of the phosphorus reduction reaction. Therefore, increasing the 

pH of the solution decreases the phosphorus content of the coating. Also, since 

the nickel reduction reaction predominantly controls the deposition rate, 

increasing the pH of the solution increases the deposition rate. Figure (2.8) 

illustrates the effect of pH of the solution on both deposition rate and 

phosphorus content [74]. 

 

Figure (2.8): Effect of pH on Deposition Rate and Phosphorus Content [72]. 

 



Chapter Two Theoretical Part & Literature Review 

              

34  

2.7.2.3 Effect of Bath Composition 

     The Ni concentration as well as the Ni
++

/H2PO2  ratio are two important 

parameters affecting deposition rate. If the Ni
++

/H2PO2  ratio is too low, the 

lack of Ni ions in the solution causes a brownish coating on the specimen. 

Also, the lower the value of the Ni
++

/H2PO2  ratio, the higher is the 

concentration of the hypophosphite ions and the danger of solution 

decomposition increases [72,74]. 

  On the other hand, if the Ni
++

/H2PO2  ratio is too high, the phosphorus 

content of the deposition decreases [72,74]. 

2.7.2.4 Effect of Agitation Factor 

     Good dispersion and uniform coating of the particles in the solution of 

bath of the coating required suitable solution agitation. To achieve an effective 

bath agitation different ways are used such as vibration of the ultrasonic and 

dynamic agitation. Also to that, used of surfactants in combination by 

agitation of the bath to maintain particles of powder in suspension [75]. 

2.8 Applications With Matrix of Nickel-Phosphor Coating  

     There are many applications for nickel-phosphor coating as a result of its 

high resistance to corrosion, wear, erosion and carry to high temperatures. 

These applications include chemical, medical, industrial and food. Most  

applications  of electroless and electrodeposition  nickel- phosphorus matrix 

used to protect the metallurgical materials, none metal material from wear, 

erosion. Not only these plating were used to enhance surface properties but 

also may be used to improve magnetic and  some of mechanical properties 

[72,76]. 

Table (2.3) shows a lot of applications of EN and Figure (2.9) depicted  some 

of applications of Nickel –Phosphorus. 
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 Table (2.3): Applications of  Ni-P Matrix Coatings [72]. 

Application  Components Thickness 

(μm) 

Automotive Heat sinks, carburetor components, fuel 

injection, ball studs, disk brake pistons 

,transmission thrust washers, pins, 

exhaust manifolds pipes, and gear  

2-38 

Air craft/  

aerospace 

Compressor blades, hot zone hardware, 

pistons heads, engine main shafts and 

propellers, seal snaps, oil nozzle 

components.  

10-50 

Chemical  

& petroleum 

 

Pressure vessels, reactors,  pumps and 

impellers, heat exchangers, turbine 

blades, compressor blades and impellers, 

spray nozzle 

25-125 

Electronic Head sinks, computer drive mechanisms, 

chassis memory drums and discs, diode 

and transistor  

2-25 

Material  

&handling 

Hydraulic cylinders and shafts, 

extruders, link drive belts, gears and 

clutches 

12-75 

Medical  

 

Disposable surgical instruments and 

equipment, pill sorters and feed screws 

12-25 
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Figure (2.9): Electroless Ni-P-Plated Components (a) Machine Components, (b) Fittings 

with Nut and Bolt, (c) Special Screws and Pins and (d) Computer Hard Disk. [73]. 

2.9. Heavy Fuel  

         Oil and natural gas were formed hundred years ago from the prehistoric 

plant and animals. It is believed that hydrocarbon formed by the thermal 

maturation of organic matter buried deep in earth. Over the millions of years 

under extreme pressure and high temperature these organic matter converted 

to hydrocarbons consisting of oil and gas. Hydrocarbons are present in the 

variety of forms: koregen, asphalt, crude oil, natural gas, condensates, and 

coal in solid form. Petroleum or crude oil is a complex mixture of 
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hydrocarbons and other chemicals [77]. 

 The composition varies widely depending on where and how the petroleum 

was formed. In fact, chemical analysis can be used to fingerprint the source of 

petroleum [77].  

    Heavy fuel oil is a residual fuel incurred during the distillation of crude oil. 

The quality of the residual fuel depends on the quality of the crude oil used in 

the refinery. To achieve various specifications and quality levels, these 

residual fuels are blended with lighter fuels such as marine gasoil or marine 

diesel oil. [78]. 

2.10. Stainless Steel     

       Stainless steel which alloy with good properties such as high corrosion 

resistance, oxidation resistance and possess excellent mechanical properties 

such as high tensile strength and high durability. They exhibit a combination 

of mechanical strength and resistance to surface degradation. Stainless steels 

have been used in aircraft,cars, industrial, gas turbines, nuclear reactors, 

aircraft skins, spacecraft structures, petrochemical production, orthopedic and 

environmental protection applications [79].  

      Historically, stainless steels have been classified by microstructure and are 

described as austenitic, martensitic, ferritic, or duplex (austenitic plus ferritic). 

In addition, a fifth family, the precipitation-hardenable (PH) stainless steels, is 

based on the type of heat treatment used rather than the microstructure[80]. 

 2.10.1. Austenitic Stainless Steels   

       Constitute the largest stainless steel family in terms of alloys and usage. 

They include these grades: 

 • Iron-chromium-nickel grades corresponding to both standard AISI 300-

series alloys and modified versions of these alloys. Such alloys, which are 

https://www.oiltanking.com/en/news-info/glossary/details/term/crude-oil.html
https://www.oiltanking.com/en/news-info/glossary/details/term/marine-gasoil-mgo.html
https://www.oiltanking.com/en/news-info/glossary/details/term/marine-diesel-oil-mdo-intermediate-fuel-oil-ifo.html
https://www.oiltanking.com/en/news-info/glossary/details/term/marine-diesel-oil-mdo-intermediate-fuel-oil-ifo.html
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based on type 304 (18-8) stainless steel, generally contain 16 to 26% Cr, 10 to 

22% Ni, and small amounts of other alloying elements such as molybdenum, 

titanium, niobium, and nitrogen. 

 • Iron-chromium-manganese-nickel grades corresponding to both standard 

AISI 200-series alloys and modified versions of these alloys. In these alloys, 

manganese (5 to 18%) replaces some of the nickel. Nitrogen alloying is also 

common with these alloys. 

 • Highly alloyed iron-nickel-chromium stainless steels for more severe 

corrosive environments. Nickel contents in these alloys can be as high as 35%. 

Molybdenum and copper additions are also common.  

• Superaustenitic grades containing 6% Mo as well as liberal amounts of 

chromium, nickel, and nitrogen for improved corrosion resistance[80]. 

2.10.2. Ferritic Stainless Steels   

    Ferritic stainless steels  are non hardenable iron-chromium alloys. They 

include the following: 

• Standard 400-series alloys as well as modified versions of these alloys 

containing 11 to 27% Cr, 0.08 to 20% C, and small amounts of ferrite 

stabilizers, such as aluminum, niobium, and titanium.  

• More recently developed low-interstitial content (low carbon/nitrogen) 

grades containing higher chromium (up to 30%), molybdenum (up to 4%), and 

nickel (up to 2%). Such grades, which exhibit excellent resistance to stress-

corrosion cracking (SCC), are referred to as super ferritics[80]. 

2.10.3. Martensitic Stainless Steels   

    Martensitic stainless steels  are similar in composition to the ferritic group 

but contain higher carbon and lower chromium to permit hardening by heat 

treatment. They include the following:  
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• Standard 400-series containing 11 to 18.0% Cr, up to 1.20% C, and small 

amounts of manganese and nickel.  

• Nonstandard grades, including free-machining grades, heat-resistant grades, 

and grades for gears and bearings[80]. 

2.10.4. Duplex Stainless Steels   

       Duplex stainless steels are supplied with a microstructure of 

approximately equal amounts of austenite and ferrite. These alloys contain 

roughly 22 to 25% Cr, 5 to 7% Ni, up to 4% Mo, as well as additions of 

copper and nitrogen. Some of the more highly alloyed, corrosion-resistant 

grades are referred to as super-duplex stainless steels. Duplex stainless steels 

are not covered by the standard AISI 200, 300, or 400 groups. 

   While most have UNS numbers, some are also referred to by their chromium 

and nickel contents. For example, alloy 2205 contains 22% Cr and 5% 

Ni[80,81]. 

2.10.5. Precipitation-Hardenable Stainless Steels   

      Precipitation-hardenable stainless steels are chromium-nickel alloys 

containing alloy elements such as aluminum, copper, or titanium, which allow 

them to be hardened by a solution and aging heat treatment. They are further 

classified into subgroups as martensitic, semi-austenitic, and austenitic PH 

stainless steels[80]. 

 They are used in the oil and gas, nuclear and aerospace industries where a 

combination of high strength, corrosion resistance and a generally low but 

acceptable degree of toughness is required. Precipitation hardening is achieved 

by the addition of copper, molybdenum, aluminium and titanium either singly 

or in combination [80,81]. 

  Table (2.4) shows nominal compositions of austenitic stainless steel alloys. 
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Table (2.4): Nominal Compositions of Austenitic Stainless Steel Alloys [81]. 

2.11. Mechanical Properties of Austenitic  Stainless Steel Alloys 

     Austenitic stainless steels generally have a relatively low proof strength 

and are characterized by strong work hardening. The strength of the austenitic 

steels increases with increasing levels of carbon, nitrogen and, to a certain 

extent, also molybdenum. It should however be noted that carbon increases 

the risk of sensitization, which has a detrimental effect on corrosion 

resistance. Austenitic steels exhibit very high ductility; they have a high 

elongation to fracture and are very tough, also at low temperatures[81]. 

       Some  of ASS with a low total content of alloying elements; e.g. 4301, 

4310, 4318 and 4372 can be meta- stable and may form martensite either due 

to cooling below ambient temperature or through plastic deformation or a 

combination of both. This formation of martensite will cause a considerable 

increase in strength and will also influence the magnetic properties[81]. 

Composition % 

Designation C Cr Ni Mo Fe Others 

316 0.04 17.2 10.1 2.1 Bal.  

316L 0.02 17.2 10.1 2.1 Bal.  

304 0.04 18.1 8.1 - Bal.  

304L 0.02 18.1 8.1 - Bal  

321 0.04 17.3 9.1 - Bal. Ti 

347 0.05 17.5 9.5 - Bal. Nb 

303 0.05 17.3 8.2 - Bal. S 

305 0.04 17.7 12.5 - Bal.  

301 0.01 17 7 - Bal.  

201 0.05 17 4 - Bal. 7Mn 
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   The mechanical properties of stainless steels are strongly affected by the 

degree of cold work. In particular the work hardening of the austenitic steels 

causes considerable changes in properties after, e.g. cold forming operations. 

The general effect of cold work is an increased proof and ultimate tensile 

strength and at the same time a decrease in the elongation to fracture[81]. 

 Table (2.5) displays some of mechanical and physical properties of austenitic 

stainless steel 316L which is chosen the base metal in this study. 

Table (2.5): Physical and Mechanical Properties of Austenitic  Stainless  Steel[81]. 

Physical Properties 

Density 7.9-8.1 g/cm
3

 

Electrical Resistivity 0.8 µΩm 

Mean Coefficient of Thermal 

Expansion 

17-18)*10
-6

 /
o
C 

 
) 

Thermal Conductivity 15 W/m
o
C 

Melting Range 1450-1530 
o
C 

Mechanical Properties 

Tensile Strength 560-580 MPa 

Vickers Hardness 300-330 HV  

Ultimate Tensile Strength  580-620 MPa 

Yield Strength 255-280 MPa 

Poisson’s Ratio 0.28-0.3 

Modulus of Elasticity 195-215GPa 

Fracture Toughness 110-130MPa m
0.5
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2.12. Review of Literatures  

      Firstly, several researchers had  been studied the failure analysis in 

stainless steel alloys at multiple places, especially in,oil and petrolium 

industral, the blades of gas turbines, steam turbines , heavy fuel 

turbine,seperators that work by heavy fuel.  

        Finally, some researchers were studied the reduction of the failure by 

electroless plating these alloys and others in other ways. In this work, the 

reduction of failure by electroless plating  with binary alloys ,ternary alloys 

and compsite coating are studied . 

2.12.1 Studies Related to Failure Analysis 

        In 2020, Xiaojia et.al[82] studied the failure analysis in 304 stainless 

steel (304 SS) tube used as a steam heater in a liquid sulfur recovery unit.The 

failure was investigated by using various characterizing techniques(XRF , 

XRD,SEM with EDX  and visual tests). The investigation revealed the outer 

wall of the heat exchanger underwent severe pitting corrosion, and the 

formation of cracks was initiated from the outer wall pits. The cracks were 

branched and propagated mainly in a transgranular mode. Pitting, 

intergranular corrosion and corrosion thinning due to the external medium led 

to the failure of the heat exchanger by SCC.  XRD and EDX analyses showed 

that the corrosive medium mainly contains sulfur compounds and some 

chloride ions. The resulted in this study suggest that the failure of the 304 SS 

tube occurred due to pitting, intergranular corrosion and SCC caused by 

sulfuric acid and chloride ions.  

           In 2021, Zhou   et.al [83] studied the failure analysis in four-way 

flange. The failures were analyzed by reading spectrometer, Rockwell 

hardness tester, optical microscope, scanning electron microscope, energy 
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dispersion spectrometer and numerical simulation method. The results show 

that the chemical composition, hardness and grain size of the four-way flange 

and connecting gate valve meet the standard requirements; By microstructural 

characterization and energy spectrum analysis, it is confirmed that a large 

number of corrosion products are attached to the inner wall of the four-way 

valve and gate valve. At the same time, a large numbers of eddy current are 

formed at the intersection of the four-way and the gate valve flows channel. 

Rockwell hardness test results for four gate(A,B,C and D) were225 HB-HLD 

219 HB-HLD 218 HB-HLD and 221 HB-HLD respectively. Also 

measurement results of connecting gate valve were  212 HB-HLD 218 HB-

HLD 214 HB-HLD 205 HB-HLD. 

       In 2021, Yan et.al [84] studied the causes of failure in the stainless-steel 

bend pipe is used to transport the media that contains H2S and NH3 in sewage 

stripping unit.The failure analysis is carried out by using traditional 

characterization techniques and computational fluid dynamics. Results 

demonstrate that the high risk area obtained from CFD simulation coincides 

with the practical breakage area. Not only the corrosive medium dissolving in 

sewage contributes to the failure of the elbow, but also the inserted 

thermocouple leads to the uneven distribution of flow velocity inside the pipe 

which aggravates the local erosion-corrosion of the elbow. The failure 

morphology of the elbow provides a series of information for failure analysis. 

Hardnes Vickers for six position were 1-228.1HV , 2-217.1HV, 3-211.9HV, 4 

226.2HV, 5-228.1HV and 6 - 226.9HV.  

      In 2022, Peng et.al [85] studied the causes of failure in the 316L stainless 

steel steam tube. Optical microscope, energy dispersive spectrometer,scanning 

electronic microscopy and numerical simulation were used to analysis the 

https://www.sciencedirect.com/topics/engineering/energy-dispersive-spectrometer
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failure reason of the failed bellows. Through the investigation of the operating 

environment, analysis of the chemical compositions of bellows material 

and corrosion products, micromorphology and metallographic test of 

specimens with cracks, the cracking mode can be described as the stress 

corrosion cracking of austenitic stainless steel. The simulation analysis results 

further proved that there exists high level tensile stress zone on the inner 

surface. Based on the analysis results, failure causes can be drawn: under the 

combine action of working stress and corrosion medium (caustic Na and 

chloride), stress cracks came into being at the inner wall of the bellows. 

        In 2022, Rivaz et.al   [86] studied the causes of failure in turbine blade 

made of 410 stainless steel was under operation for 72,000 h. As well, 

mechanical properties evaluation was performed using hardness testing. 

Results showed that the existence of foreign particles in the environment of 

the turbine has led to the initiation of damage in the blade through the erosion 

mechanism. Alternatively, such a damage was intensified by corrosion attack 

due to the presence of the fuel impurities. Such damages eventually led to the 

formation of fatigue cracks on the trailing edge of the blade. The latest 

phenomenon substantially reduced the fatigue strength of the blade.  

        In 2022, Wang  et.al   [87]  studied the failure analysis pump casing and 

wear ring of an S32760 duplex stainless steel fire pump assembled on an 

offshore platform. The failure mechanism of the cracked wear ring was 

analyzed, and results showed that the chemical composition of the wear ring 

corresponds to the standard S32760.  

   However, metallographic test results showed that the wear ring has many 

harmful σ-phases and inclusions in the matrix, which led to the decrease of 

corrosion resistance of the material and induced crevice corrosion at the bolt 
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joint and the wear ring. Besides, chloride, sulfide, sodium and potassium have 

been found at corrosion products and pump casing fragments through energy 

dispersive X-ray spectrometry. 

         In 2022, Mohapatra et.al [88] studied the causes of failure in the skirt 

plate used in the reduction shaft of Corex plant at areal gas distribution that 

failed after seven years of service. The analysis involved composition, 

hardness, mechanical properties, impact toughness, microstructure and phase 

analysis in the failed plate, and after solution annealing the plate for different 

lengths of time. It was found that the plate completely embrittled due to 

formation of massive Cr23C6 type carbides and σ-phase  (FeCr) for prolonged 

service at high temperature (~ 850
°
C), observed through microstructure and 

EDS analysis). The fracture surface showed intergranular brittle failure. After 

solution annealing treatment, the massive carbides and phases were mostly 

dissolved resulting in the restoration of the property. 

           In 2022, Gokhale et.al   [89] studied the causes of failure in the 

reheater tube made of stainless-steel SS 304 in power plant.  Optical and 

electron microscopy was used in the analysis in the vicinity of the attachment 

weld on the reheater tubes. Even though microstructural investigation showed 

no sign of sensitization, the presence of chloride (Cl), identified through SEM-

EDS scan, and localized strain, identified through EBSD scans near the failed 

region, confirmed stress corrosion cracking in the material. 

    The results obtained during the investigation have clearly brought out the 

cause of stress corrosion cracking in reheater tube. Further, it was observed 

that the weld bead size played an important role in inducing residual stress in 

the material and the bead size was modified to address the localized stresses at 

the weld; this helped in solving the problem. 



Chapter Two Theoretical Part & Literature Review 

              

46  

      In 2023, Wang et.al   [90] studied the failure of the circumferential weld 

(C-Weld) of the inner tank. The failure was analyzed by optical microscopy, 

scanning electron microscopy, energy dispersive spectrometer, and 

microhardness test.  

    Results show that the fracture of the C-Weld was induced by stress 

corrosion cracking (SCC). The corrosion and crack propagation resistance of 

the C-Weld are worsened by the presence of coarse grains in HAZ. The high 

axial stress component generated by the superposition of welding residual 

stress and working stress is the main driving force of crack expansion. The 

presence of the root gap of the C-Weld leads to stress concentration, which is 

more likely to cause scaling and accumulation of chloride ions, resulting in 

crevice corrosion.  

2.12.2. Studies Related to Electroless Plating of ( Ni-P) 

     In 2016, Smoljan et.al  [91] focused on comparison of testing methods of 

adhesivity of electroless nickel-phosphorous coatings and analyses of 

influence of heat treatment on adhesivity of electroless nickel-phosphorous on 

SS316L.The results show that adhesivity of electroless nickel-phosphorous 

coatings can be successfully characterized by Vickers hardness tester.Based on 

experimental results it was found out that heat treated nickel-phosphorous 

coatings have higher microhardness than non-heat treated electroless nickel-

phosphorous coatings. High microhardness of heat treated nickel-phosphorous 

coating is connected with formation of Ni3P phase.  

   Moreover, better adhesivity can be achieved by application of proper 

activation process before electroless coating. The obtained microhardness of 

the non-heat treated electroless Ni-P coating on austenitic stainless steel AISI 

316 substrate was 429±17 HV, while the hardness of the heat treated 
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electroless Ni-P coating was 853±26 HV. 

     In 2017,  JEKLA et.al [92] studied  the properties of electroless deposited 

nickel-phosphorous coatings on an austenitic stainless-steel 316L substrate. 

The main study was focused on the influence of heat treatment on the 

microhardness and microstructure analysis of electroless Ni-P coatings. A 

nickel-phosphorous coating was deposited without nickel-strike pre-coating 

treatment. An electroless Ni-P layer was deposited on a stainless-steel 

substrate. Sodium hypophosphite was used as the reducing agent. The 

microstructure and morphology of heat-treated electroless specimens were 

analyzed with optical and scanning electron microscopy. Adhesivity was 

estimated with a Vickers indenter.  

   Based on the experimental results, it can be concluded that heat-treated 

electroless nickel-phosphorous coatings have a higher microhardness than 

non-heat-treated electroless nickel-phosphorous coatings. An analysis of the 

Vickers indentation results showed that the proposed electroless process gives 

satisfactory results.     

 In 2018, Fayyad et.al  [93] studied the Coatings can be carried through 

various routes (e.g., mechanical and electrochemical plating techniques). 

Electroless nickel coatings present unparalleled properties and a unique 

combination of corrosion and wear resistance features. Recently, the use and 

development of electroless nickel-phosphorus (ENP) coatings has attracted 

broad attention from many industries (e.g., oil and gas) due to their superior 

corrosion and wear resistance properties. In the present review article, 

mechanisms of ENP and preparation methods are briefly outlined. The review 

sheds light on properties of electroless Ni-P coatings and of their 

nanocomposites with an emphasis on new products and on their future 
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development. 

      In 2018, Fayyad et.al  [94] studied the electroless plating of Ni-P on 

carbon steel specimens .The bath composition of electroless plating was nickel 

sulfate 15g/L,  sodium hypophosphite 30g/L, lactic acid 20g/Land citric acid 

20 g/L .Several tests were carried out in this study , micro-hardness, 

XRD,SEM, surface roughness, thickness of coating and Tafel analysis. The 

results showed that the micro-hardness increased from 160HV200 for substrate 

to 406 HV200 after plating. XRD analysis showed the presence of Ni3P on 

surface of coated specimens. In Tafel analysis the  corrosion current density in 

3.5%NaCl were 21.4,1.84µA/cm
2
  for substrate and coating specimens by Ni-

P respectively. 

       In 2019, Kazimierczak et.al [95] studied the electroless plating of  Ni-P 

on copper substrate. The study included certain effect parameters on 

deposition rate such as temperature and pH. Several examinations were 

carried out to know the phases that appeared and the morphology of surface 

coating. XRD was stated that alloy coating containing 5.5%wt phosphorus 

displayed completely crystalline microstructure and it showed that coating 

consist of Ni3P. SEM showed that the surface of specimens was bright and 

smooth. The results showed that surface morphology depends on the 

deposition rate of alloy. 

       In 2022, Rajabalizadeh et.al [96] investigated in  electroless Ni-P-MOF 

nanocomposite coating on AM60B magnesium alloy.The results show  that 

SEM images captured with two various zooming scales from the surface of the 

plain and MOF containing electroless layers showed cauliflower-like 

morphology with even distribution of nodule size. Also, the sub-grains of the 

plain coating disappeared after incorporation of the MOF. Although, both the 
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normal and nanostructure-containing electroless layers have crystalline-

amorphous structure, but the nanocomposite coating showed less crystallinity. 

The average surface roughness of the plain electroless coating was about 

309 nm, which decreased to about 222 nm after incorporation of the MOF. 

The XRD patterns showed that the characteristic peak of Ni broadened after 

incorporation of the MOF, probably due to the decreasing of the crystallinity. 

For the heat-treated normal and MOF containing coatings at 200 °C no phase 

transition takes place, but new peaks appeared for heat-treated coatings at 

400 °C due to the crystallization and second-phase precipitation. 

        In 2022, Fu et.al [97] worked on 16Mn steel plate as the base substrate 

for electroless plating by Ni-P/Ni-Mo-P duplex coating with Ni-P coating as 

the inner layer and Ni-Mo-P coating as the outer layer. The results show that 

the porosity of Ni-P/Ni-Mo-P duplex coating is only 1.2 spot/cm
2
 for the best 

corrosion resistance, and its surface density is better than that of the Ni-P 

single-layer coating and Ni-Mo-P single-layer coating. Compared with the 

substrate, the corrosion current density of Ni-P/Ni-Mo-P duplex coating is 

reduced by nearly two orders of magnitude, and the protection efficiency 

reaches 98.5%, which can play a better role in corrosion protection and 

significantly improve corrosion resistance of 16Mn steel in seawater.  

        In 2022, Kumar[98] investigated on electrolessplating by Ni-P with or 

without B4C particles on steel substrate .  It was seen that a remarkable 

increase in corrosion resistance and hardness value achieve because of 

presence of B4C nanoparticles in the electroless bath coating. Also wear 

resistance was improved. Basically the heat treatment at 400°C for 1 hour may 

responsible for enhancement of wear and hardness performance. The reason 

behind the improvement of corrosion resistance of substrate when 
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incorporation B4C particles was done , because of reduction of porosity of Ni-

P coating and its increasing coherence as well as the development of the 

surface with a high chemical resistance mechanism against corrosive 

environment. resulted in the improvement of the corrosion resistance of Ni–P–

B4C composite coatings 

        In 2022, Kumar et.al  [99] studied the electroless plating of  Ni-P matrix 

contains strapping ZnO nanoparticles as white globules. The 

electroless platings of thickness 6–10 μm were deposited on mild steel 

substrates (grade AISI1040). The as-deposited platings show mostly 

amorphous structures. On the other hand, heat treatment of platings (200 °C to 

600 °C in steps of 200 °C in argon atmosphere for 1 h duration) transform the 

structure from amorphous to crystalline state. The well-developed Ni-P/Ni-P-

ZnO deposits have also been tested for microhardness and wear resistance by 

microhardness and wear testers. The results of the micro-hardness and wear 

tests on well-developed Ni-P/Ni-P-ZnO platings showed that good insertion of 

ZnO nanoparticles into the Ni-P matrix and had a significant effect on 

microhardness and wear resistance. The phase changes of the Ni-P-ZnO 

nanocomposite plating at 400 °C further enhanced the microhardness as well 

as wear resistance. 

          In 2022, Fayyad et.al  [100] studied the electroless plating of  Ni-P 

matrix on carbon steel. Halloysite nanotubes  and their modifications with 

either NH2 (HNT-NH2) or NH2/Polypyrrole were electroless-deposited into 

the NiP matrix for the first time to form NiP/HNT, NiP/HNT-NH2 and 

NiP/HNT–NH2–PPy nano-composite coatings. The as-prepared 

nanocomposite coatings were heat-treated at 400 °C for 1 h. The 

transformation in microstructure, nano-indentation, Vicker's micro-
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hardness, surface morphology, and anti-corrosive properties of all 

prepared composite coatings were compared to the HNT-free (NiP) coating. 

Incorporating HNTs in the NiP coating made an appreciable enhancement in 

the hardness and corrosion resistance. Using the electrochemical impedance 

spectroscopy technique (EIS), the NiP/HNT-NH2 and NiP/HNT–NH2–PPy 

coatings showed more significant levels of enhancement in anticorrosion 

performance, offering about 16.5% and 25.4%, respectively, an increase in the 

inhibition efficiency of unmodified one (NiP/HNT), reached to 73 and 82%. 

     Moreover, the modified HNT coatings revealed slightly high levels of 

betterment in microhardness, about 9% and 5.4% for HNT modification with 

NH2 and NH2-PPy, respectively. In addition, the heat treatment extra 

improved the hardness and the corrosion resistance of all HNTs 

nanocomposite coatings compared to HNT-free coating. Furthermore, the 

heat-treated NiP/HNT has the highest protection efficiency reached to about 

95%, based on the polarization measurements.   

       In 2023, Li et.al [101]  studied the electroless plating of  Ni-P was 

deposited on a low carbon steel substrate.Heat treatment with a range from 

200 ◦C to 500 ◦C for 1 h. Anodic electrochemical behavior was investigated 

by potentiostatic methods in a 3.5 wt% NaCl solution. 

   The experimental results indicate that the diffusion, dissolution, and 

enrichment of the component elements in the Ni-P alloy are essential during 

crystallization because the various corrosion behaviors corresponding to Ni 

and P are directly affected. More importantly, under the 400 ◦C treatment, 

H2PO2  was enriched in the alloy, which effectively hinders the anodic 

dissolution of nickel and forms a complete adsorption layer on the surface of 

the alloy. 
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      The results demonstrate that P can effectively block the anodic dissolution 

of Ni during the corrosion process, and the crystallization process can 

effectively promote the surface enrichment of P to improve the corrosion 

resistance of the coating. The results show that P alone cannot form a 

passivation film at high polarization potentials.  

        In 2023, Khaira et.al [102] in this study the electroless Ni composite 

coatings are fabricated on low carbon steel (AISI1020) specimens. X-ray 

diffraction (XRD) confirms the crystalline nature of as deposited Ni–P alloy 

coating which transforms to a structure with short-range order in presence of 

hBN particles in the electroless bath. Ni–P-hBN (H0.5) composite coating 

fabricated in addition of DES in the electroless bath shows a significant 

difference in wear mechanism and reduction of friction coefficient from 0.4 to 

0.3 as compared to coating deposited from conventional electroless bath. 

     Microhardness evaluation of the coatings presents the dependence of 

hardness of the coating upon the content of phosphorus in the composite. The 

results shows the average thickness of the deposited layer being maintained at 

or near 40 μm. Scratch hardness and fracture toughness from scratch response 

confirm an increased scratch hardness value ranging from 7.50 to 8.51 GPa 

and fracture toughness value from 7.83 to 8.54 MPa-m
0.5

respectively with 

addition of DES compared to conventional electroless Ni–P-hBN composite 

coating from bath containing 0.5 gm/l of Hbn. 

2.12.3 Studies Related to Electroless Plating of (Ni-Cu-P)  

        In 2022, Davoodi et.al  [103] studied the effect of copper content in 

electroless plating of Ni-Cu-P on substrate L80 steel substrates. Heat treatment   

at 200 and 400 °C are conducated on as-plated specimens. The results of Tafel 

polarization and electrochemical impedance spectroscopy tests in 3.5% NaCl 
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solution indicated that for non-treated samples treatment, the corrosion 

resistance was improved by increasing the thickness of the coating due to the 

filling of the micropores. Furthermore, the corrosion resistance was highly 

increased for the sample treated at 400 °C for 1 h because of the increase in 

the Ni3.8Cu phase in the electroless Ni-Cum-P coating. In addition, it was 

observed that at thicknesses above 50 μm, the corrosion resistance of the 

samples treated at 400 °C was reduced due to the formation of microcracks. 

Nevertheless, the highest corrosion resistance was attributed to the electroless 

Ni-Cum-P coating with a thickness of 25 μm and the Ni–P coating with a 

thickness of 50 μm the resulted coatings were heat treated. 

       In 2022, Biswas et.al [104] investigated on electrolessplating by duplex 

Ni-P/Ni-Cu-P on mild steel substrates. Coatings are developed on substrates 

with Ni-Cu-P as the outer layer and Ni-P as the inner layer. The coated 

samples are heat treated at temperatures ranging between 200 to 800 °C during 

1 and 4 h. The results show that the duplex coatings can provide substantial 

protection to the mild steel substrates.  

     Heat treatment is also found to have a significant influence on the 

corrosion behavior of duplex coatings. The results of corrosion study show 

that the duplex coatings are able to provide significant protection to the mild 

steel substrates. Heat treatment results in an increase in the corrosion 

resistance of the coatings. Corrosion resistance is severely compromised for 

higher heat treatment conditions, viz. 800 °C This is due to the formation of 

microcracks and oxides at these conditions. Overall, it can be said that 400 °C 

and a time duration of 1 h is the optimal condition of heat treatment for the 

present duplex coatings.  

       In 2022, Biswas et.al [105] investigated on electrolessplating by duplex 
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Ni-P/Ni-Cu-P on mild steel substrates.  Heat treatment is carried out at 

temperatures between 200 and 800°C. Heat treatment is found to significantly 

affect the coatings. The hardness is increased by about 43 % after heat 

treatment whereas friction and wear rate are reduced by about 50 % and 40 % 

respectively.  

    Heat treatment at 400°C is found to be the best for tribological performance 

of the coatings. The microstructural tests show the formation of nickel 

phosphide which are responsible for improved hardness of the coatings after 

heat treatment. However, heat treatment at higher temperature lead to grain 

coarsening and oxide formation which affect the tribological performance of 

the coatings negatively. The coating with Ni-Cu-P as the outer layer shows 

better corrosion resistance ability due to the presence of copper which 

promotes the formation of passive layer. 

     In 2022, Biswas et.al [106]studied the duplex electroless Ni-P/Ni-Cu-P 

and Ni-P/Ni–W-P coatings on mild steel substrate. Heat treatment is carried 

out at a temperature range between 200 °C and 800 °C. The results show 

that surface morphology of the as-deposited coatings is nodular. Grain growth 

and grain boundaries are clearly visible in heat treated coatings. The EDX of 

Ni-P/Ni-Cu-P and Ni-P/Ni–W-P coating showed the phosphorus content as 

12% and 9% respectively indicating high-P deposits.  

     The copper and tungsten content of the coatings are 10% and 3% 

respectively.XRD analysis of both the as-deposited coatings indicate 

amorphous phase while heat-treated ones have crystalline phase structure. The 

crystalline structure increases the hardness of coating along with its wear 

resistance. The friction and wear behavior are assessed by a pin on disc 

tribometer. Overall, it can be seen that Ni-P/Ni–W-P system performs better 
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compared to Ni-P/Ni-Cu-P in terms of wear.  

      In 2022, Davoodi et.al  [107] studied the effect of copper content in 

electroless plating of Ni-Cu-P on substrate L80 steel substrates. The 

microstructure study by XRD showed that the Ni-Cu-P coating has an 

amorphous structure. The heat treatment at 400 °C transformed the structure 

from amorphous to crystalline and formed Niα, Ni3P, and Ni3.8Cu phases. The 

amount of copper nanoparticles in the coating 4.58 wt% was measured. The 

deposition rate of the Ni-Cu-P coating was 11 µm/h. Furthermore, the 

hardness of the coating increased from 738HV to 1300HV by performing heat 

treatment. 

     In 2022, Mukhopadhyay et.al  [108] investigated in electroless plating of 

ternary alloys Ni-Cu-P on rebars structure of Fe-600 grade steel. Investigation 

of electrochemical corrosion phenomenon (potentiodynamic polarization) was 

carried out in 3.5% NaCl to simulate saline coastal environment. Ni-P 

coatings with Cu and W inclusion were considered due to their proven 

corrosion resistance. The bath constituents such as nickel sulphate (Ni source), 

sodium hypophosphite (reducing agent and source of P) and the tungsten / 

copper concentration were varied to get various elemental composition 

following a sequential experimental design. The optimized coatings exhibited 

initiation of passivation which could prove to be beneficial for the health of 

the structure in the long-run. A noble corrosion potential and lower corrosion 

current density could be obtained in the coated rebars. The best results in Ni-

Cu-P coatings were the Ecorr and icorr equel to -350 mV and 0.4 μA/cm
2
 

respectively. This was significantly lower compared to the bare rebars (Ecorr = 

-653 mV and icorr = 11.7 μA/cm
2
. 

       In 2023, Bhattacharyya, [109] studied the electroless Ni-P-Cu coating 
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on mild steel (AISI-1040) for improving its hardness, corrosion and wear 

resistance properties. The experiments are carried out varying the Cu 

concentration at 0 g/l, 0.2 g/l, 0.4 g/l, 0.6 g/l, 0.8 g/l, 1 g/l and 1.2 g/l in the 

electroless solution bath. Both corrosion and tribological analysis proved the 

sample Ni-P-Cu-1 with a copper concentration 1 g/l to be the best-optimised 

concentration for the experiment. Moreover, Vickers’s microhardness of the 

coating with respect to mild steel specimen shows an increment of 40–70 %. 

The study can be readily scaled up by analysing the application on an 

industrial shell and tube heat exchangers; thus will be helpful for engineers 

and industrialists of the related field.  

          In 2023, Zhang et.al  [110] studied the electroless plating by Ni-Cu-P 

on L360 steel substrate and knowing the effect of Cu concentration on 

coating. The experimental results show that the introduction of Cu can inhibit 

the growth of cellular structures on the surface of the coating, increase the 

number of nucleation points, and improve the microstructure of the coating 

during the deposition of Ni–Cu–P films. In addition, copper enables 

the composite coating to have passivation and a uniform and dense coating 

structure, which is the main reason for the improvement of the corrosion 

protection performance of the composite coating. The protective effect of the 

coating can effectively improve the electrochemical resistance and erosion 

resistance of L360. The Ni–P/Ni–Cu–P bilayer composite film reduces 

the electrochemical corrosion rate of the substrate from 0.417mpy to 

0.025mpy, and the scouring weight loss rate of the film decreases to 0.05% of 

the substrate. 

2.12.4 .Studies Related to Electroless Plating of (Ni-Zn-P)  

         In 2020, Fayomi et.al[111] investigated in electrolessplating by ternary 
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alloys Ni-Zn-P on mild steel for advanced application. The coating was 

produced in an aqueous nickel electrolyte solution with zinc at a temperature 

of 90 
o
C and varying time conditions between 20 and 50 min. The corrosion 

characteristics of the coatings examined in 0.5 M H2SO4 and 3.5% NaCl were 

analyzed using linear potentiodynamic polarization technique.  

   The best results revealed that the microstructure  constituent deposited on 

the steel.Also the microstructure revealed that the constituent deposited on the 

steel. A more uniformly distributed crystallite with minimal pores was 

observed at 20 min of Ni–P–Zn coating, while the tiniest film was observed at 

50 min of the coating without crack. There was also a fully compact grain 

within the intermetallic matrix of the coating due to the synergetic effect of 

the electrolyte constituent with the strengthening phase of Zn7Ni4P2, Zn2Ni5P, 

and Zn3Ni. 

       In 2020, Kilanko et.al[112]studied the electroless depostion of Ni-Zn-P 

on mild steel substrate. Silicon nitrides and zirconium diboride as additives at 

a constant time was studied. The electrochemical corrosion analysis of the 

deposited mild steel with and without composite additives was analyzed using 

linear polarization resistance and open circuit potential in both H2SO4 and 

NaCl solution.  

    The results revealed that  the structural evolution shows proper 

homogeneous crystal formation and stable packed additive concentrated at the 

lattices with EDS showing the presence of induced peak. From the corrosion 

assessment result, electroless deposited mild steel with Ni–P–Zn–10ZrBr2 and 

Ni–P–Zn–10Si3N4 with optimum particle concentration shows better corrosion 

resistance performance with a corrosion rate of 0.5048 mm/year, and 

5.1347 mm/year, as against the unadditive deposition with 11.393 mm/year in 
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NaCl solution. 

       In 2021, Fu et.al[113] investigated in electrolessplating by multilayer 

ternary and binary alloys Ni-Zn-P/Ni-P on Q235 low-carbon steel substrate. 

The results show when compared the low-phosphorus Ni-P coating with the 

high-phosphorus Ni-P coating, the three-layer Ni-P/Ni-Zn-P composite 

coating has uniform cell size, and the cells are dense and smooth. 

    The thickness of the inner layer of low phosphorus Ni-P coating is about 

14.5 μm, the mass fraction of nickel is about 96.5%, and the mass fraction of 

phosphorus is 3.5%. The section thickness of the middle layer high 

phosphorus Ni-P coating is about 17.6 μm, the mass fraction of nickel is about 

90.2%, and the mass fraction of phosphorus is about 9.8%.  

     The total section thickness of Ni-P/Ni-Zn-P composite coating is about 40 

μm, the mass fraction of nickel is about 80.7%, the mass fraction of zinc and 

phosphorus are 7.6% and 11.7%, respectively. In Tafel polarization curve, the 

corrosion current density of Ni-P/Ni-Zn-P composite coating is the smallest, 

which is 3.815×10
–6

 A/cm
2
 and has better corrosion resistance. After 220 h 

corrosion in simulated seawater 5%NaCl solution, the inner layer and middle 

layer were corroded into pieces, with holes and pitting corrosion.  

      In 2022, Kao et.al  [114] investigated in electrolessplating by ternary 

alloys Ni-Zn-P on low-carbon steel substrate. The surface morphology, 

hardness, and corrosion characteristic of the Ni-Zn-P film coatings were 

measured. The results were that  the X-ray diffraction patterns for all Ni-Zn-P 

films at 2θ ~ 44.5° and ~65.2° respectively correspond to Ni (111) and FeNi 

(200). Also The results show that the coating parameters and process 

performance of the films are controllable and stable. 

      Furthermore, increasing the external magnetic field strength increases the 



Chapter Two Theoretical Part & Literature Review 

              

59  

film thickness and improves the mechanical properties, and enhances the 

intensity of the diffraction peaks suggesting an improvement in the crystalline 

quality of the Ni-Zn-P film. 

     In 2022, Abdalla et.al  [115] investigated in Ni-Zn-P electroless deposited 

on mild steel specimens substrate with dimension of 10×15×1.5 mm. The 

coatings were electroless formed at 85ºC for various deposition time (10, 30, 

60 and 90 min). The results revealed that the weight loss of bare steel sample 

after 24 and 168 h of immersion time was 3.25 and 16.93 g/m
2
 respectively, 

whilst it was 0.55 and 5.39 g/m
2
 for the coating deposited with 90 min of 

process time. 

     It was also noticed that, as the process time increased the corrosion 

performance of coated substrates was improved indicating a remarkable effect 

of process time in the coating deposition and corrosion resistance. These 

results clearly revealed that the Ni-Zn-P coating provided an excellent 

corrosion protection to the mild steel surface and the best corrosion resistance 

obtained with deposition time of 90 min. 

     In 2023, Li et.al  [116] studied the electroless plating by Ni–Zn–P onto a 

low carbon steel substrate (AISI 1005 steel). The substrates pretreated using 

the proposed roughening (15 % H2SO4, 20 min) and activation (10 % H2SO4, 

1 min) produce good Ni-Zn-P film deposition. 

    The results show that when the  annealing temperature reaches 400 °C, the 

Ni–P-Zn films contain crystalline Ni, Fe Ni and a precipitation Ni3P structures 

phase. Applied magnetic field improves the film growth rate, mechanical 

properties and corrosion resistance. The mechanical properties, resistance to 

corrosion and fatigue life of Ni-Zn-P ternary alloys are enhanced if a relatively 

long roughening time is used. 
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2.12.5. Studies Related to Electroless Plating of Compsite 

Coating (Ni-P-SiC) 

            In 2019, Dhakal et.al  [117] studied the electroless compsite coating 

by Ni-SiC-P onto Cu-plates of size( 20 mm  15 mm  2 mm)substrate. Heat 

treatment for coated specimens at 400 C for 1h are carried out. After the heat 

treatment, the matrix phase transformation was not altered due to the 

incorporation of SiC or TiC into the Ni-P coating; however, a slight increase 

in residual stress was identified from the XRD analysis. In addition, the 

content of carbon deposition was found to be higher in the matrix of Ni-P-SiC 

composite coating than that in the NiP-TiC coating. The agglomeration of SiC 

particles was higher than TiC particles in the coating matrix. Heat treatment 

improved wear and coefficient of friction in the Ni-P-SiC and Ni-P-TiC 

composite coatings. Compared to Ni-P-SiC coating, Ni-P-TiC coating 

revealed the enhanced tribological and scratch resistance performance after 

the heat treatment. 

     In 2020, Ram et.al  [118] investigated on electroless Ni-P-SiC/Ni-P-TiO2-

ZrO2 nano-composite platings have been deposited upon mild steel substrate 

(AISI 1040). A homogeneous and consistent allocation of SiC, TiO2 and 

ZrO2 nano-particles into EL Ni-P matrix is recognized in as plated and heated 

(400°C) coupons respectively through SEM and EDAX methods. The 

investigated coupons exhibited resistance against corrosion in order as: 

254SMO > SS2205 > Ni-P-TiO2-ZrO2 as-plated > Ni-P-TiO2-ZrO2 heat 

treated > Ni-P-SiC as-plated > Ni-P-SiC heat treated > SS316L. 

      In 2020, Fu et.al  [119] studied the electroless compsite coating by Ni-

SiC-P onto AZ31 alloy substrate. Various amounts of nano -SiC particles were 

used to enhance the hardness, corrosion and wear resistance of the coatings. 
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Polarization tests were carried out for investigating the corrosion resistance of 

the coatings. Pin on disk test s were used to study wear behavior of the 

coatings. The effect of heat treatment temperature s on the coatings structure, 

hardness and corrosion behavior were studied .The results were that hardness 

of the substrate decreased due to the growth of Mg grains at high 

temperatures.  

     As a result, the temperature of 300 ºC was chosen as the optimum 

temperature. Results also indicated that 1 g L 
- 1

 nano -SiC in plating bath 

provided a uniform composite Ni - P electroless coating with high hardness 

(795 HV) and corrosion resistance . Adding more nano -particles to the bath 

resulted in agglomeration of the particles and did not have positive effect on 

properties. The wear behavior of coatings were investigated using steel pin 

(AISI 52100) as the counterpart in pin -on -disk wear test. The optimum as -

plated composite coating (Ni -P/1SiC) produced the best wear resistance at a 

rate of 4 .2 × 10 
- 5

 mm 
3
 N 

1
 m 

- 1
 wear rate and the highest corrosion 

resistance belonged to Ni -P/1SiC after annealing at temperature 300 ºC . 

    In 2021,Parthiban et.al[120] investigated of addition SiC particles to 

electroless plating with matrix Ni-P on aluminium alloy LM6 substrate.The 

results refered to  thin composite coatings in the range of 25 to 32 µm was 

deposited on surface of sub substrate.The applied force and hold time in 

microhardness was 100g ,15s respectively. The hardnes was ranged 

between(500-680 HV) according the variation in pH.   

    In 2022, Chintada et.al  [121] studied the effect of surfacants of electroless 

nickel silicon (Ni–P–SiC) coatings on steel substrates. The presence of the 

three surfactants at a 0.6 g/L concentration significantly influences the 

characteristics of the coatings. The maximum number of SiC nanoparticles 
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was homogeneously distributed in the Ni alloy in the presence of a cationic 

surfactant. The coating developed from the cationic surfactant bath exhibited 

the highest microhardness, corrosion resistance, deposition rate, and smooth 

surface identified in the coating developed from the cationic surfactant bath. 

         In 2022, Uppada et.al  [122] studied the effect of surfacants of 

electroless nickel silicon (Ni–P–SiC) coatings on mild steel substrates. To 

improve the surface properties of mild steel, such as microhardness and 

resistance to corrosion, Al2O3 and SiC nanoparticle-reinforced multilayer Ni-P 

coatings were fabricated using an electroless surface coating technique. 

Scanning electron microscopy with energy-dispersive spectrometry and X-ray 

diffraction were used to examine the morphology, elemental composition, and 

coating structure. 

    The microhardness of the deposits was examined using a Vickers hardness 

tester. The corrosion protection ability of the coatings was analyzed by 

performing potentiodynamic polarization studies in a 3.5% NaCl solution. The 

experimental results showed that the samples coating with Ni-P-SiC as the 

external layer provided the highest microhardness. The Ni-P-Al2O3 outer 

layered duplex coating offers the maximum resistance to corrosion owing to 

the higher electrochemical resistivity of the Al2O3 particles. The thermal 

process performed at the optimized temperature of 400 °C enhanced the 

coating properties owing to crystallization. 

         In 2022, Kumar et.al [123] studied the effect of surfacants of 

electroless nickel silicon (Ni–P–SiC) coatings on SS 304 steel sample 

substrates. Taguchi L16 orthogonal array, ANOVA, and regression analysis 

have been used to obtain experiment layout, significant process parameters, 

and linear relationship between input and output variables, respectively, under 

https://www.sciencedirect.com/topics/materials-science/cationic-surfactant
https://www.sciencedirect.com/topics/materials-science/cationic-surfactant
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the experiment of design and validate with confirmatory test. Combination of 

operating parameters which minimize both coefficient of friction and wear is 

generated using multi-objective optimization. 

    Experiments are carried out according to L16 orthogonal array and the 

significant parameters among the chosen, which influence wear and 

coefficient of friction of Ni-P-SiC electroless coated SS 304 under dry 

conditions are determined. Relations between the output variable and input 

variable is established by linear regression equations of the friction coefficient 

between interacting components and wear under the dry condition in terms of 

load, speed, and temperature. 10 N, 100 rpm, and 90℃ are found to be an 

optimum set of operating parameters among selected levels which minimize 

both wear and coefficient of friction of sample. 

2.13. Summary 

      There are many studies on failure analysis and electrolessplating, but they 

may be non-existent or very little on an effective and important part in power 

stations, which is the separator. The previous studies were similar to this work 

had been divided into three parts. In the first part, studies of failure analysis in 

heavy fuel oil centrifugal  separator of different power plants was studied. 

Whereas the electroless plating is the second where the studies are discussed. 

These studies about electroless plating  were classified into three types which 

they suggested as a way to reduce the environmental failure. Table (2.6) 

showed the nearest studies that consists of most important data, operations 

condition and parameters were studied by several researchers. 
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         For  more explicating  in Table(2.6), six colors have been presented as 

follow: (1):full similarity in failure causes and prevention it by plating 

presented by the red color    , (2) :large similarity in failure causes and 

prevention it by plating presented by the green color    ,(3) :full similarity in 

media presented by the blue color      ,(4) : large similarity in media presented 

by the brown color    (5): full similarity in base metal presented by yellow 

color         and    (6)   large similarity in base metal presented by the pink color 

      .    

Table (2.6): The Nearest Previous Studies about Failure Analysis and Electroless plating 

Failure Analysis Studies 

No. Years Researchers Substrate Environment conditions Failure causes 

1 2020 Xiaojia Yang 304SS corrosive medium mainly 

contains sulfur compounds 

and some chloride ions. 

pitting, intergranular corrosion 

and SCC caused by sulfuric acid 

and chloride ions. 

2 2022 Yi Peng&TaoYang 316SS corrosion medium (caustic 

Na and chloride), 

SCC 

3 2022 Aditya Gokhale 304SS chloride (Cl) SCC 

Electroless Plating  (Nickel-Phosphorus) Studies 

No. Years Researchers Substrate Advantage of plating 

1 2016 Smoljan 316SS Increasing of corrosion resistance and hardness 

2 2017 JEKLA 316SS Improving wear  and corrosion resistance 

3 2023 Zhizhen Li Low carbon steel Increasing of corrosion resistance,erosion and hardness 

Electroless Plating(Nickel- Copper-Phosphorus) Studies 

No. Years Researchers Substrate Advantage of plating 

1 2022 Davoodi L80 steel Improving of corrosion resistance,erosion resistance 

and hardness, 

2 2022 Mukhopadhyay Fe 600-grade steel Corrosion resistance 

   Electroless Plating(Nickel- Zinc-Phosphorus) Studies  

No. Years Researchers Substrate Advantage of plating 
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1 2021 Fu.Chuanqi Q235 low-carbon 

steel 

Corrosion resistance 

2 2023 Li AISI 1005 steel   Corrosion resistance 

Electroless Plating(Nickel- Phosphorus-SiC) Studies 

No. Years Researchers Substrate Advantage of plating 

1 2020 Chintada Mild steel Wear,corrosion and erosion resistance 

2 2022 Uppada Mild steel Microhardness,corrosion resistance 

3 2022 Kumar 304SS Wear,corrosion,friction and erosion resistance 
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Chapter Three 

Experimental Work 

3.1 Introduction 
 

     The first part of this chapter describes the materials and devices used 

in the process of failure analysis in discs of  heavy fuel oil seperators. In 

this part several investigation tests are carried out: chemical 

composition analysis, optical microscope analysis, XRF, SEM, EDS, 

hardness measurement and fuel analysis.  

     The second part describes specimens preparation, electroless plating 

method and the bath composition (Ni-P), (Ni-Cu-P), (Ni-Zn-P)and(Ni-

SiC-P)nano-compsite coating   which are used in the electroless plating 

methods. 

     The third part also includes some important test such as adhesion 

force,  Tafel extrapolation,cyclic polarization, erosion-corrosion and 

stress crack corrosion(SCC) tests of coated and uncoated specimens. 

The examinations are carried out during the practical part after 

completion of the electroless plating include physical and mechanical 

tests such as XRD,SEM, EDS ,AFM as well as hardness test.  

     Finally the last part involves numerical modeling of stress residuial 

cracking by using ANSYS workbench(15.07).Not only anaylsis  stress 

corrosion cracking but also calcalution of centrifugal force and 

checking if the cracks will be propagate or not. 

3.2. Program of the Present Study  

Figure (3.1) shows the experimental program of the overall procedure 

employed in the current work.In this diagram there is a brief 

explanation for the most and more  important processes that are carried 

out during this study. 



Experimental Work 

 

Chapter Three 

 

67  

  

    

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

  

 

 

 

 

 

 
Figure (3.1): Flow Chart of the Present Work. 
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3.3. Failure Analysis of Seperator Disc  
      It is carried out by knowledgement visual inspection, fuel analysis, 

chemical composition of seperatator disc , corrosion product analysis, 

hardness measurement and microstructure of seperator disc material.  

3.3.1. Visual Inspection  
    Through visual inspection, the effects of failure, such as corrosion 

products, erosion effect are observed .Figure (3.2) illustrates the failure 

in seperataor disc.This failure gives clear pictures about the severe 

environment ,where the disc is subjected to it , so that the stress 

corrosion cracking and erosion-corrosion may be occured.  

 

Figure (3.2) : Failure in Separator(a):Discs in Bowel System(b):Damage Disc. 

 

3.3.2. Samples Preparation   

        Three types of specimens have been taken.The first type is shaft 

sample from stainless steel 316L have been cut into some circular 

specimens with (15 x10 mm) and with side hole (2mm) by wire cutting 

machine (ACRA-W-A430)which locates  in Ministry of Science and 

Technology that shown in Figure (3.3).The second type of specimen is 

small part from damage disc is taken to analyze  the failure.This 
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specimen with dimension 20x 20x1.5mm.The third type of specimens is 

cutting from four different thickness  SS316L sheets  to examine the 

stress corrosion cracking.All three specimens types are shown in 

Figure(3.4). 

 

  Figure(3.3):Wire Cutting Machine Model (ACRA-W-A430). 

       These specimens are flattened by using SiC grinding papers 

(100,120,150,180, 220, 320, 400, 600, 800, 1000, 1200, 1500, 2000, 

2500,grit size).Figure (3.4)displays sketch and perperation specimens.  

This last process is achieved in (the Lab of Metallurgical Engineering 

Department / College of Materials Engineering - University of Babylon 

) by using polishing machine model (MP-2B grinder- polisher) .  

 

           Figure (3.4): (a)and(b)Sketch and Perpetration Specimens for Electroless 

Plating(c) Specimens Image for Failure Analysis(d) Perpetration Specimens Image 

for SCC Test. 
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3.3.3. Heavy Fuel Analysis  

        The fuel used in Kufa power plant   is provided from three source: 

Diwaniya Refinery, Samawa Refinery, Najaf Refinery. The fuel is 

analyzed by ( SPECTROIL M,USA  Made)  Analyzer in Midland 

Refineries Company (Doraa Refineries) which shown in Figure(3.5) 

below:  

 

Figure(3.5):Spectroil Analyzer. 

3.3.4. Chemical Composition 

     Chemical composition of disc separator and shaft samples is carried 

out by SPECTRO model (SPECTROMAXx) at General Company for 

Inspectionand Engineering Rehabilitation-Baghdad. Figure(3.6)dislpays 

this instrument. 
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Figure(3.6): Spectro Analyzer. 

3.3.5 Corrosion Products Analysis 

      Corrosion products on the surface of disc seperataor are removed 

and milled to put at small cups. (XRF) examination is carried out by 

(Thermo Scientific Niton XRF Analyzer) to know the chemical 

composition of corrosion products and corrosion oxides. XRF 

instrument which shown in Figure(3.7) locates in University of 

Babylon- Science College .   

 

 Figure (3.7): Thermo Scientific Niton XRF Analyzer. 
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3.3.6. Hardness Measurement 

      Hardness testing for failure analysis is carried out on cross section 

disc separator specimens to evaluate the mechanical properties of disc 

separator failed in 18 points.This cross section area for damaged disc 

stack is taken from length (L) by thickness of  of disc ickers technique 

is carried out with load 300g and hold time for 15 seconds. The applied 

load on cross section of disc stack is largely different  from applied load 

of electroless plating specimens.The low thickness of electroless plating 

which reach to several microns is the effective factor in chossing the 

applied load. 

   After completion of electroless plating and heat treatment, hardness 

measurement is carried out by 30-50g load and 15s hold time. The 

hardness measurement is applied on several specimens with different 

parameters. These different parameters are four bath composition ,time 

of coating and heat treatment.  This test is achieved by machine type 

(HVS-1000) Tester which made in China. The Vickers hardness tester 

in (the Lab of Metallurgical Engineering Department / College of 

Materials Engineering - University of Babylon ).              

3.3.7.Optical Microscopic Examination  

        This test is carried out to display base metal microstructure. 

Specimens are prepared as mentioned earlier but polishing process is 

added to produce a scratch free surface. Finally etching process is 

applied on the specimens. Etchings are accomplished by submerged the 

specimen in    (10 g CrO3+100 ml water) electrolytic solution at 6volt  

for 30-65s according to ASTM- E407. This work is achieved by using 

optical microscope with magnification 80X type (BEL PHOTONICS) 

at the Lab of Metallurgical Engineering Department / College of 

Materials Engineering - University of Babylon. 
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3.4. Electroless Plating  

      This method has been used to reduce failure in separator disc and 

include high preparation of specimens, activation of the surface 

specimens, the types of bath used and coating process. 

 3.4.1 Specimens Preparation for Electroless Plating    

     After the processes of grinding and polishing that mentioned above 

the specimens need high preparation as follow: 

1- Cleaning by acetone in ultrasonic device for 30 minutes to remove 

finishing compound, dust and any contaminations according to ASTM-

B 254 – 92 (Reapproved 2004).The ultrasonic device locates in (the Lab 

of Metallurgical Engineering Department / College of Materials 

Engineering - University of Babylon ) which is shown in Figure (3.8). 

After that the specimen is raining by distilled water and then drying by 

electrical dryer. 

2-Alkaline cleaning solution (60g/L NaOH+38 g/L Sodium 

Phosphate+38g/L Sodium Carbonate) is used to remove last traces of 

grease,oil or any contaminations at 65-70
o
C   with 3volt  DC power 

supply. 

3-Special activation is carried on specimen's surface to break  the oxide 

thin metal film and to rise the adhesion force between the bare surface 

and the thin plating. This method is applied by unusual nickel strike in 

electro-chemical process contains [240g/L nickel chloride(NiCl2) 

+126ml/L hydraulic acid (HCl)] where the specimens connected to 

power supply as anode with voltage 3volt for 2-4 minutes at room 

temperature.  

     On the other hand  the cathode is  nickel pole.After this ,the polarity 



Experimental Work 

 

Chapter Three 

 

74  

is reverse for 5 minutes and then the specimens are raining by distilled 

water and drying by electrical dryer. 

 

Figure (3.8): Ultrasonic Cleaner. 

3.4.2 Bath Composition    

        In this work four bath composition of electroless nickel plating are 

used, (Ni-P), (Ni-Cu-P),( Ni-Zn-P)and(Ni-SiC-P) nano compsite 

coating. Table (3.1) refers to the base source of these four bath 

composition as well as indicate to the baths composition and its 

operating conditions of all fourth elecrtoless plating that used in this 

work.All chosen baths were according to concepts of the electoless 

plating  procedure through the controlling of the operations conditions 

such as pH,temperature and magntic stirring.Not only these concepts 

were taken into consideration but also some of important components 

bath such as metal ions,reducing agent,complexant,accelator,buffer and 

stabilizer. The right side of Table(3.2)in the  yellow color is presented 

the current baths study.On the other hand the left side which has blue 

color from Table(3.1)is presented the reference baths in this study. 
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Table (3.1): Operating Conditions and Bath Composition of Main Reference  Fourth 

Composition [70,110,115,124] As Well As The Baths of Current Study. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

  

 

 

 

Reference Baths Current Study Baths 

Ni-P Bath[70] Ni-P Bath 

Chemical Composition Concentration (g/L) Chemical Composition Concentration (g/L) 

Nickel Chloride  20-30 Nickel Chloride  25 

Sodium Hypophosphite  8-10 Sodium Hypophosphite  9 

Sodium Citrate 90-100 Sodium Citrate 95 

Operating Conditions Operating Conditions 

pH  8 -9 pH  8.5 

Temperature  85-90 °C Temperature  88 

Magnetic Stirring (rpm)  200 ± 20 Magnetic Stirring (rpm)  200 

Ni-Cu-P Bath[110] Ni-Cu-P Bath 

Chemical Composition Concentration (g/L) Chemical Composition Concentration (g/L) 

Nickel Sulphate 22-30 Nickel Sulphate 25 

Sodium Hypophosphite  15-20 Sodium Hypophosphite  18 

Sodium Citrate 12-15 Sodium Citrate 13 

Copper Sulphate 0.3-0.8 Copper Sulphate 0.7 

Operating Conditions Operating Conditions 

pH  8 -9 pH  8.5 

Temperature  85 °C±2 Temperature  87 

Magnetic Stirring (rpm)  250 ± 20 Magnetic Stirring (rpm)  260 

Ni-Zn-P Bath[115] Ni-Zn-P Bath 

Chemical Composition Concentration (g/L) Chemical Composition Concentration (g/L) 

Nickel Sulphate 20-26 Nickel Sulphate 25 

Sodium Hypophosphite  15-17.5 Sodium Hypophosphite  16 

Zinc  Chloride 3 Zinc  Chloride 3 

Ammonium   Chloride 22-25 Ammonium   Chloride 23 

Sodium Citrate 35-41 Sodium Citrate 35 

Operating Conditions Operating Conditions 

pH  8.5 pH  8 

Temperature  85°C±2 Temperature  86 

Magnetic Stirring (rpm)  300± 25 Magnetic Stirring (rpm) 310 

Ni-SiC-P Bath[124] Ni-SiC-P Bath 

Chemical Composition Concentration (g/L) Chemical Composition Concentration (g/L) 

Nickel Sulphate 20-25 Nickel Sulphate 23 

Sodium Hypophosphite   20-25 Sodium Hypophosphite 22 

Superfine SiC Particles 5-15 Superfine SiC Particles 7-9 

Lactic Acid (ml/L) 30-33 Lactic Acid (ml/L) 32 

Operating Conditions Operating Conditions 

pH  4-6 pH  5.5 

Temperature  90 °C±2 Temperature  89 

Magnetic Stirring (rpm)  350 ± 20 Magnetic Stirring (rpm)  320 
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3.4.3 Coating Operations 

     After finishing of grinding, cleaning, polishing, and activation 

surface processes the solution is prepared according to the 

concentration in Tables(3.1) for coating Ni-P , Ni-Cu-P, Ni-Zn-P and 

Ni-SiC-P nano-compsite coating  respectively. The specimen is hanged 

from the side hole inside the solution. The solution is homogenized by 

magnetic stirrer. The bath temperature is different from bath to other 

coating. pH of solution is controlled between 8-10, in Ni-P , Ni-Cu-P 

and Ni-Zn-P coating respectively but it range between4-6 in Ni-SiC-P 

nano-compsite coating. About 8-12 µm/h was the average deposition 

rate for composite coatings containing (30-50nm) SiC particles which 

are lied on the standard range of nano particles(90-100nm).  Drops of 

sodium hydroxide or hydrochloric acid are added to regulate solution 

pH during the operation of coating. Sodium hydroxide is added to 

increase pH but hydrochloric acid is added to decrease pH .The time of 

coating is chosen 1 and 2  hrs.. The process of coating is illustrated in 

Figure (3.9). After the completion of the process of coating, specimens 

are placed inside a vacuum oven, to dry for 30 minutes, at temperature 

50 ºC. Figure (3.10) shows several specimens before and after coating 

process. 

 

Figure (3.9): (a):Sketch of Electroless Plating Apparatus(b): Actual Electroless 

Plating. 
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Figure (3.10): Specimens: (a) Before Coating (b) After Coating. 

3.4.4 Heat Treatment 

     After the completion of coating process all the specimens are put in 

small cup in vacuum furnace (Electrical Tube Furnace Type MTI-

(GSL1600X)) at 400
o
C for one hour to Ni-P , Ni-Cu-P and Ni-Zn-P but 

at 600
o
C for hour to  Ni-SiC-P nano-compisite coating. This process is 

carried out in (the Lab of Metallurgical Engineering Department / 

College of Materials Engineering - University of Babylon ). Figure 

(3.11) shows the electrical tube furnace.  

 

Figure (3.11): Electrical Tube Furnace Type MTI-(GSL1600X). 
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3.5. Physical and Mechanical Examinations 

    Some of physical and mechanical examinations are carried out after 

completely electroless plating such as hardness test, SEM, EDS ,XRD 

and AFM. 

3.5.1. Thickness Measurements of Coating 

      A digital gage Type (TT260), is used to determine the thickness of  

coating for different coating specimens at two different time of coating. 

Figure (3.12) a view the digital gage which is  located at (the Lab of 

Metallurgical Engineering Department / College of Materials 

Engineering - University of Babylon ).The device accuracy ± 0.1 μm. In 

this way measurement is taken in three or four places to obtain averaged 

thickness but this device in some times gives  non accurate readings, so 

that, the optical microscope and SEM are used to know the thickness in 

most times.   

 

Figure :(3.12) Digital Coating Thickness-TT260. 

3.5.2. Adhesion Test 

     Coating adhesion to the  surfaces of coating specimense plays an 

important role in industral applications. To measure the adhesion 

strength between the coating and the alloy substrate, pull-off test was 
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conducted according to the ASTM-D4541 standard[125] as shown in 

Figure (3.13) located in the Metallurgical laboratory in the Laboratories 

of the Department of Metallurgical Engineering - University of 

Babylon. 

 

Figure (3.13): Pull-off  Device. 

3.5.3. X-Ray Diffraction to Electroless Plating Specimens 

      Coated circuler  specimens with (15mm diameter x10mm thickness) 

are prepared for XRD analysis. The analysis has been done in two 

different places.One of them is chosen for all as-plated specimens and 

the other for all heat treated specimens. The first place is the device in 

the Lab of Ceramic Engineering Department / College of Materials 

Engineering - University of Babylon ).  

    The second place where the heat treated coated specimens is  BuAli 

Institute in Mashad city-Iran.The operation conditions for analysis are 

(Target: Cu, wave length 1.54056 , current and voltage  are 15 mA and 

40 KV respectively, speed  of scanning 2 deg/min, scanning range of 

(30ᵒ-80ᵒ).The X-ray diffraction is used in order to know phases of the 

matrix and then compare it with the standard charts.  



Experimental Work 

 

Chapter Three 

 

80  

3.5.4.Scanning Electron Microscopy (SEM) and Energy  

Dispersive Spectroscopy (EDS) 

     Specimens are prepared to accommodate the catcher of SEM device.  

The analysis has been done in two different places one of them (BuAli 

Institute in Mashad city-Iran)and the other in Lab of Ceramic 

Engineering Department / College of Materials Engineering - 

University of Babylon) This test is used to determine the percentage of 

coating elements. On the other hand, it uses to know the morphology of 

coating surface.  

 3.5.5. Atomic Force Microscope (AFM) 

   Surface molecular analysis is possible with atomic force microscopes 

(AFM)model Aa 3000 Scanning Probe Microscope. Topography data is 

gathered as opposed to photographs. The size and other characteristics 

of produced nanoparticles are examined using AFM. The AFM is 

operating as shown in Figure (3.14). It located in University of 

Babylon-College of Education for Pure Sciences. 

 

 

Figure (3.14): Atomic Force Microscopes. 
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3.6. Corrosion Tests 

       The essential tests to be performed are electrochemical test, erosion 

corrosion and stress crack corrosion(SCC). 

 3.6.1. Electrochemical Tests 

       Three electrochemical tests have been conducted in this study to 

know the ability of bare and coated specimens on electrochemical 

corrosion resistance.These three electrochemical tests can be classified 

as: 

3.6.1.1. Open Circuit Potential Test (O.C.P) 

     Open-Circuit Potential (O.C.P) also known as equilibrium potential 

is the potential of an electrode measured with respect to a reference 

electrode in the absence of current (under open-circuit conditions). It is 

simply a valuable technique that determines that potential difference 

between the working (specimen) and a reference electrode. The O.C.P. 

(voltage versus time) is recorded at period time in the corrosion solution 

3.5%NaCl. The period of time from (0 up to 80 minutes) with time 

interval 5 minutes are potentially reported. The voltage are measured of 

open circuit potential (O.C.P) as a function of time till steady-state 

potentials. Figure (3.15) shows open circuit system.  

 
Figure (3.15): Open Circuit System. 



Experimental Work 

 

Chapter Three 

 

82  

3.6.1.2. Polarization Test 

       Specimens are used after insulation one face by polymer material 

and install conduction wire in the same insulation face .The polarization 

test is done by using a potentiostate instrument. This method is used to 

calculate current and potential of corrosion. Three electrodes and an 

electrochemical cell are the contents of the tester apparatus. The three 

electrode are working electrode (SS316L), auxiliary electrode (Pt. 

electrode) and saturated calomel electrode (SEC).Several cases for 

working electrode are bare metal, coating with Ni-P , Ni-Cu-P, Ni-Zn-P 

and Ni-SiC-P for(1and 2 hrs.). The process is carried out in 3.5%NaCl. 

This process is done by a computer program through which an account 

is calculated current (μA) and potential (mV) to determine density of 

corrosion current through the intersection tangents of the polarization 

two curves. This examination was carried out at the Lab in College of 

Materials Engineering - Department of Metallurgical -University of 

Babylon. The equation is applied for calculations corrosion rate during 

electrochemical reaction according to ASTM G102-89 is [126]: 

Corrosionrate (mpy)=( 0.13 I corr *E.W )/(A. ρ)    … ..………………..3.1 

Where:  

0.13 = metric and time conversion factor.  

I corr : Total corrosion current μA 

E.W= equivalent weight of bare metal (for SS316L =25.5 ) calculated. 

E.W= equivalent weight of coated metal (for Ni3P=17.25 and for 

Ni5P2=14.74, 14.465 for NiSi ,20.42 for Ni3Si and  for NiZn=31.022) 

calculated according to ASTM G102 . 

                     ρ: Density of  bare metal (for SS316L =7.98g/ cm
3
 )  

ρ : Density of  coated metal  (7.8g/ cm
3
 for Ni3P,7.71 g/ cm

3
for Ni5P2, 
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5.97g/cm
3
 for NiSi,7.85g/cm

3
 forNi3Si)calculated according to ASTM 

G102 where these phases (Ni3P, Ni5P2, NiSi,Ni3Si and NiZn) are the 

dominates phase  in coating layers 

A= exposed specimen area (cm
2
) 

 mpy = Corrosion rate (mils per year). 

3.6.1.3. Cyclic Potentiodynamic Polarization(CPDP) Test 

    The cyclic potentiodynamic polarization technique is a method for 

evaluating the susceptibility of a metal to localized corrosion such as 

pitting and crevice corrosion. It is widely used to determine resistance 

to localized corrosion or degradation rate in a short time.Thus this 

technique is applicable as a method for prediction of localized corrosion 

also beneficial for alloys that are passivized spontaneously and 

underwent localized corrosion.Also this way is similar to Tafel test in 

connection the specimens by electrochemical computerized system but 

different in calcaluted the pitting potential (Epit) and the protection 

potential (Eprot).Three different electrode can be found in this test.Work 

specimen,platinuim (Pt)electrode for electrical conduction and 

reference electrode(saturated calomel electrode) (SEC) for comparsion. 

3.6.2. Erosion-Corrosion Test 

         The erosion-corrosion device was manufactured locally agreeing 

to (G 73-10) ASTM[127]. Figure (3.16) a view the device of erosion-

corrosion. The erosion-corrosion device consists of a cylindrical plastic 

tank is used as a chamber. The tank has a dimensions of 30cm in 

diameter ,and 50 cm in height . The different media are delivered 

directly at high pressure and the vertical direction of the sample face 

through jet nozzle d=2 mm by a pump sucking the different media from 

plastic tank (chamber) with 1 horse power, single phase electric motor 
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made from teflon (chemical pump) while the distance between sample 

and nozzle= 10mm.The chemical pump is resistant to the slurry and 

chemical solution .  

     The pipe joints and valves connected to the chamber with chemical 

pump are made from PVC plastic.The impact angle between chemical 

solution and surface specimen is 90
0
 .There is one type of chemical 

solution is used in this work,which is heavy fuel oil.Several specimens 

are tested in this work, these specimens are bare, coated with  fourth 

different coatings at two different coating time (1, 2hrs.). The times of 

erosion test are (15, 30, 45, 60, 75, 90 ,105,120 and135 minutes) 

respectively. 

     The erosion rate can be determined in the equation below [71]: 

 The losses in weight=original weight-weight after test ……………3.2 

Erosion rate=the losses in weight/exposure time (g/min)…… …….3.3 

 

Figure (3.16): (a)Erosion-Corrosion Device(b) Jet Nozzle. 

3.6.3. Stress Corrosion Cracking  Test 

          This test involves the stressing of a specimen bent to a U shape. 

The applied strain is estimated from the bend conditions. The stressed 
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specimens are then exposed to the test environment and the time 

required for developing cracks is determined. This cracking time is used 

as an estimate of the stress corrosion resistance of the material in the 

test environment.  

    The U-bend specimen may be used for any metal alloy sufficiently 

ductile to be formed into the U-shape without mechanically cracking. 

The specimen is most easily made from strip or sheet but can be 

machined from plate, bar, castings, or weldments; wire specimens may 

be used also. Figure (3.17) shows sketch of U-bend samples .To know 

the stress crack corrosion, four samples were taken according to ASTM 

G-30-97(2015).Table(3.2) displays the dimensions of stress crack 

corrosion samples which exposure to the bending.  

 

 Figure (3.17): 3-D Sketch of SCC Samples(a)Before Bending (b) After Bending . 

Table(3.2) : Dimensions of Stress Crack Corrosion Specimens(U-Bend).  

 

 

 

Specimens L,mm M,mm W,mm T,mm D,mm X,mm Y,mm R,mm 

A 150 140 15 0.8 3 61 20 9 

B 130 100 15 3 6 45 32 13 

C 120 20 90 1.5 8 35 35 16 

D 102 38 19 3 9 40 16 5 
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       The test environment is heavy fuel oil and the time of test is 

480,960 and 1440hours respectively.The specimens are immersed in 

heavy fuel oil at each these period of time.This test is done according to 

G30-97-2015 standard[128].Figure(3.19)displays the specimens before 

and after  putting them in heavy fuel oil.  

       After completion this process, the specimens are cleaned in two 

stage: 

 (1): by light fuel to remove all oils,oxides,mud and another particles 

 (2) : by acetone in ultrasonic device which shown in Figure (3.8) for 20 

min. to remove  residual particles  

 

  Figure(3.17):SCC Test Specimens(a)Outside Environment(b)Inside Environment. 

       After finishing the process of cleaning ,SEM examination is carried 

out to  recognize the presence of  stress corrosion cracking which may 

be  ccurred. Coating specimens are also subjected to SEM examination.   
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3.7.Numerical Modeling of Stress Corrosion Cracking by 

Using ANSYS Workbench 15.07 Software 

    Finite Element Analysis (FEA), as it is known to in most sources.It is 

a numerical way of solving a boundary value issue in a mathematical 

procedure using a computing package to complete the work; this 

method provides us with an estimated solution. The finite element 

method has seen the most widespread application in solid and structural 

mechanics.The mechanical loads have been examined in this study. 

3.7.1.Geometry of Specimens 

         All   nodes, their positions,   and    element connectivity are limited 

by the  paragon geometry. The connection information allows the 

software to group the component stiffness matrix and the component 

equivalent force vector in order to arrive at the global equilibrium 

equation. There are two approaches to generate the model: manually 

creating a mesh and using solid meshing, then meshing the solid to get 

the node and element dispensing. It means drawing the part to be 

analyzed for thermal or mechanical stresses with the required 

dimensions. 

      If the geometry needs to be U-bend, the pattern of bend,the type of 

load,  the place of load have been selected.Figure(3.19) depicts 

geometry of U-bend specimen.The dimensions of each U-bend plate are 

different from specimens to other according to Table(3.2). 
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Figure(3.19):Geometry of Stress Corrosion Cracking Specimen. 

3.7.2.Element Type and Meshing 

       The software backage FEA uses meshing technology to divide the 

part into multiple elements and nodes, and the solution is completed by 

applying boundary conditions that simplify the equations.The element 

types depicted in the diagram below: 

 

Figure(3.20):Types of Elements Used in ANSYS[129]. 
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      The graphic above explains the types of elements chosen: the 10 

nods tetra for Autodesk Inventor Pro and the 20 node and 15 node for 

ANSYS.To simplify the task, commercial programs have been 

developed to do the task and reduce the time to finish, and these 

programs show very good progress in finishing tasks and representing 

the result and recommendation, such as Autodesk Inventor, ANSYS, 

ABAQUS, Nastran. In this study, the ANSYS15.07 will be used. 

      In solving problems, the ANSYS program relies on the method of 

the finite elements (FEM)in the solution, which is known as the 

mesh.The meshing method  divides the geometry diagram after drawing 

it into small areas, which means that form a network of elements from 

the solid or liquid body.This network connects points and straights, and 

in turn forms the mesh necessary for the program to move in the 

solution starts from the first point to the first line to the first element, 

and so on the program performs tens, hundreds, or even thousands of 

mathematical operations, checking each element to give more accurate 

solutions. 

      The accuracy of the solution varies depending on the accuracy of 

the mesh. Therefore, great care must be taken in choosing the mesh 

based on scientific concepts such as the specific shape and type of 

material.  

The ANSYS program suggests forming a mesh according to its vision 

of the body in the mesh window, and the mesh is usually correct in very 

simple shapes, unlike most complex things.Figure(3.21)shows mesh of 

specimen. 
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Figure(3.21):Meshing of U-Bend Specimen. 

 3.7.3.Boundary Counditions and Assumptions 

    In this study, 3-D FEM (Finite Element Method) analysis model is 

designed about SS316L U-bend plate, and performed stress corrosion 

cracking analysis. For stress analysis, stress corrosion cracking 

variation is expected regarding to mechanical properties depending on 

load and geometrical constraints, using geometrical variation obtained 

load analysis boundary conditions.All boundary conditions for all 

specimens are equal in all properties but in the applied load are 

different.Each types of four U-bend specimens have the same 

mechanical and thermal properties due to same material are 

used.Stainless steel 316 is the material is used for all these four 

specimens. 

     Every mechanical and thermal properties for stainless steel 316 

found in the library of all  new vergion ANSYS program.However the 
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assumptions depend on  some founditions such as  type of 

specimens(flat, bend,helical), the postion of  applied load and the side 

which is suggested to fixed.  

3.7.4. ANSYS and Theoretical Calculations of  Stress     

Corrosion Cracking (SCC ) 

In the following ANSYS Calculations have been presented as follows: 

3.7.4.1.Centrifugal Force of Disc Separator 

     Centrifugal force is the force that appears to be pushing outward 

when an object is rotated[130]. 

  
   

 
………….……….. ……………………………………3.4 

where: 

 F: is centrifugal force in(N), 

 V: is the velocity of the moving body in (m/s), 

 r :is the distance of the moving body from the center in (m) 

 and :m  is the mass of the moving body in (Kg).  

Figure (3.22)displays sketch of direction particles speed and centrifugal 

force. 

v = ω × r………. .…………  ……………………………………3.5 

where: ω is the angular velocity in (rad/s).  
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       Figure (3.22):Sketch of Direction Particles Speed and Centrifugal Force. 

     Separator has high velocity(N) ranging  between(6000-7100) 

r.p.m.The disc stack has truncated(frustrated) cone shape that shown in 

Figure (3.23.a).  

    Also the disc stack separator has lower(R) and upper (r)radii 

80,50mm respectively and total weight 115g. The vertical height of disc 

separator(truncated cone) equals to 25mm.The disc stack has nine semi-

circle with radius 5mm which are located at the lower surrounding 

diameter as shown in Figure (3.24.b).                                                                                                    
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Figure (3.23):(a)Sketch of Truncated Cone(b)Disc Separator. 

ω=
   

  
     …………………..……………………………….3.6 

=  
           

  
 = 680.33rad/s 

v = ω × r =680.33×0.08=54.4m/s 

Area of circle= πr
2
……………………..…………………………….3.7 

Area of semi- circle=
   

 
 

Area of nine semi-circle=
    

 
  

Area of truncated cone= π(R+r)√   (   )     
 

…………………..3.8 

Area of disc stack (truncated cone )=π(R+r)√   (   )     
 

_
    

 
  

=π(0.08+0.05) √       (         )     
 

 
        

 
 



Experimental Work 

 

Chapter Three 

 

94  

=0.000621m
2
   =62.1 ×10

-5
  m

2 

   
   

 
 
           

    

                                                                                                              

Cross section area of disc separator 

L×t=40mm×1.5mm= 0.04×0.0015  

=0.00006m
2 

6×10
-5

m
2 

 Ϭ=  
 

 
 ………………..………3.9 

Ϭ=  
         

       
 =6.85MPa  

The actual affected stress is Ϭ=  
         

      
  =70.9MPa 

According to ASTM G-30-97(2015) that is  mentioned   in this chapter in 

Table (3.2) and Figure (3.19), The stress corrosion cracking can be 

calculated from equation: 

                                      

  Where : Ϭ=theoretical stress corrosion cracking 

                                                                                                                                                  

E:moduls of elasticity for stainless steel 316L=210MPa 

     
 

  
                                

Where T:thickness of specimen in meters or millimeters 

R:radius curvature of U bend specimens in meters or millimeters 

 For specimen (A): 
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From Table(3.2): 

L=150mm,T=0.8mm,R=9mm 

  
 

  
   

   

   

                                                                                                        

                 

                                                                                  

Cross section area of specimen (A)=T×w=0.8×15 =0.0008×0.015= 

0.000012m
2
,so Ϭ=  

 

 
 =9.24×10

6
=

 

        
  FA=110.88N 

 For specimen (B): 

From Table(3.2):L=130mm,T=3mm,R=13mm 

  
 

  
 

 

    
                                                                                          

                

                                                                           

Cross section area of specimen (B)=T×w=3×15  

0.003×0.015 

=0.000045 m
2
 Ϭ=  

 

 
   =   24.15×10

6
=

 

        
         FB=1086.75N 

 For specimen (C): 

From Table(3.2):L=120mm,T=1.5mm,R=16mm 
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 0.04687 

      =                

                

Cross section area of specimen (C) 

=T×w=1.5×20  

0.0015×0.02=0.00003 m
2
 

Ϭ=  
 

 
   =   9.828 ×10

6
 =  

 

       
       FC=294.84N 

 For specimen (D): 

From Table(3.2):L=102mm,T=3mm,R=5mm 

  
 

  
  

 

   

                                                                                                             

       =              MPa 

Cross section area of specimen (D)=T×w 

=3×19 

 0.003×0.019 

=0.000057 m
2
  

Ϭ=  
 

 
   =   63 ×10

6
  

=  
 

        
     

      FD=3591N 
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3.7.4.2.  The Modeling and Method of Stress Procedure 

Analysis 

       The commercial code ANSYS 15.07 was used for stress analysis. 

Figure (3.24) shows 3-D FEM meshed model of sample (A) U-bend 

plate. The number of node sample(A)  is 1668, and the number of 

elements is 205. Total applied force was 110.88N,so the force in the 

end of each side of U-bend plate was 55.44N but these forces were in 

the opposite side. 

 

Figure(3.24): U-Bend  of Sample (A) (a): Meshed Model (b)Applying Force. 

    Figure(3.25) shows 3-D FEM meshed model of sample (B) U-bend 

plate. The number of node sample(B)  is 1628, and the number of 

elements is 200. Total applied force was 1086.75N,so the force in the 

end of each side of U-bend plate was 543.375N but these forces were in 

the opposite side. 
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 Figure(3.25): U-Bend of Sample (B) (a): Meshed Model (b)Applying Force. 

    Figure(3.26) shows 3-D FEM meshed model of sample (C) U-bend 

plate The number of node sample(C)  is 4304, and the number of 

elements is 553. Total applied force was 294.84N,so the force in the 

end of each side of U-bend plate was 147.42N but these forces were in 

the opposite side. 
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Figure(3.26): U-Bend of Sample (C) (a): Meshed Model (b)Applying Force. 

      Figure(3.27) shows 3-D FEM meshed model of sample (D) U-bend 

plate The number of node sample(D)  is 4304, and the number of 

elements is 553. Total applied force was 3591N,so the force in the end 

of each side of U-bend plate was 1795.5N but these forces were in the 

opposite side. 

 

Figure(3.27)-Bend of Sample (D) (a): Meshed Model (b)Applying Force. 
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Chapter Four  

Results & Discussion 
 

4.1. Introduction 
Firstly, the results of the failure analysis; visual test, fuel analysis, 

corrosion product analysis, and hardness measurement are discussed. 

Secondly this chapter deals with analyzing the force and stress, equivalent 

stress , strain, directional deformation and total deformation due to 

mechanical force are calculated by ANSYS workbench(15.07). Finally this 

chapter shows and discusses all results of mechanical, physical tests after 

electroless plating. Several various aspects are chosen in the discussion of 

results; time of coating, examination time in erosion-corrosion test ,time  

and force effect on stress crack corrosion test. 

4.2. Failure Analysis  

In the following failure analysis results have been presented as follows: 

4.2.1. Chemical Composition  of Disc Stack Separator  

     The result of quantitative examination of the disc separator material is 

found as in Table (4.1) 

It was similar to stainless steel 316. From the result of chemical 

composition, it is clear that the disc separator is manufactured from alloys 

has high corrosion resistance. The presence of Ni and Cr in high percentage 

in alloy of bowel disc has high corrosion resistance .

Material of Disc Separator 

Element % Element % Element % Element % 

C 0.0416 Ni 9.14 Al 0.0428 Mn 1.13 

Si 0.283 Cr 17.66 Cu 0.411 Fe Bal. 

Mo 1.9  
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4.2.2. Microstructural  of  Disc Separator  

                  Optical microscopy is used to evaluate the microstructural of disc stack . 

In this easy test, samples were taken from an undamaged disc to find out 

the microstructure and compare it with the microstructure of a damaged 

disc .From disc microstructure; grains of   (Austenite) and carbide particles 

shown to be precipitated in the matrix.  

                    Substances that have a tendency to strengthen austenite   are copper, 

manganese, and nickel are prominent elements in chemical composition 

analysis.(Cu)Copper Similar to (C)carbon, these elements change the 

critical points of iron by raising the A4 point and reducing the A3 point, 

expanding the range in which austenite is stable. Figure (4.1) displays the 

microstructure of damaged and undamaged discs.  

 

Figure (4.1): Microstructure of(a):  Undamaged Disc (80x) and(b): damaged Disc (80x). 

4.2.3. Crack Evaluation 

       The damaged of disc stack separator consists of many different cracks 

located at different regions and has different lengths. Figure (4.2) shows 

three different region which subjected to the stresses. The lower region III 

of damage bowel disc has more micro-crack, because it consists of high 
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concentration stresses in addition to the high tensile load from centrifugal 

force which coming from high rotational speed. Figure (4.3) shows in SEM 

image of failure disc separator, several cracks have been observed which 

propagate along grain boundary. In the cases the cracks propagate along the 

grain boundary, the fracture that obtained is called intergranular fracture. 

All cracks are considered as stress concentrations which raise the induced 

stresses and lead to fracture. 

 
Figure (4.2):Sketch of Damage Disc Separator Consists of Three Different Regions.  

 
      Figure (4.3):SEM Images Cracks Propagate in:(a): RegionII(b)RegionIII. 
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4.2.4. Evaluation of Corrosion Products Analysis 

        Samples for evaluation corrosion product analysis are taken from the 

surface of disc stack where the corrosion products deposited on the surface. 

The chemical composition of corrosion product is obtained by X-ray- 

fluorescence as illustrated in Table (4.2) that consists of many effective 

contaminants. Some of these contaminations  with high percentage in high 

speed rotational more than 6000 r.p.m may be considered the most causes 

to occur erosion –corrosion. Most of contaminations such as sodium, 

calcium, chlorine may be found combine with other elements.                                          

      Mostly compounds and oxides such as sodium chloride found in fuel or 

sodium carbonate or other compounds contain one of the halide radicals. 

Halides such as chlorine, iodine, and bromine are among the most 

important causes of stress corrosion cracking (SCC). 

Table (4.2):Analysis Elements of Corrosion Products. 

 

 

 

 

 

 

 

 

 

 

 

Elements Percentage%   ±ϭ Elements Percentage% ±ϭ 

Ca 8.1 0.05 Mo 0.02 0.00 

Sc 0.012 0.005 W 0.035 0.011 

Ti 0.03 0.033 Au 0.001 0.000 

V 3.1 0.02 Hg 0.000 0.002 

Cr 0.509 0.008 Pb 0.006 0.001 

Mn 0.013 0.008 Th 0.000 0.000 

Fe 0.697 0.011 U 0.001 0.000 

Co 0.017 0.005 S 9.00 0.17 

Ni 3.00 0.02 Ash residual  

Cu 0.01 0.004    

Zn 0.14 0.003    

As 0.002 0.000    

Na 0.501 0.001    

Rb 0.000 0.000    

Sr 0.04 0.001    

Zr 0.000 0.000    
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4.2.5. Evaluation of Heavy Fuel  

Samples for evaluation the used fuel in Kufa power plant are taken from 

three different sources; Najaf Refinery, Samawa Refinery and Diwanya 

Refinery. Table (4.3)shows the harmful elements in heavy crude oil which 

are provided from three refineries. From the results, the contaminations in 

fuel providing from Najaf refinery and Diwanya refinery are higher than 

the fuel which providing from Samawa refinery. The results of analysis and 

the information's of database are taken from the planning unit at the power 

plant refer to the life failure of disc stack depending on type of fuel used. 

When the power plant works on fuel supplied from Samawa refinery, the 

life of disc stack ranges between (5760-6480) hrs. On the other hand when 

the power plants works on fuel supplied from Diwanya  refinery ranges 

between (4320-5760) hrs. operating with fuel supplied from the Najaf 

refinery gives a short life ranging from(4320hrs to 3600hrs).Chart(4.4) 

displays the life of disc stack according to the used fuel. 

Table (4.3): Analysis of Heavy Fuel  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results of Samawa Refinery Results of Diwaniya Refinery 

Type wt. %& (ppm) Type wt. %& (ppm) 

C% 8.0 C% 10.2 

Asphaltaene% 2.82 Asphaltaene% 4.216 

Na(ppm) 32.93 Na(ppm) 44.4 

Zn(ppm) 0.13 Zn(ppm) 0.066 

S% 4.63 S% 5.18 

Al  &Si(ppm) 3.67 Al  &Si(ppm) 5.03 

Ca (ppm) 24.46 Ca (ppm) 10.09 

V(ppm) 70.27 V(ppm) 99.47 

Results of Najaf Refinery 

Type wt. %& (ppm) 

C% 10.2 

Asphaltaene% 3.864 

Na(ppm) 52.17 

Zn(ppm) 0.06 

S% 5.15 

Al  &Si(ppm) 4.55 

Ca (ppm) 4.76 

V(ppm) 104.91  
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Figure(4.4):Life of Disc Bowel According to Source of Heavy Fuel Used. 

 

4.2.6.Evaluation of Hardness Test 
The hardness was taken for a cross-section along 40 mm(length of all 

three regions) of the disc bowel to the upper, middle and lower three 

regions, as these regions are shown in Figure (4.2)above. Figure (4.5.a) 

below shows the hardness values for the three regions of the damage disc 

bowel. On the other hand ,Figures (4.5.b) and (4.5.c)  display the traces of 

diamond pyramid in the damage disc. The hardness values in the three 

regions showed a clear and remarkable gradient between the first and the 

third regions. The hardness in the first region ranged from 330HV to 

316HV, which is almost identical to the hardness of the undamaged base 

metal. In the second region, the hardness was slightly affected and almost 

did not differ much from the first region, and the hardness values ranged 

between 312HV to 265HV. Finally, the third region witnessed a clear 

decline in the hardness values, reaching approximately 220HV. This 

gradation and decline in hardness values is due to the influence of this 

region by erosion factors, as well as being an area of high stress 

concentration, in addition to the surrounding conditions. All these may help 

in formation of stress corrosion cracking and a decrease in hardness. 
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Figure (4.5): (a)Hardness of  Disc Bowel in Three Different Regions(b)and(c)Pyramid 

Diamond Traces of Hardness. 

4.2.7. XRD Analysis of Disc Bowel Material 

To examine the produced phases, the X-ray diffraction (XRD) was 

performed for the prepared alloy standard SS316L. In this alloy that was 

examined, the austenitic stainless steel peaks were obtained at (111), (200), 

and (220) with face center cubic structure, as shown in Figure (4.6). The 

diffraction patterns contain large peak at 43.6
o
 and relatively small peaks at 

51.2
o
 and74.3

o
. These peaks are close to the austenite phase's (200) and 
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(220) peaks in the substrate, but they are wider, indicating the existence of 

a different phase with smaller crystallite size. Due to their low weight 

percentage, the other phases, such as molybdenum-carbide, may not be 

visible during XRD analysis. 

 

Figure (4.6):XRD-Pattern for Disc Stack Material. 

4.3.Electroless Plating 

     After discussion failure analysis , the results of mechanical, physical, 

stress corrosion cracking, erosion corrosion, and microscopic properties of 

EN coatings are discussed. 

 4.3.1. Chemical Composition of Material Used 

     The material that used for electroless-plating by four different coatings 

in two different coating time approximately  similar to the material of failed 

disc separator. Table(4.4) displays the most important elements in this 

alloy.The material is identical to SS316L. 

Fe-C 



Chapter Four Results & Discussion 

 

108  

Table(4.4): Chemical Composition of Material Used,Disc Separator and Standard Material. 

   4.3.2. Coating Thickness  

     Several different range of coating thickness that are obtained; (10-70), 

(7-50)and(7-30) µm. This different depends on several parameters (time of 

coating, temperature of solution, type of bath, degree of agitations, the 

presence of another particle). In this study, two different time(60,120min.) 

are used. Figure (4.7) shows the thickness of coating by SEM image for 

cross section of coated specimens by(Ni-Zn-P).  

 

Figure (4.7):SEM Images of Coating Specimens by (Ni-Zn-P)at: (a): 1-hr. Time of 

Coating (b): 2-hrs time of Coating. 

Material Used 

Element % Element % Element % Element % 

C 0.0258 S 0.0005 Al 0.0428 P 0.0409 

Si 0.509 Cr 17.61 Cu 0.261 Fe Bal. 

Mn 1.04 Mo 2.35 Ni 11.55   

Disc Separator 

Element % Element % Element % Element % 

C 0.0416 Ni 9.14 Al 0.0428 Mn 1.13 

Standard Material[81] 

Element % Element % Element % Element % 

C 0.02 Cr 17.2 Ni   10.1 Mo 2.1 
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   Figure(4.7b) has a significant difference in some properties  such as 

magnitude  of thickness, good compaction, and apparent cohesion rather 

than Figure(4.7.a). Figure (4.8) shows the thickness of coating by SEM 

image for cross section of coated specimens by(Ni -P). In this figure, 

clusters or balls of nickel-phosphorous phases are clear, in addition to the 

increase in the size of the balls in Figure(4.8b) in comparison with 

Figure(4.8.a) as a result of the increase in the thickness of the coating 

through the change in time between 60 and 120 minutes. From the pictures 

of SEM, there are no visible cracks. 

 

Figure (4.8):SEM Images of Coating Specimens by (Ni -P)at (a): 1-hr. Time of 

Coating(Side Image) (b): 2-hrs. Time of Coating(Cross Section Image). 

    Figure (4.9) shows the thickness of coating by SEM image for cross 

section of coated specimens by(Ni-Cu-P). There is no significant difference 

in thickness or morphology between the (Ni-Cu-P) plate and (Ni-P). 

Perhaps the change will be in the surface properties between them as a 

result of the presence of copper. 
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Figure (4.9):SEM Images of Coating Specimens by (Ni-Cu -P)at: (a): 1-hr. Time of 

Coating (Side Image) (b): 2-hrs. Time of Coating(Cross Section Image). 

        Figure (4.10) shows the thickness of coating by SEM image for 

cross section of coated specimens by(Ni-SiC-P). There is significant 

difference in thickness of (Ni-SiC-P) plate from other three plating. The 

obvious difference in thickness is due to the presence of nanoparticles. 

These particles improve the surface properties of the samples, but they 

make the sedimentation process difficult and require high control. 

 
Figure (4.10):SEM Images of Coating Specimens by (Ni-SiC-P)at: (a): 1-hr. Time 

of(Side Image)  Coating (b): 2-hrs. Time of Coating(Side Image). 
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4.3.3. Coating Adhesion Strength 

     The adhesion strength of the coating layers for (Ni-P,Ni-Cu-P,Ni-Zn-P, 

and Ni-SiC-P) was tested before and after heat treatment for two 

parameters(1, 2-hrs.) time of coating by using the pull-off test (ASTM-

D4541) [125], as shown in Table (4.5). It is noticed that increasing in 

adhesion strength after heat treated  samples than as plated samples ,this 

explanition  is agreed with [131]. 

Table (4.5)Adhesion Strength of Four Electroless Plating. 

Type of 

Electroless 

Plating 

Adhesion Strength(MPa) 

As-Plated  (1-

hr.) 

Heat-Treated     

(1-hr.) 

As-Plated 

   (2-hrs.) 

Heat-Treated 

(2-hrs.) 

Ni-Zn-P 28.6 49.3 25.7 45.6 

Ni-P 31.6 56.6 27.8 50.11 

Ni-Cu-P 33.9 64.2 31.4 58.8 

Ni-SiC-P 39.2 71.5 35.3 63.4 

4.3.4. Heat Treatment Effect on Hardness 

     Hardness test is carried out after plating the specimens(as-plated and 

heat treated) to study the effect of heat treatment on the hardness electroless 

plating. SS316L circle specimens are coated by Ni-P as a matrix with 

thickness  ranged(7-70μm) for four types of electroless plating. Figure 

(4.11) shows the temperature effects of heat treatment  and coating time on 

electroless plating hardness measurement. Also this figure significantly 

displays the hardness of the heat treated specimens is much higher than the 

hardness of the specimens as-plated only. The sharp increasing in hardness 

is obtained from good distribution of fine crystallites of nickel and 

phosphorus in matrix after the heat treatment. The presence of SiC 
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nanoparticles which have a hardness of more than 2000 HV,  in Ni-P 

matrix, contributes to increasing the hardness of the nickel-phosphorus 

coating several times compared to the coating that does not contain it. The 

heat treatment forms intermetallic compounds like (NiSi,Ni3Si,Ni5P2,Ni3P, 

NiZn,Ni12P5 and NiP),all these intermetallic compound contributed by 

increasing  the hardness and improving surface properties. Finally through 

the curves in the Figure (4.11) show that there is an increase in hardness 

values of the (Ni-Cu-P),(Ni-Zn-P)and(Ni-SiC-P) electroless plating which 

containing a percentage of copper, zinc and SiC  compared with the other 

(Ni-P)alone, this increasing in hardness values of electroless plating  that 

due to the presence copper and zinc  content which  give more compactness 

and high smoothness to the coating layer as well as reduce porosity in 

coating layer.The aim from this process (heat treatment)  is given a high 

crystalline and uniform distribution , also to improve some of mechanical 

properties such as hardness and corrosion resistance. 

 
Figure (4.11): Hardness Variation with Coating Time for As Plated & Heat Treated 

Specimens 
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  Through the two Figures(4.12)and(4.13), the state of the distribution of 

the coating elements before and after the heat treatment for specimens with 

2-hrs. coating time can be seen, where Figure(4.12) shows the 

agglomerations of coating elements for (Ni-P)plating(As-Plated), while 

Figure(4.13) shows the correct diffusion and actual distribution after the 

heat treatment. 

 
Figure (4. 12): EDS Mapping Displays Distribution of Coating Layer Elements by Ni –

P(As Plated-2hrs.): (a)  Ni- Element(b): P-Element(c)Ni&P elements. 

 
Figure (4. 13): EDS Mapping Displays Distribution of Coating Layer Elements  by Ni –

P(After Heat-Treated-2hrs): (a)  Ni- Element(b): P-Element(c)Ni&P elements. 
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     Figure(4.14) displays the random distribution of coating layer(Ni-Cu-

P) (As-Plated),where Figure(4.14.a) shows the random agglomerations of 

Ni which the main coating elements. Figure(4.14.b) shows  the presence of 

copper which is another coating element in a matrix. Copper adds good 

surface properties to  the matrix of coating layer. Figure(4.14.c) shows the 

random distribution of phosphorus element in the matrix . 

     After heat treatment in high temperature(400
o
C) for 1-hour,all elements 

of coating layer tend to re-disribution them in matrix.This heat treated 

process give high improvement to the most surface properties. Hardness, 

corrosion resistance,erosin resistance and wear resistance can be increased 

due to formation the intermeatallic compound (NixPy).Figure(4.15) shows 

the re-distribution coating elements after heat treated. 

 

Figure (4. 14): EDS Mapping Displays Distribution of Coating Layer Elements by Ni-Cu-P(As-

Plated-2-hrs.): (a)  Ni- Element(b)Cu-Element(c)P-Element. 
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Figure (4. 15): EDS Mapping Displays Distribution of Coating Layer Elements by Ni-

Cu-P(Heat-Treated-2-hrs.): (a)  Ni- Element(b)Cu-Element(c)P-Element(d)All elements. 

      Figure(4.16) displays the random distribution of coating layer(Ni-Zn-P) 

(As-Plated),where Figure(4.16.a) shows the random agglomerations of Ni 

which the main coating elements. Figure(4.16.b) shows  the presence of 

zinc which is another coating element in a matrix. Zinc enhances surface 

properties of coating layer. Figure(4.16.c) shows the random distribution of 

phosphorus element in the matrix . 
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Figure (4. 16): EDS Mapping Displays Distribution of Coating Layer Elements by Ni-

Zn-P(As-Plated-2-hrs.): (a)  Ni- Element(b)Zn-Element(c)P-Element 

     All coating layer elements have a tendency to redistribute themselves in 

the matrix after being heated at a high temperature (400
o
C) for one 

hour.The majority of surface qualities are significantly improved by this 

heat treatment procedure. Due to the development of the intermetallic 

compound, hardness, corrosion resistance, erosion resistance, and wear 

resistance can all be increased. The elements with re-distribution coating 

following heat treatment are shown in Figure (4.17). 
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Figure (4. 17): EDS Mapping Displays Distribution of Coating Layer Elements  by Ni-

Zn-P(Heat-Treated-2-hrs.): (a)  Ni- Element(b)Zn-Element(c)P-Element(d)All Elements 

      Figure( 4.18) illustrates the random distribution of the coating layer (Ni-

SiC-P) (As-Plated), and Figure (4.18.a) depicts the random clusters of Ni, 

which make up the majority of the coating. Silicon another coating element, 

is depicted in Figure (4.18.b) as being present in a matrix. The coating layer's 

surface characteristics are improved by silicon. The random distribution of 

the element phosphorus in the matrix is depicted in Figure (4.26.c).While 

Figure(4.18.d)depicts the random distribution of carbon element in the 

matrix. 
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Figure (4. 18): EDS Mapping Displays Distribution of Coating Layer Elements by Ni-

SiC-P(As-Plated-2hrs.): (a)  Ni- Element(b)P-Element(c)Si-Element(d)C-Element. 

      After being heated at a high temperature (600
o
C) for one hour, all coating 

layer elements have a tendency to redistribute themselves in the matrix. This 

heat treatment procedure significantly improves the majority of surface 

qualities by increasing hardness, corrosion resistance, erosion resistance, and 

wear resistance by developing the intermetallic compound. The elements 

with re-distribution coating after heat treatment are shown in Figure(4.19). 
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Figure (4. 19): EDS Mapping Displays Distribution of Coating Layer Elements by Ni-

SiC-P(Heat-Treated-2hrs.): (a)  Ni- Element(b)P-Element(c)Si-Element(d)C-Element(e)All 

Elements 

4.3.5. Evaluation of (P,Cu,Zn,SiC) Content Effect 

          Incorporating mineral elements into electroless-plating techniques is 

of utmost importance in enhancing surface and mechanical properties. The 

most significant characteristics that are impacted by (P,Cu,Zn,SiC) content 
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change are hardness, wear resistance, and corrosion resistance.  Figure 

(4.20.a) shows the EDS chart of Ni-P in 1-hr.time coating. In this chart 

some important element appear in the surface of coating such as Ni, P. The 

percentage of phosphorus element results from coating at 1-hr. 

approximately equal to 3.12%,but this percentage increased to the twice at 

2-hrs. time of coating and reached to 6.87% as  in Figure(4.20.b).  

 

 
Figure (4.20): EDS Chart of  Coated Specimen by Ni-P at Coating Time:(a):1-hr.:(b):2-

hrs. 

     The EDS chart of Ni-Cu-P in a 1-hour time coating is displayed in 

Figure (4.21.a). This graph illustrates various significant elements that can 
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be found on coating surfaces, such as Ni, P and Cu. In Figure (4.21.a) the 

percentage of copper that results from coating at one hour is equivalent to 

2.55%; however, at 2-hrs., this proportion reaches to 3.92% as in 

Figure(4.21.b). The increase in the copper content was at the expense of the 

decrease in the phosphorous content. 

 
Figure (4.21): EDS Chart of  Coated Specimen by Ni-Cu-P at Coating Time:(a):1-

hr.:(b):2-hrs. 
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    Figure (4.22.a) shows the (Ni-Zn-P )EDS chart for a one-hour time 

coating. This graph shows different important substances that are present 

on coating surfaces, including Ni, P, and Zn. Figure (4.22.a) shows the 

percentage of zinc produced by coating after one hour, which is equal to 

15.77%; whereas, Figure (4.22.b) shows the percentage after two hours, 

which is equal to 18.77%.  

 

 
     Figure (4.22): EDS Chart of  Coated Specimen by Ni-Zn-P at Coating Time:(a):1-

hr.:(b):2-hrs. 
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     Phosphorus and nickel have their clear and well-known effect in 

electroless plating processes, but what concerns us in this section and this 

Figure(4.23) is knowing the proportions and presence of the elements 

silicon and carbon. 

   The Ni-SiC-P EDS chart for a 1-hour coating is shown in Figure (4.23.a). 

This diagram displays some significant elements that can be found on 

coating surface. There are approximately four important and influential 

elements in the surface properties. These elements are Ni, Si, P and C 

where they are found in varying proportions according to the type of 

coating solution used, as well as depending on the period time coating, in 

addition to other factors such as temperature and pH. 

     In Figure (4.23.a), the presence of phosphorus in 7.57%, nickel in 

80.63%, carbon in 11.24  %  and silicon in 0.57% have more affection on 

intermetallic compound.The presence of nano particles of silicon  in low or 

medium percentage gives good surface properties.  

    Figure (4.23.b) shows the effect of time on the proportions of the 

presence of elements, the presence of elements such as silicon and carbon 

in proportions of 1.85 %   and 10.89 % respectively  give an important and 

clear character to the surface properties, especially hardness and resistance 

to erosion, but the rise of these ratios to high values affects negatively. 
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     Figure (4.23): EDS Chart of  Coated Specimen by Ni-SiC-P at Coating Time:(a):1-

hr.:(b):2-hrs. 
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4.3.6. Tribological Properties for Matrix( Ni-P) Plating 

There are important considerations made by the electroless plating 

for various applications such as super-corrosion resistance and wear 

resistance. Hardness is one of the important criteria that serve to increase 

wear resistance. Moreover, the roughness of the contact surfaces has a 

significant role in resisting wear and corrosion resistance,porosity of 

electroless plating of Ni-P and Ni-Zn-P ,Ni-Cu-P and Ni-SiC-P has been 

established to rely on the surface roughness and on the surface morphology.  

4.3.6.1.Evaluation of Surface Morphology Characterization 

        All the coatings of (Ni–P) ,(Ni-Zn-P),(Ni-Cu-P) and (Ni-SiC-P) are 

obtained in this study exhibit a silvery, dark, grayish, smooth and luster 

surface by bare-eye glance. These appearances results are depend on 

several factors such as concentration of nickel ions, temperature, pH, 

copper, zinc ,and phosphorus contents.This  explanation  is agreed with 

[91].  

     SEM clarifications in Figures (4.24-4.27) show the surface  morphology 

of all these four  coating layers  at as-plated and heat-treated statement . 

They involve nodular or spherical structure, distinctive for electroless 

nickel alloys. The observed coating layer in Figure (4.24.a) has finer grains 

and more number than Figure (4.24.b).The heat treatment in 400
o
C for 1-

hr. encourages  to develops the size of grains and supports formation of 

intermetallic compound. The presence of  intermetallic compound in 

electroless plating and electroplating is very important as they improve 

surface properties such as hardness, erosion and corrosion resistance. In Ni-

P electoless plating the  surface color specimens tends to silver and 

brightness but this depends on some of factors which mentioned early.  



Chapter Four Results & Discussion 

 

126  

 

Figure (4.24): Surface Morphology SEM Images of   Ni -P Plating (a):As-

Plated(b):Heat Treated(400
o
C 1-hr.) 

     Figure (4.25.a) shows the surface morphology of electroless plating 

by(Ni-Cu-P) as-plated. On the other hand Figure (4.25.b)shows  the surface 

morphology after heat treated. The grains  in heat treated state  appear in a 

relatively larger size than as plated state, and the intermetallic compounds 

are re-formed and distributed, and they  have more  clearness. Small 

agglomerations indicate  to Ni3P phase, and large agglomerations indicate  

to Ni5P2 phase.From these figures the compactness and the good adhesion 

were noticed in this coating. This  explanation is agreed with [92]. No 

cracks ,cavities and pores also can be seen. Although the difficulty of 

coating all types of stainless steel and superalloys due to possess these 

alloy to high passive layers but they can plated  by electodepsition or 

electrolessplating.  
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Figure (4.25: Surface Morphology SEM Images of Ni-Cu-P Plating (a):As-Plated(b):Heat 

Treated (400
o
C 1-hr.). 

   The surface morphology of (Ni-Zn-P) as-plated is depicted in Figure 

(4.26.a). In contrast, Figure (4.26.b) displays the surface morphology 

following heat treatment. The intermetallic compounds are reformed and 

dispersed, and the grains are clearer when they are in a heat-treated state as 

opposed to when they are  as plated. Ni5P2 ,Ni12P5phase are indicated by 

small agglomerations, while NiZn phase is indicated by huge 

agglomerations.The formation  of intermetallic compounds in the formula 

NixPy or NixY after heat treated the coating specimens give the plated surface 

good  mechanical,magntic and surface properties. The phases Ni5P2,Ni12P5 

and NiZn are formed after the heat treatment at 400
o
C for 1-hour.High 

increasing in hardness and electrochemical properties  such  as drop in 

corrosion current density and  corrosion current after formed these phases . 

This  explanation is agreed with [113]. 
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Figure (4.26): Surface Morphology SEM Images of Ni-Zn-P Plating (a):As-

Plated(b):Heat Treated (400
o
C 1-hr.) 

   Figure (4.27.a) shows the surface morphology after electroless plating 

with (Ni-SiC-P).On the other hand, Figure (4.27.b) depicts the surface 

morphology following heat treatment in(600
o
C-1-hr.), where the 

intermetallic compounds are reformed and redistributed and appear to be 

clearer. Large agglomerations signify the NiSi,andNi3Si phase, while small 

agglomerations signify the Ni3Pphase.Most heat treated of 

electrolessplatings were carried out in 400
o
C for one hour but the heat 

treated for electrplessplating with high solid particles such as nano SiC 

particles need to more temperature than that may be reached to 600
o
C.Most 

previous studies refer to used 600
o
C to obtain on the necessary intermetallic 

compounds which give good surface properties for electrolessplating with 

nano composite coating.All these exlanisions are agreed with[132]. 
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Figure (4.27): Surface Morphology SEM Images of Ni-SiC-P Plating (a):As-

Plated(b):Heat Treated (600
o
C 1-hr.) 

4.3.6.2.Phases Analysis of Electroless Plating  

X-ray-diffraction analysis has been used to identify all phases present 

in the specimens, as well as crystalline planes and their orientation for the 

phases are also analyzed. Figure (4.28.a) shows the X-ray-diffraction 

pattern for Ni-P plating bath as plated. Randomness and lack of 

crystallization are observed, but at certain angles and intensity, 

crystallization may be observed, and the phase is weak or critical. On the 

other hand  the Figure (4.28.b) shows the X-ray diffraction pattern for Ni-P 

plating bath after heat treated. It is clear that the presence of Ni3P in the 

coating layer which considers the major phase, so it more scattering of X-

ray through this phase in the planes of ( 013) and(112).  



Chapter Four Results & Discussion 

 

130  

 

 
Figure (4.28): XRD Pattern of (Ni-P) :(a):As Plated(b):Heat-Treated. 

 

     The X-ray diffraction pattern for the Ni-Cu-P plating bath as it was 

plated is shown in Figure (4.29.a). Randomness and a lack of crystallization 

are evident, however under specific conditions and with a certain amount of 

intensity, crystallization may be seen, and the phase may be weak or crucial. 

On the other hand, the X-ray diffraction pattern for Ni-Cu-P plating bath 
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following heat treatment is shown in Figure (4.29.b). The major phases are 

Ni3P and Ni5P2 due to more scattering of X-ray through these phases in the 

plane  (231) with 100 percent and in plane(608) with 35 percent 

respectively. 

 

 
Figure (4.29): XRD Pattern of (Ni-Cu-P) :(a):As Plated(b):Heat-Treated 
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     Figure (4.30.a) depicts the Ni-Zn-P plating bath's X-ray diffraction 

pattern as it was being plated. Randomness and the absence of 

crystallization are obvious, however under some circumstances and with a 

certain level of intensity, crystallization may be observed, and the phase 

may be weak. On the other hand, Figure (4.30.b) depicts the X-ray 

diffraction pattern for the Ni-Zn-P plating bath after heat treatment. The 

predominant phases are Ni12P5,NiZn and Ni5P2 due to increased X-ray 

scattering. These phases  appear in the planes (400) with 100%, (101) with 

45%and(428) with 55% respectively. 

 

 
Figure (4.30): XRD Pattern of (Ni-Zn-P) :(a):As Plated(b):Heat-Treated. 
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     Figure (4.31.a) depicts the X-ray diffraction pattern for the Ni-SiC-P 

plating bath as it was being plated. Randomness and the absence of 

crystallization are obvious, but under certain conditions and with a certain 

level of intensity, crystallization may be observed, and the phase may be 

weak. Figure (4.31.b) depicts the X-ray diffraction pattern for the Ni-SiC-P 

plating bath after heat treatment. Because of the increased X-ray scattering, 

the dominating phases are Ni3P, Ni3Si, and NiSi. These phases can be seen 

in the planes (222) with 100%, (220) with 45%, and (112) with 80%.The 

charts of all phases (Ni3P,Ni5P2,Ni12P5, NiZn ,NiSi  and Ni3Si) are placed in 

appendix D. 

 

 

Figure (4.31): XRD Pattern of (Ni-SiC-P) :(a):As Plated(b):Heat-Treated. 
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4.3.6.3. Analysis  of Topographic Surface by Atomic Force 

Microscope (AFM) 

   The atomic force microscopy (AFM) technique is effective for analyzing 

thin film surface topography. Figures (4.32) displays three dimensional 

AFM images of all four coating layers at 1-hrs. time of coating deposited 

on a stainless steel 316L that show the variation of surface roughness with 

type of coating.This test is carried out after heat treatment in(400
o
C-1hr.)for 

(Ni-P),(Ni-Zn-P)and (Ni-Cu-P)but in(600
o
C-1hr.) for(Ni-SiC-P).The 

nanoparticles SiC thin films have a high degree of homogeneity, as 

indicated in the image, and the small grains are spread uniformly on the 

substrate. 

 
Figure(4.32):3-D AFM Images For Four Heat Treated Electroless Plating at (1-hr. Coating 

Time). 
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    From Figure(4.32) electroless plating by (Ni-Zn-P)displays the highest 

surface roughness than all other three platings. On the other hand the 

electroless plating by (Ni-SiC-P) nano composite coating displays the 

lowest surface roughness than all other three plating. All electroplating or 

electroless plating processes, or in general, most metal surface coating 

processes, give surfaces a higher roughness compared to bare metal.The 

corresponding root mean square (RMS) values  to four elctroless plating 

(Ni-Zn-P, Ni-P, Ni-Cu-P and Ni-SiC-P) are (4.17 ,2.53, 2.34 and 2.03nm) 

respectively. The AFM test revealed that the root mean square (RMS) and 

surface roughness (RS) average and maximum height of thin coating 

increase with increasing thickness, as shown in Table (4.6). The surface 

roughness appeared uneven from one coating to another depending on 

several variables such as the temperature of the solution, the concentration 

of the solution, pH, the degree of agitations and the presence or absence of 

other particles. A very important factor that has a great influence on the 

surface roughness is the heat treatment of the coating surfaces.Not 

insignificant, the effect of heat treatment appears on the coating surfaces. 

Most of the coated surface properties are witnessing a clear increase, and 

this includes the surface roughness. 

Table (4.6):AFM Data For Coating Layers(Heat-Treated) at 1-hr.Time of Plated.  

Type of 

Electroless 

Plating 

Coating Thickness 

(µm) 

Roughness 

Average Sa(nm) 

Root Mean Square 

Sq(nm) 

Ni-Zn-P 13.17 3.58 4.17 

Ni-P 10.33 1.98 2.53 

Ni-Cu-P 6.44 1.89 2.34 

Ni-SiC-P 7.58 1.57 2.03 
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   Figure (4.33) displays three dimensional AFM images of all four coating 

layers at 2-hrs. time of coating deposited on substrate. It clearly refers to  

the films are homogeneous and densely packed. It demonstrates that the 

morphology of these films is homogeneously dispersed, indicating that the 

films are crystalline. 

 
Figure(4.33):3-D AFM Images For Four Heat Treated Electroless Plating at (2-hrs. 

Coating Time). 

   The corresponding root mean square (RMS) values for four electroless 

platings (Ni-Zn-P, Ni-P, Ni-Cu-P, and Ni-SiC-P) are (6.71, 6.68, 5.75, and 

5.71nm) respectively.Average roughness and root mean square magnitudes 

are refered in Table(4.7).The effect of heat treatment and the increasing in 

thickness of coating  give noticeable increasing in surface roughness. 



Chapter Four Results & Discussion 

 

137  

Table (4.7):AFM Data For Coating Layers(Heat-Treated) at 2-hrs.Time of Plated . 

 

 4.4. Corrosion  

        The results of three important tests: electrochemical, erosion corrosion 

and stress corrosion cracking results are discussed in this section. 

4.4.1. Electrochemical Evaluation 

  In the following results of electrochemical tests(open circuit potential , 

polarization and cyclic polarization) have been presented as follows: 

4.4.1.1. Open Circuit Potential 

Before polarization process, the potential of open circuit for working 

electrode is measured as function of time up to the equilibrium and the 

quasi-stability gotten. This test carries out in one solution(3.5%NaCl) at 

30
o
C. The main aim for this process is identified the domain which 

potential corrosion is occurred. Figures (4.34-4.38) show the potential 

curves plot as opposed to immersion time, that display clearly the potential 

dropped to a reasonable for steady value. From all the figures below that 

can be noticed the voltage decreases this means, that equilibrium of positive 

charge carries (metal ions) have the same charge of electron, so that the 

tendency of corrosion is decreased.This explanation is agreed with[71].  

Type of 

Electroless 

Plating 

Coating Thickness 

(µm) 

Roughness 

Average Sa(nm) 

Root Mean Square 

Sq(nm) 

Ni-Zn-P 67.14 5.64 6.71 

Ni-P 61.88 5.61 6.68 

Ni-Cu-P 47.06 4.83 5.75 

Ni-SiC-P 29.13 4.69 5.71 
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Figure (4.34): Open Circuit Potential for Bare Specimen in 3.5%NaCl Solution. 

 

Figure (4.35): Open Circuit Potential Curves in 3.5%NaCl For Coated Specimen by   

Ni-P. 
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Figure (4.36): Open Circuit Potential Curves in 3.5%NaCl For Coated Specimen 

by Ni-Cu-P. 

 

Figure (4.37): Open Circuit Potential Curves in 3.5%NaCl For Coated Specimen 

by Ni-Zn-P. 
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Figure (4.38): Open Circuit Potential Curves in 3.5%NaCl For Coated Specimen 

by Ni-SiC-P. 

 

4.4.1.2. Polarization Evaluation 

      The behavior of  corrosion to bare and coated SS316Lspecimens by Ni-

P ,Ni-Cu-P, Ni-Zn-P and Ni-SiC-P at two different times has been 

identified by using curves of polarization  technique. The tests of 

polarization are achieved in one active solution; 3.5%NaCl.  

      The measurements of open-circuit give good information around the 

potential range; starting potential and ending potential. The potential range 

of polarization advice is equal to (±250)according to ASTM G3-

14(Standard Practice for Conventions Applicable to Electrochemical 

Measurements in Corrosion Testing). Corrosion potential (Ecorr) refers to 

the point where the total rates of reduction and oxidation are equal, the 

density of corrosion current corresponding to this point is called the density 

of corrosion current icorr.  
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      The potential –Log of current density, gotten from polarization of bare 

specimen with one active solution is shown in Figure (4.39 ). The 

parameters values of polarization for bare and coated specimens in active 

solution is exposed in Table (4.8). The highest density of corrosion current 

happens in bare specimen  is reached to (4.37μA/cm
2
). Also the results 

show that the corrosion current density for specimens coated by ternary 

plating is less than the corrosion current density for specimens coated by 

Ni-P alone. The previous studies give good answer for the addition effect   

of ,zinc, silicon carbide and cupper content to Ni-P coating, where these 

three addition increases the compactness, uniformity and crystalline .On the 

other hand from the results in Table (4.7) the corrosion current density for 

coated specimens with two hours' times of coating are lower than the 

corrosion current of specimens which coated with one hour time of coating 

because they have high thickness of coating layer. All polarization curve 

for coated specimen are found in Appendix E. 

 
Figure (4.39): Polarization Curve for Bare Specimen in 3.5%NaCl. 
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Table (4.8): Parameters for Polarization of Bare and Heat Treated Coated Specimens. 

  

4.4.1.3. Evaluation of Cyclic Polarization 

      In order to investigate the resistance of the samples to the localized 

corrosion, the cyclic polarization is carried out. Typically, the reading starts 

at the open circuit potential and scans upwards until breakdown is attained. 

Then the direction of scan is inverted after specific amount of localized 

corrosion is established and the passive scale is damaged. The potential at 

which stable pit formed is called breakdown potential (Eb) or pitting 

potential (Ep). Consequently, the Ep imply the potential over which the pits 

initiated and developed. If the Ep is high, the material has high resistance to 

the pitting corrosion. During the reverse scan, a negative hysteresis can be 

Polarization Results in 3.5%NaCl Solution  

Specimens 
Icorr 

(μA) 

Ecorr 

 (-mV) 

icorr   

(μA/cm
2
)   

Corrosion 
rate    

(mpy)    

 

Inhibitive 

Efficiency 

 (I.E.) % 
 

Bare Specimen 20.6 -360.7 4.37 1.81 - 

Coated Specimen by Ni-P 

for 1-hrs.  

6.32 -310.9 1.34 0.38 79 

Coated Specimen by Ni-P 

for 2-hrs.  

5.59 -245 1.18 0.34 81 

Coated Specimen by Ni-

Cu-P for 1-hrs. 

4.4 -453.8 0.93 0.268 85 

Coated Specimen by Ni-

Cu-P for 2-hrs. 

3.5 -456.5 0.7431 0.213 87.2 

Coated Specimen by Ni-

SiC-P for 1-hrs. 

2.97 -426.1 0.63 0.18 90 

Coated Specimen by Ni-

SiC-P for 2-hrs. 

2.88 -448.4 0.611 0.151 91.6 

Coated Specimen by Ni-

Zn-P for 1-hrs. 

1.4 -277.7 0.3 0.073 96 

Coated Specimen by Ni-

Zn-P for 2-hrs. 

1.22 -288.1 0.259 0.0642 96.5 
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observed on the curves.The difference between Ep and Eprot (ΔE) will give 

an indication to the corrosion resistance of the samples, where the smaller 

ΔE value means the highest corrosion resistance, this clarification is agreed 

with [133]. Figures (4.40 to 4.48) show the polarization curves for base 

metal and coated specimens by (Ni-P),(Ni-Cu-P),(Ni-Zn-P) and(Ni-SiC-P) 

in 3.5 NaCl solution at 38 °C. Significant differences were observed 

between the curves obtained for each specimen. For substrate specimen, 

has the largest ΔE=( Epit.-Eprot. ) value compared to the susceptibility to 

other specimens after coating. The cyclic polarization curves obtained as 

noted in the Table (4.9), the extent of the hysteresis loop is highly reduced 

and therefore, the corrosion mechanism operating on the substrate surface 

is less active when coating.                                . 

  

Figure (4.40): Cyclic Polarization Curve of Base Specimen in 3.5%NaCl. 
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Figure (4.41): Cyclic Polarization Curve of Coated Specimen by Ni-P(1-hr.Coating 

Time) in 3.5%NaCl. 

 

Figure (4.42): Cyclic Polarization Curve of Coated Specimen by Ni-P(2-hrs.Coating 

Time) in 3.5%NaCl. 
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Figure (4.43): Cyclic Polarization Curve of Coated Specimen by Ni-Cu-P(1-hr.Coating 

Time) in 3.5%NaCl. 

 
Figure (4.44): Cyclic Polarization Curve of Coated Specimen by Ni-Cu-P(2-hrs.Coating 

Time) in 3.5%NaCl. 
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Figure (4.45): Cyclic Polarization Curve of Coated Specimen by Ni-Zn-P(1-hr.Coating 

Time) in 3.5%NaCl. 

 

Figure (4.46): Cyclic Polarization Curve of Coated Specimen by Ni-Zn-P(2-hrs.Coating 

Time) in 3.5%NaCl. 
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Figure (4.47): Cyclic Polarization Curve of Coated Specimen by Ni-SiC-P(1-hr.Coating 

Time) in 3.5%NaCl. 

 
 

Figure (4.48): Cyclic Polarization Curve of Coated Specimen by Ni-SiC-P(2-

hrs.Coating Time) in 3.5%NaCl. 
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 Table (4.9):Cyclic Polarization Parameters for Bare and Coated Specimens in 

3.5%NaCl Solution. 

4.4.2. Erosion Corrosion Evaluation 

      Figure (4.49) displays the results of erosion-corrosion rates with 

respect to time for bare specimens, coating specimens by (Ni -P) , (Ni-Cu-

P), (Ni-Zn-P) and (Ni-SiC-P)  at two different  coating times(1hr. and 2hr.) 

in the state of  as-plated and heat-treated specimens. The process is carried 

out in one high active solution;  heavy crude oil at different nine intervals 

(15,30,45,60,75,90,105,120, and135) minutes respectively. The results 

show that behavior of bare metal or coated metal passes in four stage; 

incubation stage, acceleration stage, deceleration stage, and steady state. In 

incubation stage the change in weight is very low because high resistance 

Cyclic Polarization Results in 3.5%NaCl Solution  

Specimens 
Epit. 

(mV) 

Eprot. 

(mV) 

ΔE=( Epit.-Eprot. ) 

(mV) 

Improvement 

Efficiency 

 (I.E.) % 
 

Bare Specimen -415 -185 -230 - 

Coated Specimen by Ni-P 

for 1-hrs.  

-440 -225 -215 6.5 

Coated Specimen by Ni-P 

for 2-hrs.  

-360 -180 -180 21.7 

Coated Specimen by Ni-

Cu-P for 1-hrs. 

-400 -200 -200 13 

Coated Specimen by Ni-

Cu-P for 2-hrs. 

-380 -240 -140 39.1 

Coated Specimen by Ni-

SiC-P for 1-hrs. 

-390 -200 -190 17.3 

Coated Specimen by Ni-

SiC-P for 2-hrs. 

-260 -175 -85 63 

Coated Specimen by Ni-

Zn-P for 1-hrs. 

-280 -75 -205 10.8 

Coated Specimen by Ni-

Zn-P for 2-hrs. 

-360 -215 -145 36 
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of metal due to have high hardness. In the second stage the erosion rate 

increases due to the obtain reaction between the corrosive media which 

may be contained on NaCl solution and metal surface to form metal oxides 

and chlorine. These oxides play important role in erosion corrosion rate 

because it sticks with metal surface. In the third stage clearly decline 

appears in the erosion rate because most formation oxides and 

contamination on the surface metal may be removed due to high velocity of 

stream solution from jet of erosion advice. Also in this stage some of 

grooves may be appeared in the surface metal .The last stage which called 

the steady state stage, in this stage there is no significantly increasing or 

decreasing in weight of metal therefore the rate of erosion stays constant. In 

this last stage the little change in rate of erosion resulted from the ionic 

drawing as well as the ability of the metal to form protective strong oxides. 

          Figure (4.49) shows high different in the rate of erosion especially at 

the bare metal while the coating metal show less erosion rate. It is clear that 

heavy crude oil tends to form chlorine compound on the surface with 

exposure of time. This clear different is resulted from using different 

coating layer  with respect  to bare specimens. By comparing the results of 

the previous figure, the nickel-silicon carbide-phosphor coating shows a 

significant improvement in erosion resistance, especially when coating 

specimen at 2hrs. and heat treated. The low thickness of coating result from 

short period time that not enough to resistance erosion corrosion in active 

solutions. On the other hand, specimens with high coating thickness are  

useful because the high adhesion thickness give high resistance erosion. 

      From the heavy fuel analysis,chemical composition of corrosion 

product, the heavy fuel encourage  for corrosion ,stress corrosion cracking 

and erosion to the strong surfaces such as stainless steel 316. 
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Figure (4.49): Rate of Erosion-Corrosion in Heavy Fuel for Bare &Coating Specimens. 

        Through the results of curves in Figure (4.49) which show that 

specimens coated by Ni-Cu-P especially the specimens  which have 2-hours' 

time of coating have low rate of erosion in heavy crude oil than Ni-P alone. 

The presence of nano-particles of SiC, Zinc, and copper content in matrix of 

Ni-P creates more  adhesion between the substrate and coating layer and 

increasing mobility and activity attempt to accelerate the crystalline  and 

nucleation of crystalline phase during heat treatment. So that coating layer 
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with these elemsnts  has more corrosion resistance than Ni-P alone.This 

explaination is agreed with[71]. After the completion of erosion-corrosion 

test, SEM is carried out in the  bare and coated specimens to show the effect 

of erosion rate  on surface of bare metal or  on coating layer. Figure (4.50) 

shows the effect of erosion rate on bare specimen in one active media (heavy 

crude oil). SEM shows that the bare surface  is  more corroded than the 

coating surface where the rate of erosion in bare surface reach to 97×10
-6 

g/min at (90min.exposure time test). On the other hand the rate of erosion rate 

has high level drop in heat-treated coated specimens especially at plating of 

(Ni-SiC-P) where it reachs to 51.3×10
-6

 g/min.at 90min. exposure time.   

 

Figure (4.50): SEM Image of Erosion-Corrosion for Bare Specimen in heavy Crude Oil.  

          Figure(4.51) shows four different SEM images of four different 

coating layers which are exposed to high  rate of erosion in active 

environment (heavy crude oil) at maximum time exposure time test 

135min. The erosion-corrosion for coated specimen is characterized in 

appearance with grooves, waves, rounded holes, and/or shaped grooves. 

The rate of erosion Ni-P alone  coating has high level when compared with 

other three coating layers at the same exposure time.This explanation is 

agreed with [71]. 
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Figure (4.51): SEM Image of Erosion-Corrosion in Heavy Crude Oil For:(a)Ni-P (b)Ni-

SiC-P(c)Ni-Zn-P(d)Ni-Cu-P. 
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4.4.3. Evaluation of Stress Corrosion Cracking(SCC)  

     At first; results of stress corrosion  cracking for bare specimens are 

discussed, and then the results of stress corrosion  cracking for coated 

specimens by four electroless plating are studied. 

    Stress corrosion cracking results are depended on the existence of micro-

cracks  due to expose the specimens to four different tension force from 

bending them according to (ASTM G30-97-2015) and putting them in 

heavy crude oil at  three different exposure period time (480 ,960 

and1440hrs.) At first in,480and 960 hrs. the presence of micro-cracks is 

impossible due to the short period time for testing but when the period time 

is increased over 960hrs.,the cracks may be occured. 

   The bending load and the sever corrosive media by crude oil for long 

period time encourage to obtain ductile cracks. At the macroscale, the 

ductile damage process is observable as a plastic flow, which can be 

increased by an extra consecutive loss of cohesion at the interfaces. The 

damage process is depicted in Figure(4.52) and its three stages are 

reviewed briefly.This explainable is agreed with[134]. 

 

Figure(4.52): Simple Sketch of Initiation Crack Damage on Grain-Boundary in Three 

Stage:(a):Nucleation:(b)Growth(c):Coalescence[135]. 
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      In the first stage  (nucleation) cavity initiation sites in metallic materials 

are typically associated with second phase particles or non-metallic 

inclusions. They can result from alloying procedures or as solidification 

impurities, such as gas pores (contained gas in the die cavity) or shrinkage 

pores. In the second stage(growth) the formation of voids is greatly 

influenced by strain and stress situations. In micromechanical analysis, two 

approaches can be distinguished: an uncoupled approach relying upon the 

Von Mises criteria as the flow criterion, and a coupled approach.At the last 

stage (Coalescence) cavity coalescence remains mostly unknown, 

necessitating extensive research. This event is influenced by geometrical 

characteristics (size of void, shape, spacing, and orientation), properties of 

material (sensitivity of strain rate, rate of work hardening), and stress state . 

    All the increasing in the length and depth of micro cracks at long period 

time in heavy crude oil  is resulted from formation harmful compound 

which are adherent with the coating or bare metal. Stress corrosion 

cracking  is accelerated especially at (1440hrs.) so the heavy crude oil 

consists of detrimental  compounds and roots of halides such as (Cl). From 

Figure (4.53), the stress corrosion cracks are different according to the 

exposure force and time of test on coated or bare specimens. The stress 

corrosion cracking in this test usually is inter-granular fracture where the 

trans-granular  fracture don’t appear. Figure (4.53.a)refers to the  beginning 

of stress corrosion cracking to the specimen with code(A) which has 

tension force 55N and applied stress 9.24MPa. Figure (4.53.b)displays the 

propagation of cracking on grain-boundary for specimen with code(B) 

which has tension force543N and applied stress24.15MPa. Figure (4.53.c) 

that supporting  the onset of formation cracking which is illustrated with 

code (C) which has tension force147N and applied stress 9.828MPA. 
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Specimen with code (D) has 1795N tension force and applied stress 63MPa 

where Figure(4.53.d) shows the increasing of cracks propagation on grain 

boundary.  

 
Figure (4.53): Optical Images(80X) of Stress Corrosion Cracking Test at 1440 hrs.for 

Bare Specimens(a):Specimen A(55N):(b) Specimen B(543N):(c): Specimen 

C(147N):(d)  Specimen D(1795N). 
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    Although the coated specimens in (1hr. time of coating) have good 

thickness but they have simple  beginning of stress corrosion cracking 

rates, so the high thickness protect the bare metal. The results of stress 

corrosion cracking  for coated specimens at 2-hrs.with some addition such 

as copper, zinc,carbide silicon  show significantly change when they are 

compared with the obvious results of stress corrosion cracking  for coated 

specimens by Ni-P alone.  

    It clears there is important role for copper ,zinc,silicon carbide content in 

improvement of corrosion resistance, this role clears in increasing the 

smoothness of specimens , the uniformity of coating and adhering of 

coating with substrate. 

      Scanning electron microscope (SEM) is used to identify the maximum 

effect of stress  corrosion cracking on different coated specimens at  

1440hrs. and different tension forces. Figure (4.54) shows SEM images of 

four coating layer which may be peeled or not effect due to expose for long 

period time  in heavy crude oil . In Figure (4.54.a) the intergranular fracture 

after plating by Ni-P for 1hr. coating time begins by the presence also in 

Figure (4.54.b)  the fracture was clear across grain boundary. On the other 

hand in Figures (4.54.c) and (4.54.d) the  intergranular fracture across 

coating layer of Ni-Zn-P and Ni-SiC-P respectively was  less extreme and 

beginning formation.  
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Figure (4.54): SEM Images of Stress Corrosion Cracking Test in 1440hrs. For Coated 

Specimens of sample D(1hr. Time of Coating)by: (a ):Ni-P (b): Ni-Cu-P (c): Ni-Zn-P 

(d): Ni-SiC-P 

   The thickness of coating layer and the presence of some metal or non-

metal addtives have high effect on the resistance of plating to more type 

of corosion, wear, erosion,erosion-corrsion and stress of corrosion  

cracking. 
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   In this study four type of electrolessplatings are used to reduce erosion-

corrosion and stress corrosion cracking(SCC).Cupper,zinc and silicon-

carbide have good addition to the matrix Ni-P.Figure(4.55)displays the 

effect of stress corrosion cracking test after 1440 hrs.in heavy crude oil for 

four type of electrolessplatings which have good thickness.The suitable 

thickness gives high resistance to stress corrosion cracking. 

 

Figure (4.55): SEM Images of Stress Corrosion Cracking Test in 1440hrs. For Coated 

Specimens of Sample D(2hr. Time of Coating)by: (a ):Ni-Zn-P (b): Ni-Cu-P (c): Ni -P 

(d): Ni-SiC-P. 
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4.5.Finite Elements Analysis Results  

  4.5.1. The Equivalent Stresses and Strain Analysis 

Generally the equivalent stress criterion (Von-Mises stress) is valid 

for materials in the brittle or ductile state and that can be used to describe 

the beginning of yielding, loss of strength or damage in structural elements, 

granular materials, and so forth, that are subjected to multi axial stress 

states[136].Figure(4.56) shows the equivalent stress and strain for 

sample(A) which subjected to  resultant force equal 110.88N.The red color 

indicates the high levels of stress in the Figure (4.56) as well as the highest 

rates of strain. The high level of equivalent stress is 109.07Pa  according to 

the Von-Miss theory. This high stress appears in the edge of U-bend region 

due to the stress is concentrated in edges .Also the high strain rate is 

5.45×10
-10

.On the other hand the blue color refers to low level of stress and 

strain.0.0310Pa and 2.5657×10
-11

 were the minimum of equivalent stress 

and strain respectively.  

 

Figure(4.56):Sample (A):(a) Equivalent Stress(b) Equivalent Strain. 



Chapter Four Results & Discussion 

 

160  

From Figure(4.56) and previous studies the equivalent elastic strain is 

a concept used in materials science and mechanics to quantify the amount 

of strain a material undergoes under an applied load. It is a scalar quantity 

that represents the total amount of elastic strain energy stored in the 

material. The concept of equivalent elastic strain is useful in analyzing the 

behavior of materials under complex stress states. Figure(4.57) shows the 

equivalent stress and strain for sample(B) which subjected to  resultant 

force equal 1086.75N.The red color indicates the high levels of stress in the 

Figure (4.57 ) as well as the highest rates of strain. The high level of 

equivalent stress is 1009.4Pa  according to the Von-Miss theory. This high 

stress appears in the edge of U-bend region due to the stress is concentrated 

in edges .Also the high strain rate is5.0469×10
-9

.On the other hand the blue 

color refers to low level of stress and strain.0.405010Pa and 3.2429×10
-12

 

were the minimum of equivalent stress and strain respectively. 

 

Figure(4.57):Sample (B):(a) Equivalent Stress(b) Equivalent Strain. 
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  Figure(4.58) shows the equivalent stress and strain for sample(C) which 

subjected to  resultant force equal 294.84N.The red color indicates the high 

levels of stress in the Figure (4.58 ) as well as the highest rates of strain. 

The high level of equivalent stress is 32946Pa  according to the Von-Miss 

theory. This high stress appears in the edge of U-bend region due to the 

stress is concentrated in edges.Also the high strain rate is1.6473×10
-7

.On 

the other hand the blue color refers to low level of stress and strain 

7.6198Pa and 8.014×10
-11

 were the minimum of equivalent stress and strain 

respectively. 

 
Figure(4.58):Sample (C):(a) Equivalent Stress(b) Equivalent Strain. 

Figure(4.59) shows the equivalent stress and strain for sample(D) 

which subjected to  resultant force equal 3591N.The red color indicates the 

high levels of stress in the Figure (4.59 ) as well as the highest rates of 

strain. The high level of equivalent stress is 1896.5Pa  according to the 

Von-Miss theory. This high stress appears in the edge of U-bend region due 



Chapter Four Results & Discussion 

 

162  

to the stress is concentrated in edges . Also the high strain rate is 

9.4829×10
-9

.On the other hand the blue color refers to low level of stress 

and strain1.1228Pa and 6.06×10
-12

 were the minimum of equivalent stress 

and strain respectively. 

 

Figure(4.59):Sample (D):(a) Equivalent Stress(b) Equivalent Strain. 

4.5.2.Total Deformation and Directional Deformation 

Analysis 

Total deformation is the deformation that can be take place in all 

directions(XYZ)of body or specimens test. Directional deformation is the 

deformation that can be occurred within one direction X,Y or Z from body 

or specimens test  [137]. Figure(4.60) shows the total deformation and 

directional deformation for sample(A) which subjected to equal opposite 

forces. These forces is 55.44N in each side.The red color indicates the high 

levels of total deformation as well as the highest rates of directional 

deformation. The high level of total deformation is 4.6835×10
-7

m. This 
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high total deformation appears in the end of two edges from U-bend region. 

Also the directional deformation  is 4.6801×10
-7

m.On the other hand the 

blue color refers to low level of total and directional deformation were 

7.6458×10
-9 

m and -4.6801×10
-7

 m respectively. 

 

Figure(4.60):Deformation of Sample(A):(a): Total deformation (b): Directional 

deformation. 

        Figure(4.61) shows the total deformation and directional deformation 

for sample(B) which subjected to equal opposite forces. These forces is 

543.375N in each side.The red color indicates the high levels of total 

deformation as well as the highest rates of directional deformation. The high 

level of total deformation is 4.0486×10
-6

m. This high total deformation 

appears in the end of two edges from U-bend region. Also the directional 

deformation  is 4.0458×10
-6

m.  On the other hand the blue color refers to 

low level of total and directional deformation were 1.2877×10
-7 

m and          

-4.0463×10
-6

 m respectively. 
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Figure(4.61):Deformation of Sample(B):(a): Total deformation (b): Directional 

deformation. 

        Figure(4.62) shows the total deformation and directional deformation 

for sample(C) which subjected to equal opposite forces. These forces is 

147.42N in each side.The red color indicates the high levels of total 

deformation as well as the highest rates of directional deformation. The 

high level of total deformation is 0.0002039m. This high total deformation 

appears in the end of two edges from U-bend region. Also the directional 

deformation  is0.00020345m.On the other hand ,the blue color refers to low 

level of total and directional deformation were 8.646×10
-6 

m and -0.002038 

m respectively. 
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Figure(4.62):Deformation of Sample(C):(a): Total deformation (b): Directional 

deformation. 

    Figure(4.63) shows the total deformation and directional deformation for 

sample(D) which subjected to equal opposite forces. These forces is 

1795.5N in each side.The red color indicates the high levels of total 

deformation as well as the highest rates of directional deformation. The 

high level of total deformation is 3.833×10
-6

m. This high total deformation 

appears in the end of two edges from U-bend region. Also the directional 

deformation  is 3.827×10
6
m.On the other hand the blue color refers to low 

level of total and directional deformation were 6.678×10
-8 

m and                  

-3.827×10
-6

 m respectively. 
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Figure(4.63):Deformation of Sample(D):(a): Total deformation (b): Directional 

deformation. 

4.6. Comparison of Results for Four Electroless Plating 

Methods 

     The most prominent results obtained during this study were divided into 

two main parts. The first section witnessed analytical results on the causes 

of failure that occurred through visual examination, electron microscope 

examination(SEM),XRD,XRF,hardness measurement, chemical composition 

of materials used and analysis of heavy fuel oil.All available techniques also 

were used to determine and measure the damage . The second section 

viewed the suggestion's methods in this study to reduce the failure in disc 

separator. To recognize the best method of electroless plating ( after 2-

hrs.coating time) which were used to decrease the failure,so Table 

(4.10)depicted the  important comparison results between four heat treated 

electroless platings in 2-hour coating time . Not only these results were 

obtained but also there were results didn’t remember in this comparison 

about electroless plating which have one hour coating. 
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Table(4.10):Comparison  Between Four  Electroless Plating Results. 

Excellent:  V.Good: Good:    Normal  

 

Type of Test Ni-P   Ni-Cu-P Ni-Zn-P Ni-SiC-P 

Coating 

Thickness µ( m) 

40-65 30-50 50-70 18-30 

Hardness 

(HV)     

928 941 937 1091 

Coating Adhesion 

Strength(MPa) 

50.11 58.8 45.6 63.4 

Roughness 

Average Sa(nm) 

5.61 4.83 5.64 4.69 

Corrosion Rate    

(mpy)    
 

0.34 0.213 0.064 0.151 

Erosion Corrosion 

g/min ×10
-

6
(135min.) 

53 48 45 43 

Stress Corrosion 

Cracking(SCC) 

None Propagate None Propagate None Propagate None Propagate 
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Chapter Five  

Conclusions & Recommendations 

5.1. Conclusions 

In the following; conclusions of failure analysis process and 

the elctroless plating of four coating layers have been presented as:  

    5.1.1. Conclusions to Failure Analysis Process 

According to the results of the first part in the present work, the 

catastrophic failure of separator disc  has occurred as follows: 

1- High percentage of contaminations such as V,S, Ca,Cl, and Na 

,are presented in used fuel, so the stress corrosion cracking (SCC)and 

erosion-  corrosion  are developed due to the presence of these 

contaminations.  

2- A typical failure mode in separators of heavy fuel oil is stress 

corrosion cracking. In this study, bowel separator 316 stainless steel 

discs were badly corroded by 3.5%NaCl and crude oil. 

3- From SEM and L.O.P(light optical microscope) The fracture path 

can be integranular, depending on the alloy and corrosive media, with 

the latter being the more prevalent. 

4-  High drop in magnitude of hardness Vickers in surface of failed 

separator disc from330HV to218HV 

5- The microstructure and the chemical composition of disc separator 

refer to high presence of Cr and Ni and the material is SS316.  



Chapter Five Conclusions & Recommendations 

 

169  

    5.1.2. Conclusions to Electroless Plating and Their Tests 

         According to the results of the second part in the present work, 

the suggested way to reduce the failure of separator disc has included 

the following conclusion: 

1- Electroless plating by Ni-P as matrix is an effective method in 

coating of metal or alloys and can provide an acceptable homogenous 

distribution in most of metals and alloys substrates. 

2- The additives elements metal or non-metal such as Cu, Zn, SiC 

nano particles in low percentage give good surface properties rather 

than without these elements. 

3- Several different ranges of coating thickness that are obtained; (10-

70), (7-50)and(7-30) µm. This difference depends on several 

parameters (time of coating, temperature of solution, type of bath, 

degree of agitations. 

4- Surface and mechanical properties are significantly enhanced at 2-

hrs.which reprecented time of coating and with using of copper, zinc, 

silicon carbide nano-particles  content showed  that (erosion-

corrosion rate at heavy fuel media and 135 minutes)85×10
-6

g/min in 

bare metal and 43×10
-6

g/min in coated specimens by Ni-SiC-P(2hrs. 

coating time). 

5- High increasing in hardness Vickers (HV) for coating specimens 

by Ni-SiC-P(2hrs.coating time-heat-treated) than coating   specimens 

with Ni-P alone,where reached to 1091HV in the first coating while 

was 928HV in the last  coating. 
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6- The average surface roughness(Sa) witnessed increasing in most 

magnitude for all four electroless-plating (with 2hrs. coating 

time)after heat treated than electroless plating(with 1hr. coating 

time)where it ranged between(4.69-5.64nm) in the first coating time 

but it was(1.57-3.58nm) in the last coating time. 

7-Transgraular stress corrosion cracking can be appeared on bare 

specimens after 1440hrs. but don't  appear especially  on  coating 

specimens with high thickness. 

8-In finite element analysis by ANSYS(15.07) gives clear picture 

about the regions which subjected to high and low stresses and strains 

where the minimum equivalent stress and strain in all four samples  

were 0.0310Pa and 2.5657x10
-10

 respectively. 

5.2. Recommendations for Future Work 

For future works, the followings are suggested as: 

1-High- fuel quality should be used through the decreasing potassium 

and sodium content . 

2-Studying the direction solidification method to manufacturing 

separator disc.  

3-Applying another  ternary and nano composite coating such as 

TiC,ZrO2,TiO,MgO andAl2O3 in surface of disc separators to protect 

it from corrosion , erosion corrosion and stress corrosion cracking. 

4-Simulate corrosion-erosion behavior of stainless steel by using 

ANSYS software based on fluid-structural-thermal coupled field 

analysis.  
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Standard XRD Charts of Major Phases 
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Appendix E 

Polarization Curves for Bare and Coated Specimens 

 
Figure 1: Polarization Curve for Bare Specimen

 
Figure 2: Polarization Curve for Coated Specimen by Ni-P (1-hr.Coating Time) 
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Figure 3: Polarization Curve for Coated Specimen by Ni-P(2-hrs.Coating Time) 

 
Figure 4: Polarization Curve for Coated Specimen by Ni-Cu-P(1-hr.Coating Time) 
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Figure 5: Polarization Curve for Coated Specimen by Ni-Cu-P (2-hrs.Coating Time) 

 
Figure 6: Polarization Curve for Coated Specimen by Ni-SiC-P(1-hr.Coating Time). 
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Figure 7: Polarization Curve for Coated Specimen by Ni-SiC-P(2-hrs.Coating Time) 

 

Figure 8: Polarization Curve for Coated Specimen by Ni-Zn-P(1-hr.Coating Time) 
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Figure 9: Polarization Curve for Coated Specimen by Ni-Zn-P(2-hrs.Coating Time) 
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         Appendix F 

Cyclic Polarization Curves for Bare and Coated 

Specimens  

 

Figure 1: Cyclic Polarization Curve for Bare Specimen. 

 
Figure 2:Cyclic Polarization Curve for Coated Specimen by Ni-P  

(1-hr.Coating Time). 
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Figure 3:Cyclic Polarization Curve for Coated Specimen by Ni-P 

(2-hrs.Coating Time). 

 

 
Figure 4:Cyclic Polarization Curve for Coated Specimen by Ni-Cu-P(1-hr.Coating 

Time) 
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Figure 5:Cyclic Polarization Curve for Coated Specimen by Ni-Cu-P 

(2-hr.Coating Time). 

 
Figure 6: Cyclic Polarization Curve for Coated Specimen by Ni-SiC-P 

(1-hr.Coating Time). 
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Figure 7: Cyclic Polarization Curve for Coated Specimen by Ni-SiC-P 

(2-hr.Coating Time). 

 
Figure 8: Cyclic  Polarization Curve for Coated Specimen by Ni-Zn-P 

(1-hr.Coating Time). 
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Figure 9: Cyclic  Polarization Curve for Coated Specimen by Ni-Zn-P 

(2-hr.Coating Time). 
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 الخلاصة

انفاطم ْٕ اْى جضء فٙ يذطاخ انطالح انرٙ ذغرخذو انٕلٕد انصمٛم فٙ َظاو انرشغٛم.انفاطم      

 انجغًٛاخ،انؼُاطشانًؼذَٛح،انًاء،الاطٛاٌ ٔانشٕائة) انخاو(يٍ  مٚؼًم ػهٗ ذُمٛح انٕلٕد انصمٛ

اعثاب انفشم نفٕاطم)يُمٛاخ(انٕلٕد انرذمك ػهٗ  انذساعحفٙ ْزِ  تٕاعطح لٕٖ انطشد انًشكض٘.

 ٓايااعرخذٚرى .شلاشح إَاع يٍ انؼُٛاخ يٍ انطلاء انلاكٓشتائٙ نًُؼّدًاياخ انصمٛم ٔالرشاح استغ 

ذًصم تاخز تضؼح ػُٛاخ يٍ انمشص انًرضشس نرذهٛم انفشم.انُٕع فٙ ْزِ انذساعح.انُٕع الأل 

يهى 11يهى ٔعًك 15س الطات316 )انفٕلار انًمأو نهظذا(انصاَٙ ْٕيجًٕػح ػُٛاخ يٍ شفد 

يٍ Uانُٕع الاخٛش يٍ  انؼُٛاخ ْٕ طفائخ يُذُٛح ػهٗ شكم دشف نهطلاء انلاكٓشتائٙ ذى اخزْا.

 اعرخذيد فٙ فذض ذشمماخ انراكم الاجٓاد٘ ( يخرهفح الاتؼاداٚضا 316)انفٕلار انًمأو نهظذا

 ًَٔزجح انرذهٛلاخ انؼذدٚح.

انًجٓش الانكرشَٔٙ ،انظلادج،انًجٓش انضٕئٙ،انكًٛٛائٙانرشكٛة  :خظائض انًٕاد، نرذهٛم انفشم

مماخ انراكم الاجٓاد٘ تٕاعطح ش،دٕٛد الاشؼح انغُٛٛح،ٔانًُزجح انؼذدٚح نريكَٕاخ انؼُاطش

 ذى دساعرٓا.15,10اَغضص

ٔالاخش)  )فغفٕس-ًْٔا) َٛكم الأعاطيٍ  تاستؼح إَاع يخرهفحانطلاء انلاكٓشتائٙ ذى اجشاءِ      

-جغًٛاخ َإَٚح يٍ كاستٛذ انغهٛكٌٕ-فغفٕس(ٔ)َٛكم-خاسطٍٛ–)َٛكم )فغفٕس -َذاط -َٛكم

،خشَٕح  فذض انظلادج. ػهٗ انرٕانٙ )عاػح1ٔ2) ًأْ ٛرٍٛيخرهف تفرشذٍٛٔفغفٕس()

كهٕسٚذ انظٕدٕٚو ذى اَجاصْا. 3,5ٔالاعرمطاب انذٔس٘ فٙ يذهٕل انغطٕح،انراكم تفذض ذافم 

-45-31-15صيُٛح يخرهفح)ٔتفرشاخ  (كزنك ذى ذُفٛزْا فٙ ٔعظ فؼال)انُفظ انخاو حانراكم تانرؼشٚ

دلٛمح(كزنك فذض ذاكم انرشمماخ الاجٓاد٘ لاستغ ػُٛاخ ػهٗ شكم 61-05-01-115-121ٔ135

فٙ َفظ انٕعظ انغاتك تصلاز فرشاخ صيُٛح انًُذُٛح يٍ انفٕلار انًمأو نهظذا  Uدشف

 عاػح( ذى اخزْا. 061ٔ1441-481يخرهفح)

يٍ َرائج ذذهٛم انفشم انرٙ ذى انذظٕل ػهٛٓا ْٙ يؼشفح انرشكٛة انكًٛٛائٙ نهغثٛكح انًغرخذيح فٙ 

 انظلادجٔاٌ  (316)انفٕلار انًمأو نهظذادٛس ذثٍٛ آَا يطاتمح نغثٛكح لشص انفاطم طُاػح 

انفشم ٔذذد دًم  يٕلغ  فٙ يُاطك تؼٛذج ػٍ فٛكشص331ًرضشساَخفضد يٍ نهمشص ان

  .فٙ يُاطك لشب انضشسفٛكشص221ياٚكشٔيرش انٗ\غى311

لهح ٔ انمشصفمذاٌ ٔصٌ طٕس انًجٓش الانكرشَٔٙ ٔ اَخفاع انظلادج  ٔيٍ انفذض انثظش٘ ٔ

انراكم تانرؼش٘ ٔذاكم انفشم ْٕ  اٌ اْى اعثاب ٚرثٍٛ  انمشص ٔٔجٕد ذشمماخ ياٚكشٔٚحيراَح 

ذشمماخ انراكم الاجٓاد٘ ػثش انذذٔد انذثٛثٛح ًٚكٍ يشاْذذٓا تظٕس انًجٓش .انرشمماخ الاجٓاد٘

 الانكرشَٔٙ.

كاستٛذ -ٔانًؼايهح دشاسٚا نطلاء)َٛكم َرائج انطلاء انلاكٓشتائٙ نهؼُٛاخ انًطهٛح  اْى  يٍ    

فغفٕس(تضيٍ طلاء -ٔ)َٛكم) فغفٕس-َذاط-َٛكم)فغفٕس(،-اسطٍٛخ-،)َٛكمفغفٕس(-انغهٛكٌٕ

تُغثح اَخفضد )دلٛم01ّٔتضيٍ فٙ ٔعظ انُفظ انخاو يؼذل انراكم تانرؼش٘ ) ْٕ عاػرٍٛ

 دجطلا تؼذ انًؼايهح انذشاسٚح فٙ انجاَة انًماتمػهٗ انرٕانٙ. %) 12‚13%ٔ5،42%‚40،4‚5)

-انغهٛكٌٕ كاستٛذ-نهؼُٛاخ انًطهٛح)َٛكم%) 64%65ٔ%،64‚01،0‚5)تُغثح فٛكشص اصدادخ

 ٔتضيٍ طلاء عاػرٍٛ فغفٕس(-ٔ)َٛكم) فغفٕس-َذاط-فغفٕس(،)َٛكم-اسطٍٛخ-فغفٕس(،)َٛكم

 ػهٗ انرٕانٙ .



اٌ يؼذل انراكم نهؼُٛاخ انًطهٛح تؼذ انًؼايهح  الاعرمطاب اخَرائج اخرثاس يٍ اْى     

-ٔ)َٛكم) فغفٕس-َذاط-فغفٕس(،)َٛكم-خاسطٍٛ-فغفٕس(،)َٛكم-كاستٛذ انغهٛكٌٕ-انذشاسٚح)َٛكم

فٙ فذٕطاخ الاعرمطاب ػهٗ انرٕانٙ.%) 81%80ٔ%،01،06‚6)اَخفضد تُغثحفغفٕس(

كاستٛذ -)َٛكم نطلاءاخ انذٔس٘ ذثٍٛ اٌ الاخرلاف فٙ فشق جٓذ انرُمش ٔفشق جٓذ انذًاٚح

فغفٕس( ذذغُد تُغثح  -ٔ)َٛكم) فغفٕس-خاسطٍٛ-فغفٕس(،)َٛكم-َذاط-فغفٕس(،)َٛكم-انغهٛكٌٕ

 %( ػهٗ انرٕانٙ.%36ٔ%21.0،%30.1،63)

نكم طثماخ انطلاء الاستؼح نضيٍ طلاء عاػرٍٛ اصدادخ تؼذ ػهٗ ا٘ دال يؼذل خشَٕح انغطٕح 

عاػح فمظ تُغثح -1انًؼايهح انذشاسٚح ػٍ َفظ انطثماخ نكٍ تضيٍ 

 .%(ػهٗ انرٕان%61ٔ%65ٙ،36‚%5،03)

انًُذُٛح فٙ انُفظ انخاو Uانراكم الاجٓاد٘ نؼُٛاخ َرائج طٕس انًجٓش الانكرشَٔٙ لاخرثاس ذشمماخ 

تُٛد اٌ ذشمماخ انراكم الاجٓاد٘ كاَد يٍ َٕع عاػح(481ٔ061،1441كٕعظ فؼال ػُذ صيٍ )

انرشمماخ ػثش انذذٔد انذثٛثٛح خظٕطا نهؼُٛاخ انؼاسٚح.ذشمماخ انراكم الاجٓاد٘ نى ذظٓش فٙ كم 

َرائج ذذهٛم انؼُاطش ذؼطٙ طٕسج ٔاضذح ػٍ ا اخٛشانؼُٛاخ انًطهٛح ٔذًرهك عًك طلاء ػانٙ.

انًُاطك انرٙ ذؼشضد لإجٓاداخ ٔاَفؼالاخ ػانٛح ٔيُخفضح. ٔكاٌ انذذ الأدَٗ نلإجٓاد ٔالاَفؼال 

 11*2,565تاعكال  1,1311انًكافئ فٙ انؼُٛاخ الأستؼح 
-11

 ػهٗ انرٕانٙ.

 


