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Abstract 

      Recycling is the most important factor in ensuring that most metallic 

elements continue to progress and develop, particularly recycling copper, 

recycling aluminum, and recycling iron. Recently, recycling aluminum, 

copper and iron  have  been the focus of most research as there is an 

increased demand to use the green industry and as well as to reduce the 

emissions to the environments. The recycled Aluminum, copper and iron  

can be converted to different forms to be used in different purposes, like 

using  in the preparation of alloys used for tube heat exchangers. 

    The main alloy used in this research is the (90%Cu-10%Ni) alloy used in 

the electric power plant (South Baghdad station). Where two types of alloys 

were prepared: first remove nickel from the base alloy as it was replaced by 

other elements. These alloys are  A2 (69.33%Cu+27.4%Zn+3.05%Al) ,A3 

(66.01%Cu-27.94% Zn-3.10% Al-2.67%Sn),A4 (66.46%Cu-29.21%Zn-

3.60%Al-0.3%Ge)  andA5 (6.28%Cu-28.7%Zn-3.50%Al-0.23%Y) 

 Secondly, alloys in which the percentage of nickel has been reduced from 

the base alloy and the replacement for nickel with other elements. these 

alloys are A6(79.44%Cu-8.21%Ni-10.66%Al), A7(78.38%Cu-8.34%Ni-

10.58%Al-2.33%Fe),A8(80.26%Cu-8.53%Ni-9.55%Zn) and A9(78.76%Cu-

8.28%Ni-10.12% Zn-2.6%Fe) 

    Traditional mold casting and heat treatment elements were used, and 

casting was carried out in such a way as to ensure the smoothing of the 

grains to improve the properties. A number of tests have been carried out, 

including oxidation, thermal shock testing at high temperatures (52 C°, 250 

C°, 350 C°, 450 C°, 550 C° , 650 C° , 750 C°, and 850 C°). As well as the 
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test for hardness, mechanical wear, corrosive wear, simple immersion and 

Tafel test. 

    The alloy with better properties among the nickel-free alloys is (A4) and 

the alloy with the best properties among the alloys in which the nickel 

percentage has been reduced is (A7). 

    Results showed remarkable superiority of free nickel alloys in various 

tests, i.e. the improvement of corrosion resistance in salt solution (simple 

immersion test), for instance the reduction in corrosion rate of alloy (A4), 

compared to base alloy (A1), has led to improve reaches to 27.30 %). While 

the corrosion rate of the alloy containing nickel was reduced compared to 

the base alloy, the corrosion rate of alloy(A7) was  53.8%. 

     On the other hand, the reduction of current density of alloys (A4)and 

(A5) compared to base alloy (A1), has led to improve reaches to in order 

(96.5%) and (99.92%) respectively, while improvement in the reduction of 

current density of alloy( A7) compared to base alloy (A1) was (99.99%). 

     In oxidation test the reduction in specific weight change for A4 at 850C° 

was 17.07%, while improvement in the reduction in specific weight change 

for(A7) at 850C° was 23.21%. 

   While the improvement for free nickel alloys and alloys with nickel during 

mechanical tests, for instance the increasing in hardness of alloys A4 and  

A7 compared to base alloy (A1) were in order (89.2%) and  (97.98%) 

respectively, in addition, the reduction in erosion rate has led to 

improvement to ( 89.28%) and (92.85%) respectively . Besides, the  

improvement in wear resistance at (load 20N and speed 250rpm) has 

reached(57.2%) and (70.15%)respectively. 
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     The concept of optimization is used to find the best sample in terms of 

properties by dealing with the concept of Particle Swarm algorithms and that 

depends on the principle of  its work. The program is designed depending on 

75 samples with referring to the papered nine samples. It has used of the 

principle of selection as a function of a better validity as the relationship 

between this measure and authority is an inverse relationship. Then, the 

optimum samples resulted from the PSO were convergence the properties of 

sample A4 (Cu-Ni-Al-Ge). 
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INTRODUCTION 

1.1 General View 

     Recycling of industrial waste has existed in nature since ancient times; 

however it has practiced human waste retrieval process since the Bronze 

Age, where the metal material was dissolved to be converted into new tools. 

It is intended for recycling the reuse of waste; to produce other products of 

quality lower than that of original product. In recent years, waste production 

acquired a great importance in modern societies as a result of the change in 

consumption habits and patterns of consumers lives. The development of 

societies all over the world led to the phenomena of mass consumption, 

leading to increased amounts of the produced waste which result from such 

waste environmental impact [1].                                                                                                       

    Metals play an important role in modern societies and have traditionally 

been known with technological advancement and higher living standards. 

Metal resources can be found in the Earth's crust as well as metal that has 

been discarded after being used in the economy. Inefficient metal recovery 

from the economy increases reliance on primary resources and has the 

potential to harm the environment by increasing metal dispersion in 

ecosystems. Although the practice of recovering metals for their value can 

be traced back to ancient civilizations, it would still be currently 

practiced[2]. 
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    Metals can be recycled nearly indefinitely. Unlike polymer plastics, the 

properties of metals can be restored fully, although not always easily, 

regardless of their chemical or physical form. Nevertheless, the ability to 

recover metals economically after use is largely a function of their chemical 

reactivity and how they are initially used in the economy. The success of 

secondary metals markets depends on the cost of retrieving and processing 

metals embedded in abandoned structures, discarded products, and other 

waste streams, relative to the prices of primary metals[3,4]. 

    Many of the technologically important metals and alloys are partially or 

completely damaged while being attacked by different mediums, whether at 

high or low temperatures. As for the amount of damage, it depends on the 

type of engineering material and the nature of the medium of use.The current 

study aims to increase the effective life of alloys of heat exchangers and 

compressors used in electric power plants in Iraq, as it was found that these 

tubes suffer from early failure. 

    The danger of early damage lies in the possibility of leakage of coolant 

into the exchanger. If the exchanger is part of a complex system, the 

possibility of getting rid of the liquid and its immediate and future effects 

becomes difficult, in addition to high-cost downtime for the purpose of 

maintenance. 

    Heat exchangers represent means of exchange between one medium and 

another. Perhaps the radiator in the car is one of the most common examples. 

The exchangers are of various types that vary in their designs and properties 

and may be used for cooling or heating. In modern aircraft, the exchanger is 
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used to heat the air entering the combustion chamber with the exhaust gas to 

increase efficiency. 

    For the exchanger to be effective, it must be integrated between its design 

and the alloy used. The design should provide more space than the limited 

space, reduce weight and damage from gaps, and enable the use of high 

operating speeds. As for the alloy, perhaps its most important features: 

resistance to erosion and erosion, damage to gaps, in addition to durability, 

high thermal conductivity, and low cost. 

Since the 1930s, various materials such as brass, bronze, cupronickel alloys, 

stainless steel and even cast iron have been used in certain parts. Its 

problems ranged from selective dissolution, high price, pitting and galvanic 

corrosion, in addition to the limited flow rate in some of them. 

     Copper-nickel alloys are commonly used in seawater-cooled heat 

exchangers due to their inherent properties, which include a low corrosion 

rate, antifouling properties, and erosion-corrosion resistance compared to 

other alloys. The formation of a "protective film" on the underlying metal is 

critical to the corrosion behavior of these alloys. Furthermore, when 

compared to pure copper, alloying copper with nickel increases the tendency 

toward passivity and improves erosion-corrosion resistance. The addition of 

iron and manganese improves erosion-corrosion. 

     Because of their superior electrical and thermal conductivities, corrosion 

resistance, and ease of production, copper-nickel alloys are widely utilized 

in marine applications. The 90/10 copper-nickel alloy is a popular choice for 

condensers and heat exchangers in desalination plants and other applications 

where saltwater is utilized as a coolant. This alloy offers good resistance to 
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biofouling due to the release of copper ions and is resistant to stress 

corrosion cracking by ammonia and sulphide ions. In calm seawater, this 

alloy is also resistant to pitting and crevice corrosion. Thousands of tons of 

copper-nickel alloy (UNS C70600, CuNi 90/10) have been placed in various 

maritime engineering structures in the shipbuilding, offshore, power, and 

desalination industries over the last few decades, mostly as pipe for seawater 

handling and heat exchangers[5]. This alloy, which has been adopted by a 

number of standards (Table 1-1). 

Table 1.1: Chemical composition of cupronickel 90/10 used as tube material compared to various 

requirements[6]. 

 

1.2 Heat Exchanger 

    A heat exchanger is a device that is used to transfer thermal energy 

(enthalpy) between two or more environments using a working fluid and a 

working surface having different temperatures. Heat transfer can occur 
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between a solid surface and a liquid, between solid particles and a liquid, 

etc. The heat-exchange (or heat-utilizing) apparatus is one of the most 

common and important elements of power, utility and technological 

installations. Any conversion of energy from one type to another, as well as 

the transfer of energy from one device to another, is accompanied by the 

transition of a certain part of the energy to heat. Therefore, in almost all 

machines and apparatuses, heat transfer is important. Heat exchangers play 

an important role in technological processes, energy, oil refining, 

manufacturing, transportation, air conditioning, cryogenic and recovery 

systems. They also serve as key components of many industrial products 

available on the market. All heat exchangers can be classified according to 

various criteria[7]. 

1.2.1 Fields of applications of heat exchangers: 

     

      Heat exchangers are used in many different technological processes. The 

following roster lists some types of heat exchangers and their main 

purpose[8]. 

 

1. Chiller: a heat exchanger that uses refrigerant to cool a liquid through a 

vapor compression or absorption refrigeration cycle. 

2. Condenser: condenses steam or a mixture of vapors with or in the 

presence of non-condensing gases. 

3.Cooler: cools a liquid or gas, usually using water. 

4. Heat exchanger: cools one liquid while heating another. 

5. Heater: transfers heat to a liquid or gas by contact with a heated surface. 

6. Reboiler: generates steam through fractional distillation. Heating occurs 
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with the help of a heating element, as a result of which condensation of 

steam occurs. 

7. Thermosiphonreboiler: the natural circulation of boiling liquid is 

maintained by sufficient pressure. 

8. Forced circulation reboiler: A pump is used to circulate the fluid in the 

reboiler. 

9. Superheater: Heats the steam to a temperature above its boiling point. 

10. Evaporator: a heat exchanger that evaporates part or all of the liquid 

flow. 

1.2.2 Classification of Heat Exchangers: 

1. Pipe-in-pipe  heat exchangers 

       Equipment consisting of two pipes with different diameters inserted one 

into the other. With the help of clutch couplings, all parts of the pipes are 

assembled into a coil, which provides the necessary space for the heating 

and cooling medium. Sections are placed one above the other. The flows are 

directed counter-currently (towards each other). The cooling agent comes 

from below, and after heating rises up. The heated steam accumulates from 

above. After condensation, it goes to the bottom of the heat exchanger. This 

heat exchange equipment is used in the food industry. Heat exchangers of 

this design are characterized by a significant heat transfer coefficient and can 

operate at high pressure. The pipes are cleaned mechanically on level areas. 

The flow inside the two-pipe heat exchangers can be parallel or counter-

current[9].  

2. Shell-and-tube heat exchangers: 

     The shell-and-tube heat exchanger includes a tubular tank and an 

integrated tubing section. The heat carriers in the heat exchanger are directed 
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both parallel and towards each other. Shell-and-tube heat exchangers are 

used in the chemical, food, oil and gas and other fields. They are used as 

evaporatorsand condensers. Depending on the operating conditions of the 

equipment, it is installed in a vertical or horizontal position [10]. 

In multi-way devices, it is necessary to firmly fix the base and pipe sections. 

Such modules function even with a small difference in temperature of the 

working environment. When choosing the material of the heat exchanger, it 

is necessary to take into account the aggressiveness of the environment. Due 

to the inaccessibility of the heat exchanger tubes, the formation of corrosion 

is highly undesirable. Cleaning is carried out exclusively by a chemical 

method [11]. 

 

Figure(1.1): a) shell-and-tube heat exchanger with one outer shell and one pipe passage; 

b) shell-and-tube heat exchanger with one outer shell and two pipe passages.[12] 
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3. Plate Heat Exchangers 

     They consist of a large number of corrugated plates made of stainless 

steel. They are separated by seals that are installed without the use of 

adhesive mixtures, but allow tight fit to each other. Gaskets provide absolute 

tightness and do not allow mixing of media. The direction of flow is 

counter-current. The power of the heat exchanger is determined by the 

number of plates installed inside. Service, cleaning and repair of the device 

is done by disassembling it. Areas of use: housing and public utilities, 

shipbuilding, metallurgy, oil and gas, pharmaceutical industries and so on. 

The choice of material of the heat exchanger must be carried out depending 

on the technological process, the type of coolants in the system, temperature 

load and pressure. The most universal in application: plate heat exchangers 

made of stainless steel with copper pipes [13]. 

 

 

Figure (1.2) :Plate heat exchanger 

4. Spiral plate heat exchangers: 

      Spiral plate heat exchangers are made of two metal plates that are wound 

on each other. One stream of process fluid enters the heat exchanger through 
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the center and flows from the outside, while the second stream enters from 

the outside and flows inward. This creates a close to natural backflow [14]. 

   

 

Figure (1.3):Spiral plate heat exchanger 

1.3 Objectives of the Present Study 

 

    The current study aims to reduce the percentage of nickel in the alloys 

used in heat exchangers in electric power plants, as the alloy that was 

studied in the current research taken from the southern Baghdad power 

station contains 10% nickel and 90% copper. Where two groups of alloys 

were prepared, the first was completely replaced by nickel with elements 

such as (zinc, aluminum, tin, germanium and yttrium). In the second group, 

the proportion of nickel was reduced by adding elements such as (aluminum, 

zinc and iron). It should be noted that some of the elements used in the 

preparation of alloys were from recycling, such as (copper, aluminum and 

iron). Then, the corrosion and oxidation properties of the prepared alloys 

were studied. 

   One of the optimization methods was used to reach the optimal solution, 

and this method was the swarm of particles optimization(PSO), as this 

method is characterized as being easy to apply and implement. 
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Chapter Two

Theoretical Part

2.1 Introduction

        This chapter dealt with a number of topics: including metal recycling

and usually focus on the recycling of metals, copper and its alloys, Cu-Zn

alloys, Cu- Ni alloys,  corrosion of copper alloys, wear of copper alloys,

oxidation of copper alloys and particle swarm optimization.

2.2 Metals scrap recycling:

        Metals play an important part in modern societies and have historically

been  linked  with  industrial  development  and  improved  living  standards.

Society can draw on metal  resources from Earth’s  crust  as  well  as  from

metal  discarded after  use  in  the  economy.  Inefficient  recovery of  metals

from the economy increases reliance on primary resources and can impact

nature by increasing the dispersion of metals in ecosystems. Although the

practice  of  recovering  metals  for  their  value  dates  back  to  ancient

civilizations [15], today the protection of Earth’s resource endowments and

ecosystems adds to the incentive for recovering metals after use. Industrial

society values metals for their many useful properties. Their strength makes

them the preferred material  to provide structure,  as  girders  for  buildings,

rails for trains, chassis for automobiles, and containers for liquids. Metals

are also uniquely suited to conduct heat  (heat exchangers) and electricity

(wires),  functions  that  are  indispensable  to  industrial  economies.  Finally,

metals  and  their  compounds  are  used  for  their  chemical  properties  as

catalysts for chemical reactions, additives to glass,  electrodes in batteries,

and many other  applications.  The basic  and unique  properties  of  metals,

10
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including  the  ability  to  work  them  into  complex  shapes  (i.e.  ductility),

ensure that long-term demand for metals will certainly grow [16].

Table (2-1): Primary metal resource consumption and reserve base[16].

     Metal scrap recycling, also called secondary metal processing, is a large

industry that processes, in the U.S. alone, 56 million tons of scrap iron and

steel (including 10 million tons of scrap automobiles), 1.5 million tons of

scrap copper, 2.5 million tons of scrap aluminum, 1.3 million tons of scrap

lead, 300,000 tons of scrap zinc and 800,000 tons of scrap stainless steel,

and smaller quantities of other metals, on a yearly basis. 

                           

11
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2.2.1 The Process of Metal Recycling

    The process of metal recycling involves four stages. Metal is collected

by scrap yards, where it is sorted into bins. Any nonferrous metal items that

have  a  component  of  steel  or  iron  is  treated  as  scrap  steel.  Scrap  metal

centres then sell the scrap to larger super collectors where it is shredded and

then melted in furnaces at high temperatures to produce blocks, ingots or

sheets to be sold to manufacturers of metal products.

Below is the metal recycling process in detail[17]:

1. Collection and sorting

   The first  step  in  metal  recycling is  the collection  of  all  metal  products.

Adelaide  residents  bring  in  a  variety  of  metallic  items.  Examples  of  items

brought in for scrap metal recycling include whitegoods, radiators, steel or alloy

wheels,  roller shutters,  bicycles and batteries, even the stainless steel kitchen

sink can be recycled.  Metal  items are  sorted into rubbish skips,  ready to be

transported to scrap metal super collectors for processing.

Scrap metal prices are high due to the demand for scrap metal that has been

recycled.

2. Crushing and Shredding

Scrap metal processing plants first crush the metal in compactors so it can be

handled on conveyor belts easier.  Hammer mills then shred the metal into

pieces the size of your hand.
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3. Separation

Shredded metal is then placed into magnetic drums that separates ferrous

and non ferrous metals. Non metallic materials such as paint or plastic is

removed by blowing hot air (550°C) through the shredded metal, sucking up

the impurities much like a vacuum.

4. Melting and Purification

The next step is to melt the different scrap metals in large furnaces. Each

metal  has  a  specially  designed  furnace  depending  on  its  properties.  The

furnaces have fuel-efficient  regenerative burners to reduce the amount of

energy used and the impact on the environment. They are also equipped with

jet  stirrers,  ensuring an  even  temperature  and composition  by promoting

metal  circulation  within  the  furnaces.  The  stirring  process  ensures  the

highest quality end product.

While in a  molten state,  the metals  are purified further  by ‘Eddy current’

electrolysis  before  being  poured  into  different  moulds;  depending  on  the

metal,  and  cooled.  Large  aluminium ingots,  weighing  up  to  18  tons  and

containing around 1.5 million used cans,  are  sent  to mills  where they are

rolled into sheets, then bought by aluminium can manufacturers to make into

new cans. Despite the energy costs used in scrap metal recycling, the energy

required is less in this case as compared with the making from raw material.

Making steel from recycled cans for example uses 75% less energy than when

producing steel from raw materials. Australia has around 90% recycle rate for

steel products consumed, with every tonne of recycled steel saving 1130kg of

iron ore, over 630kg of coal and 54kg of limestone from being mined[18].
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2.2.2 Environmental Impacts of Metal Production

        One of the most striking environmental benefits of secondary metals

production is the reduction in energy needed to produce a ton of metal. The

primary  reason  for  this  phenomenon  is  that  melting  metal  requires  less

energy than that needed for reducing naturally occurring oxides and sulfides.

Fig.2.1 compares the energy requirement for producing a ton of aluminum,

copper, and steel starting from ore or scrap. Steel produced from primary ore

uses three and one half  times more energy than steel  from melted scrap.

Copper from ore requires five to seven times more energy than that required

for processing recycled[19].

Figure (2.1): comparison of energy inputs for various metals.
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 Besides conserving energy   resources, metals recycling also reduces mining

and beneficiation activities that disturb ecosystems. Although land used for

the extraction of primary metals represents under 0.1% of Earth’s terrestrial

surface  [20],  exploration  and  mining  activity  can  affect  surrounding

ecosystems  owing  to  necessary  infrastructure  and  by  dispersing  metal

compounds into the environment, either as airborne particles or as ions in

aqueous solutions. Developing newly discovered resource deposits can also

damage sensitive ecosystems, especially in less developed regions where the

need  for  foreign  exchange  from  mineral  rents  overshadows  domestic

environmental concerns [21]. 

2.3.Copper and Copper-Base Alloys

        Copper was undoubtedly the first useful metal to be employed by

Man. In many countries it is found in small quantities in the metallic state

and,  being  soft,  it  was  readily  shaped  into  ornaments  and  utensils.

Moreover, many of the ores of copper can easily be reduced to the metal,

and since these ores often contain other minerals, it is very probable that

copper alloys were produced as the direct result of smelting[22].

2.3.1 Properties and Uses of Copper 

       A very large part of the world's production of metallic copper is used in

the unalloyed form, mainly in the electrical industries.  Copper has a very

high specific conductivity, in this respect, second only to silver, to which it

is but little inferior. When relative costs are considered, copper is naturally

the  metal  used  for  industrial  purposes  demanding  high  electrical

conductivity[22]. 
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2.3.2. Copper-Base Alloys 

        The ever-present  demand by the electrical  industries  for  the World's

diminishing  resources  of  copper  has  led  industry  to  look  for  cheaper

materials to replace the now expensive copper alloys. Whilst the metallurgist

has  been  perfecting  more  ductile  mild  steel,  the  engineer  has  been

developing more efficient methods of forming metals so that copper alloys

are  now  only  used  where  high  electrical     conductivity  or  suitable

formability coupled with good corrosion resistance are required [22].

 For application requiring good resistance to corrosion, it is possible to move

towards copper-base alloys and stainless steel. The cheapest copper-base are

the brasses, because zinc is one-third the cost of copper, high temperature

brazing is effected above 800oC, usually with 60/40 brass filler. 

Copper  and  its  alloys  are  available  as  duplex  tubing  (inside  one  metal,

outside another) in combination with steel, aluminum, and stainless  steel.

This  construction  solves  many  heat-  exchanger  materials  problems.  For

example, tubing with ammonia on one side (steel) and brackish water on the

side (Admiralty Metal). Copper and copper alloys find extensive application

as water piping, valves, heat-exchanger, tubes, tube sheets, hardware, wire,

screens, shafts, roofing, bearings, stills, tanks, and other vessels [23].

2.3.3.The Brasses Alloys:

      The brasses comprise the useful alloys of copper and zinc containing up

to 45% zinc, and constitute one of the most important groups of non-ferrous

engineering alloys. As shown by the constitutional diagram Fig.(2.1), copper

will  dissolve  up to  32.5% zinc  at  the  solidus  temperature  of  902°C,  the

proportion  increasing  to  39.0%  at  454°C.  With  extremely  slow  rates  of
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cooling, which allow the alloy to reach structural equilibrium, the solubility

of zinc in copper will again decrease to 35.2% at 250°C. Diffusion is very

sluggish,  however,  at  temperatures  below  450°C,  and  with  ordinary

industrial  rates  of  cooling the amount of  zinc which can remain in solid

solution in copper at room temperature is about 39%. The solid solution so

formed is represented by the symbol (α). Since this solid solution is of the

disordered type, it is prone to the phenomenon of coring, though this is not

extensive, indicated by the narrow range between liquids and solidus. If the

amount  of  zinc  is  increased  beyond  39%  an  intermediate  phase,  β ',

equivalent to CuZn, will appear in the microstructure of the slowly cooled

brass. [24,25]. Fig. (2.3) shows copper-zinc partial phase diagram.

Figure (2.2): The Copper-Zinc Constitutional Diagram Indicates the Relationship
Between Composition and Mechanical Properties[26].
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Figure (2.3): Copper-Zinc Partial Phase Diagram [26,27].

2.3.4 Bronze Alloys

   Bronze is an alloy consisting primarily of copper, commonly with about

12–12.5% tin and  often  with  the  addition  of  other  metals  (such

as aluminium, manganese, nickel or zinc)  and  sometimes  non-metals

or metalloids such  as arsenic, phosphorus or silicon.  These  additions

produce a range of alloys that may be harder than copper alone, or have

other useful properties, such as strength, ductility, or machinability[28].

     Bronze is not a pure metal, but rather, a metal alloy. This is because it

contains various metals and alloys. It is mostly comprised of copper, but also

retains a few other common metal constituents. Generally, tin is added in,

but alloys like aluminum, arsenic, manganese, phosphorous, and silicon are
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sometimes used as well. This means there are various versions of bronze

alloys,  all  of  which  retaining  separate  attributes  and  properties.  But  the

collective  property  among  them  all  is  strength.  When  these  metal

constituents are added to copper, it  makes it  much stronger. This is  why

bronze is a common metal used in the construction of musical instruments,

sculptures,  medals,  and  several  industrial  applications  (i.e.  bearings,

bushings, etc.) [29]

2.3.5 Copper- Nickel alloy

      Copper and nickel have similar atomic radii and lattice parameters and so

the phase diagram is relatively simple Fig.(2.7), At all temperatures, Cu-Ni

alloys are represented by a single phase face centered cubic structure. The

absence of phase transformation during thermal cycles reduces the effect of

welding on mechanical  characteristics  and the corrosion resistance of  the

material.  This  crystallographic  structure  reveals  very  good  ductility  and

impact strength even at temperatures well below freezing point. The slow

diffusion rate for nickel in copper leads to concentration gradients in the

melt and consequently in-creases a segregation tendency in the cast structure

at normal cooling rates Fig.2.8. Thus, to provide a uniform establishment of

protective oxide layers,  the homogenization of the segregated structure is

required by hot forging or cold working with a subsequent recrystallisation

anneal[30]. 
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Figure (2.4): Phase diagram for Cu-Ni alloys[31].

Figure (2.5) : The matrix of UNS C71500 etched with FeCl3, (a) cast, (b) cast and 
annealed at 1100°C/ 30 min, (c) cast, 50% cold worked, and annealed at 850°C/ 4 h, (d) 
cast, 50% cold worked, and annealed at 850°C/25 h[32].

     Some specifications monitor more strictly the iron content which is an

essential alloying element and responsible for the improvement in corrosion

resistance of the alloy. To provide the appropriate quality of cupro-nickel
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products, the cooling rate from the solution annealing temperature must keep

the precipitation of iron containing particles to a minimum. The quality of

the piping can be easily assessed by measurement of the relative magnetic

permeability, which should be lower than 1.5. As for all metallic materials,

if the CuNi 90/10 has to be welded, the maximum limits for some impurities

such  as  lead,  sulfur,  carbon,  and  phosphorus  should  be  carefully

controlled[33, 34, 35].

2.4 Corrosion of Copper Alloys

     Copper and copper alloys are widely used in many environments and

applications because of their excellent corrosion resistance, which is coupled

with combinations of other desirable properties, such as superior electrical

and thermal  conductivity,  ease  of  fabricating  and joining,  wide  range  of

attainable mechanical properties, and resistance to biofouling.

   When copper and its alloys are immersed in water and form a film of

cuprous oxide (Cu2O), it is usually protective, and corrosion rates are low.

However, if this film breaks down locally, or a non-protective film forms,

particularly in localized areas, then rapid local attack can occur. Once this

develops, the pits can be very narrow and may propagate rapidly. Failures by

pitting attack may occur in a few months or only after 10 or more years

[36,37]. Fig.(2.9)  showed   Cross  section  of  a  tube  damaged  by  pitting

corrosion.
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Figure (2.6): Cross section of a tube damaged by pitting corrosion [38].

2.5 Corrosion resistance of copper –nickel 

       Copper-nickel  alloys are generally known for  their good corrosion

resistance,  excellent  machinability, and outstanding thermal and electrical

conductivity in marine environments [39–40]. The 90/10 copper-nickel alloy

has  been widely  applied  in  various  fields,  such as  seawater  piping,  heat

exchangers and condensers in ships, desalination plants, power plants, and

ship  hulls  [41–42].  The  excellent  corrosion  resistance  of  Cu-Ni  alloy  is

mainly due to two reasons. First, the ionization of copper is difficult as a

result  of  the  positive  equilibrium potential  and  the  high  thermodynamic

stability  of  Cu.  Second,  nickel  was  incorporated  into  Cu2O  film  and

increases the corrosion resistance in two ways: (i) Ni2+ occupies the vacant

position of Cu+ and increase the ionic resistance, which makes two Cu+ ions

disappear and thus increases the ion resistance of the film; (ii) Ni2+ replaces

Cu+  directly,  while  the  ionic  resistance  does  not  change  and  each

substitution  results  in  the  disappearance  of  one  Cu+  and  increases  the

electronic  resistance  [43].  Moreover,  it  is  relevant  to  the  formation of  a
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duplex oxide layer on the surface of copper alloy, which is mainly composed

of  CuxO  and  Cu-hydroxide/oxide  layer  and  protects  the  copper  matrix.

Corrosion  products  often  deposit  on  the  film  and  play  a  protective  role

[44,45].  Therefore,  copper and copper alloys are  more corrosion-resistant

than other metal alloys . In marine exposure conditions, Cu2O rapidly forms

on the surface of the matrix in the initial stage and reacts with chlorides,

leading to the formation of CuCl, which usually converts to Cu2(OH)3Cl as

end corrosion products [46,47]. The above components have already been

confirmed  on bare  copper  at  atmospheric  exposures  by Fuente  ,and also

observed after  exposure  in  laboratory conditions  with humidified air  and

pre-deposited NaCl [48,49]. However, the failure mainly happens on the Cu

alloys  surface  in  marine  environments  and  severely  disrupts  the  safe

operation  of  ship  and  marine  engineering  [50]. Table  2.3  explained

Corrosion rate of a Cu-Ni alloy containing 30% nickel and different iron

contents in seawater at various flow rates; temperature 30 C, test duration 60

days. 

Table 2.2.:  Corrosion rate of a Cu-Ni alloy containing 30% nickel and different iron
contents in seawater at various flow rates; temperature 30 C, test duration 60 days [51].

      Since copper and nickel form a continuous series of solid solutions, no

heterogeneous structure can occur in these alloys. Alloys containing 10%

and 30% Ni have good resistance even to hot seawater  and at high flow
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rates. Thus these alloys are stable up to moderate flow rates of 6 m/s. It is

necessary to maintain a minimum flow rate of 0.6 m/s to avoid corrosion

problems. Rates are guide values[51].

      The 90/10 and 70/30 alloys have excellent resistance to  seawater

corrosion and biofouling. If   water   velocity is   accelerated above 1

m/sec, any slight biofouling on metal   with good   fouling   resistance will

be easily detached and swept away. On a material that does not have this

good fouling    resistance,    strongly adherent, marine organisms would

continue to thrive and multiply[51,52,53].

2.6 Erosion-Corrosion

     Erosion-corrosion is the acceleration or increase in rate of deterioration

or attack on a metal because of relative movement between corrosive fluid

and  the  metal  surface.  Generally  this  movement  is  quite  rapid,  and

mechanical wear effects or abrasion are involved. Metal is removed from the

surface  as  dissolved  ions,  or  it  forms  solid  corrosion  products  that  are

mechanically  swept from the metal  surface.  Sometimes movement of  the

environment decreases corrosion, particularly when localized attack occurs

under  stagnant  conditions,  but  this  is  not  erosion  corrosion  because

deterioration is not increased [54].

Erosion  corrosion  is  characterized  in  appearance  by  grooves,  gullies,

waves,  rounded  holes,  and  valleys  and  usually  exhibits  a  directional

pattern,  Fig.(2.13)  a  sketch  representing  erosion-corrosion  of  a  heat-

exchanger tube handling water [54].
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     Figure (2.7): Erosion /Corrosion of Condenser Tube Wall [25].

      Most  metal  and alloys are susceptible  to erosion-corrosion damage.

Many  depend  upon  the  development  of  a  surface  film  of  some  sort

(passivity) for resistance to corrosion. Erosion–corrosion results when the

protective surfaces are damaged or worn and the metal or alloy are attacked

at  rapid  rate.  Metals  that  are  soft  and  readily  damaged  or  worm

mechanically,  such  as  copper  and  lead,  are  quite  susceptible  to  erosion-

corrosion.

       The nature and properties of the protective films that form on some

metals  or  alloys  are  very  important  from the  standpoint  of  resistance  to

erosion – corrosion. The ability of these films to protect the metal depends

on the speed or ease with which they form when originally exposed to the

environment, their resistance to mechanical damage or wear, and their rate

of the re-forming when destroyed or damaged. A hard, dense, adherent, and

continuous  film  would  provide  better  protection  than  one  that  is  easily

removed by mechanical  means or  worn off.  A brittle film that  cracks or

spalls  under  stress  may  not  be  protective.  Sometimes  the  nature  of  the

protective  film  that  forms  on  a  given  metal  depends  upon  the  specific
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environment to which it  is  exposed,  and this  determines its  resistance  to

erosion corrosion by that fluid[54].   

       One of the central problems in the use of copper base alloys with sea

water is the limiting flow velocity for which these can be used without the

onset  of erosion corrosion. It  is important,  however, to recognize that,  in

wear, material is removed from surfaces. The form of that removal can take

place in  different  manners according to  the mechanisms operating in  the

system. It is quite clear that the formation and growth of the Cu2O layer in

copper base alloy in sea water accompany with a decrease in the rate of ionic

migration in the oxide films should lead to a better resistance to erosion-

corrosion[55].

    Previously,  Thiruvengadam  suggested  model  scaling  laws  for  non-

corrosive  systems,  based on model  testing  to  aid  in  predicting  prototype

performance. The basis of time-scale model law is the relation between the

relative erosion rates and relative exposure periods for several materials. The

purpose of our program was to see how corrosive environment affects this

relation and to explore the reasons for these effects.

    As shown in Fig.(2.14), cavitation erosion is known to be time dependent

From previous investigations. Four distinct periods are described, namely,

incubation,  acceleration,  deceleration, and steady state,  both Heyman and

Thriuvengadam  have  proposed  theories  of  erosions  to  explain  the  time-

dependent nature of erosion[56,57].
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Figure (2.8): Rate of Erosion Versus Time[57].

2.7 Wear of Metals

     When two solid surfaces are placed in solid-state contact, it is difficult to

envision the absence of some wear even in the most efficiently lubricated

systems because of asperity contact. Wear is the removal of material from

one or both of two solid surfaces in solid-state contact. It occurs when solid

surfaces are in sliding, rolling, or rubbing motion relative to one another.

Wear can occur on an extremely fine scale as might be the case in lightly

loaded,  well-lubricated  systems  where  penetration  of  the  boundary

lubricating film is only intermittent and where solid-state contact occurs

infrequently[58]. 

    On the other hand, the wear process can be extremely gross and thus

result in the bulk removal of material from one surface or both in sliding

rubbing, or rolling contact with the result that the
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removed material is visible to the naked eye. Wear can take place gradually

over a prolonged period of time with small amounts of material removed,

or  wear  can  take place  rather  drastically  with the  instantaneous  loss  of

material from a surface[58].

       The material-intrinsic surface properties, such as hardness, strength,

ductility,  and  work  hardening,  are  very  important  factors  for  wear

resistance. High wear resistance are related to the role of grain boundaries

as effective obstacles for lattice dislocation slip.  The quality of most metal

products  depends  on  the  condition  of  their  surfaces  and  on  surface

deterioration  due  to  use. Surface  deterioration  is  also  important  in

engineering practice; it is often the major factor limiting the life and the

performance of machine components. 

     Substantial wear may be defined as unintentional deterioration resulting

from  use  or  environment.  It  may  be  considered  essentially  a  surface

phenomenon.  Wear  is  one  of  the  most  destructive  influences  to  which

metals  are  exposed,  and  the  importance  of  wear  resistance  needs  no

amplification. The displacement and detachment of metallic particles from

a  metallic  surface  may  be  caused  by  contact  with  (1)  another  metal

(adhesive  or  metallic  wear),  (2)  a  metallic  or  a  nonmetallic  abrasive

(abrasion),  or  (3)  moving  liquids  or  gases  (erosion).  Erosion  is  usually

accompanied by some form of corrosion. The above three types of wear

may be subdivided into wear under rolling friction or sliding friction and,

further, according to whether lubrication can or cannot be used[59]. 

    Wear involving a single type is rare, and in most cases both abrasive and

adhesive  wear  occur. Each  form  of  wear  is  affected  by  a  variety  of
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conditions,  including  environment,  type  of  loading,  relative  speeds  of

mating parts, lubricant, temperature, hardness, surface finish, presence of

foreign particles,  and composition and compatibility of the mating parts

involved. Since in most machinery applications wear can rarely be avoided

completely even with the best lubrication, it is common practice to use a

hard metal and a relatively soft one together. The softer material is used(as

bearing) for the part which is most economical to replace[60].

2.8 Oxidation

     When any metal combines with an atom or with a molecular group and 

loses electrons, then an oxidation reaction has taken place. A metal is also 

oxidized and loses electrons when it goes from one valency to a higher one. 

The term oxidation, therefore, describes the transfer of electrons, and 

reactions involving oxygen combining with metals form only a small section

under the general heading.

     When a metal is oxidized, other species taking part in the reaction is 

reduced, i.e. it gains electrons. Some common examples can be cited[65]:

Oxides are composed of grains that exhibit behavior similar to that of a

metal. An oxide can recrystallize, exhibit grain growth and it may deform

plastically, particularly at high temperatures. Diffusion rates will be higher

along  the  intercrysttaline  paths  than  within  oxide  crystals.  Similarly,

diffusion rates on the surfaces of crystals will be greater than within the

bulk [66].
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   Most metals are thermodynamically less stable than their oxides and they

will; react with the environment to reduce their Gibbs energy. This reaction

normally leads to the formation of solid oxide layer on the surface which

separate the metal from the environment. If the diffusion of the reacting

species through the oxide layer is slow, then the reaction will  also be slow

and  the  metal  will  appear  to  be  unaffected  by  the  environment.  If  the

materials is  then heated, the diffusion rate through this layer thin oxide

layer  would  increase.  The  composition  and  microstructure  of  this  thin

oxide layer would control the diffusion of metal ions and oxygen and thus

would affect the scale's development. It is also possible that the layer may

affect  the diffusion of  different  metal  ions to different  extents,  so as  to

favor the development of one type of oxide scale. In general there are three

oxidations stages[67]:

(1)The transient stage.

(2)The steady state stage.

(3)The breakaway stage.                 

Oxidation  is  an  important  (HTC)  phenomenon.  Metals  or  alloys  are

oxidized when heated to elevated temperatures in air or in highly oxidizing

environments, such as combustion atmospheres with excess air or oxygen.

Many  metallic  components  are  subject  to  oxidation  in  engineering

applications[68,69].

2.8.1 Mechanism of Oxide Film Growth
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   When the surface of the metal is exposed to oxygen, a single layer of

oxygen  will  quickly  cover  it  with  a  process  called  chemical  adsorption.

Thus, nuclei of the oxide are formed on the surface of the metal, and these

nuclei grow to cover the surface of the metal or alloy with a thin layer of

oxide[70]. 

     The oxide scale forms and grows on the surface of the metal when the

surface of the clean metal is exposed to oxygen, so a thin oxide scale will

cover the surface of metal quickly at first. The metals which are covered by

stable  oxides  generally  exhibit  two  types  of  behavior,  such  as  sodium,

potassium and magnesium, which are porous oxides, while the thin oxide

scale, which covers iron, copper, and nickel, is more dense[71]. 

   The thickness,  growth rate,  adhesion of  the  oxide  layer  and its  other

properties,  determine  the  potential  of  oxide  to  protect  the  metal,  which

covered it, whether the oxide layer is porous or dense, its protective ability

can be known to a certain extent from the (Pilling-Bedworth Ratio)[72].

The mechanisms in which the oxide layer grows are summed up as follows:

1. If the oxide layer is porous, the oxygen molecules can pass through

their pores to interact with the metal or alloy at the interface (metal /

oxide) as in Figure (2. 6a).

2. If the oxide layer is non-porous, the oxidation reaction occurs at the

interface (air / oxide) where the metal ions diffuse from the surface

separating the metal and the oxide towards the outer surface (air /

oxide).  The  electrons  also  migrate  in  the  same  direction  for  the

purpose of completing the reaction as in figure (2.6b)

3. Oxidation reaction may also occur at the interface (metal / oxide)
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when the oxide layer is porous. The oxygen ions diffuse into the

oxide layer to interact with the metal at the indicated interface, and

the electrons are free to move towards the interface (air / oxide) as

in figure (2-6c).

4. This case is a combination of the (2) and (3) cases mentioned above,

where the oxygen ions diffuse into the interior. The ions of the metal

and the electrons are moving outward, and the reaction will occur

anywhere where the ions meet in the oxide layer as in Fig.(2-6d)

[73]

                 Figure (2.9): Mechanism of Oxide Film Growth[71].

2.8.2 Pilling-Bedworth Ratio for Oxidation of Alloys
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       The resistance of a metal to high temperature oxidation requires the

development  of  an  oxide  barrier,  while  continuous  resistance  requires

maintenance of this protective barrier. Stress generation in an oxide scale

may cause scale cracking and spallation, directly affecting the maintenance

of the protective oxide scale. There are generally two types of stresses in

oxide scales:  growth stress,  which develops during the oxidation process,

and thermal stress, which develops due to the differential thermal expansion

between the oxide scale and metal substrate. When an oxide forms at the

metal/oxide interface, the volume change due to the formation of the oxide

can be expressed with the Pilling-Bedworth ratio (PBR) [74]. 

RBP latem =emuloV foedixO
emuloV folatem

………………… ... (3.2 )

     When an alloy is exposed to an oxidizing atmosphere at high temperature,

one or more elements in the alloy will be oxidized. In the case of metal Al

oxidation,  the  formation of  a  mole  Al2O3 consumes  two moles  metal  Al

based on the chemical reaction:

2lA + 3
2
O 2→ lA 2O 3…………………………….... (4.2 )

When an oxide forms at the metal/oxide interface, the volume change due to 

the formation of the oxide can be expressed with the Pilling-Bedworth ratio 

(PBR), The Pilling-Bedworth ratio is expressed as[75].

PBR Alloy=
Volumeof amoleof B xO y

Volume of x molesof B∈alloy
……… ..…… )2.5(

2.8.3 Oxidation Kinetics
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      The most important parameter of metal oxidation from an engineering 

view-point is the reaction rate. Since the oxide reaction product is generally 

retained on the metal surface. The rate of oxidation is usually measured and 

expressed as weight gain per unit area. The various empirical rate laws 

sometimes observed during oxidation for various metals under various 

conditions are illustrated in Fig. (2.8).  In which a plot of weight gain per 

unit area versus time is shown. The simplest empirical relationship is the 

linear law

W = kL.t ……… ..(2.6)
Where  W is weight gain per unit area,  t is time, and  kL is the linear rate

constant. Linear oxidation is characteristic of metals for which a porous or

cracked  scale  is  formed so  that  the  scale  does  not  represent  a  diffusion

barrier  between the two reactants. Metals which oxidize linearly, such as

Sodium and potassium.

                         

                       

                     Figure(2.10):  Oxidation Rate Laws[76].

The ideal ionic diffusion- controlled oxidation of pure metals have been 

showed should follow a parabolic oxidation rate law,
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W2=kp.t+C ……………..…(2.7)

Where  W is  weight gain per  unit  area,  t  is  time,  kP  is  the parabolic rate

constant,  and  C is a constant.  Metals demonstrating a parabolic oxidation

rate yield a straight line when the data are plotted as W2 versus time.

The logarithmic empirical reaction rate law

W = ke log(Ct + A)…………...(2.8)

Where  ke,  C,  and  A  are  constants,  and  the  related  inverse  logarithmic

oxidation  rate  law.  Logarithmic  oxidation  behavior  is  generally  observed

with  thin  oxide  layers  (e.g.  less  than  1000Å)  at  low  temperatures.

Aluminum, copper, iron, and some other metals oxidize in this manner at

ambient or slightly elevated temperatures. 

Under specific conditions, some metals appear to oxidize to a cubic law

W3 = kc.t + C…………….……(2.9)

Where kc, and  C are constants[77,78]. 

2.8.4Oxidation of Copper Alloys

     Copper  oxidizes according to a logarithmic law up to around 200°C.

Above that temperature there appears to be a cubic law which is operative

over a small range and then a parabolic law is found. It was pointed out that

the value of activation energy, 158 kJ/mole (37.7 kcal/mole), found from the

variation of  the rate  constant  above 550°C,  corresponds to  the activation

energy for the diffusion of cuprous ions in Cu2O, below this temperature the

value  is  much  less,  83.6  kJ/mole  (20  kcal/mole),  and  is  thought  to  be

associated  with  a  reaction  in  CuO.  The  proportion  Cu2O/  CuO  found
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experimentally  is  shown in  Fig.  (2.9).  This  is  pressure  sensitive  and the

amount of CuO decreases with decreasing oxygen pressure.

     The  addition  of  aluminum,  beryllium,  and  magnesium increase  the

oxidation  resistance  of  copper  considerably,  mainly  by  preferential

oxidation. Many binary alloys oxidize at a similar rate to copper and grow a

double scale consisting of outermost CuO and innermost mainly alloy oxide.

        Copper-zinc alloys have an oxide consisting of Cu2O matrix with ZnO

particles, which form a continuous outermost film when the zinc content is

20%. At low temperatures the presences of zinc cations lowers the growth

rate of Cu2O, while at high temperatures zinc evaporates away when it has

permeated the cuprous oxide film. Many dilute copper alloys suffer from

internal oxidation [78,79].  

Figure(2.11):  Approximate  Variation  of  Cu2O/CuO Ratio  with

Temperature for the Oxidation of Copper[80].

2.8.5  Oxide Adhesion

      Practical adhesion may be defined as the physical strength of an interface

between two regions of a material system. Interfaces may be formed by a
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variety  of  processes  and  techniques  each  of  which  will  form  interfaces

having differing properties. The failure strength of the interface by fracture

or deformation will depend on a number of factors including:-

(1) The nature of the stresses at the interface.

 (2) The deformation and fracture properties of the interracial material.

The loss of adhesion under mechanical stress (tensile, compressive or shear)

occurs by deformation and fracture of material at or near the interface, loss

of  adhesion  may  also  occur  because  of  non-mechanical  stresses  such  as

corrosion or solution of interfacial material, generation of flaws, diffusion to

or  away  from  the  interface  of  species  which  can  influence  adhesion.

Adhesion  of  the  oxide  on  the  surface  of  the  alloy  will  be  poor  with

increasing  its  thickness,  due  to  increasing  the  defects  in  the  oxide

scale[81,82,83].

2.8.6 Thermal stresses.

   Even when no stress exists at the oxidation temperature cyclic, stresses

will be generated during heating and cooling because of the difference in

thermal-expansion coefficient of the metal and oxide. The oxides on most

engineering alloys are in compression because the growth stresses tend to be

compressive and, particularly, the thermal stresses, when they develop on

cooling,  are  compressive  because  of  the  sign  of  the  thermal  expansion

mismatch between the alloy and oxide Table (2.3) [84].

         These cyclic stresses (Growth stress, Thermal stress) are generally

assumed to  arise  from coefficient  of  thermal  expansion (CTE)  mismatch

between  oxide  and  metal[36].  The  difference  between  the  coefficient  of
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expansion of Cu2O (4.3×10-6/oC) and that of CuO (9.3×10-6/oC) could be a

source of  stress.  This difference is even greater  than between most other

oxides and their metals and stress relief is less likely between oxides than

between oxide and metal. 

Table (2.3) Linear coefficients of thermal expansion of metals and oxides

[84,85].

System Oxide coefficient×10−6/oCMetal  coefficient×10−6/
oC

Ratio

Fe–FeO12.215.31.25

Fe–

Fe2O3

14.915.31.03

Ni–NiO17.117.61.03

Co–CoO15.014.00.93

Cr–

Cr2O3

7.39.51.30

Cu–

Cu2O
4.318.64.32

Cu–CuO9.318.62.00

2.8.7 Improvement of Scale Adhesion

     The basic properties for oxide scale are of adhesion on alloy surface,

ability  to  resist   exerted  stresses,  reduce  the  rate  of  oxidation,  and  self

rebuild (self healing protective oxide on its surface) immediately in case of

fracture[86].

    Most of protective oxides which cover surfaces of alloys are of the high

temperatures resistance  lack  of  perfect  adhesive  and suffer  from spalling

under  influence  of  stresses.  The  adhesion  between  scale  and  alloy  is
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markedly improved and this increase the alloy's resistance to thermal cycling

exposure, in some but not all cases the actual growth rate of the oxide is also

reduced[87]. 

The improvement in oxidation resistance of  high temperatures alloys as

results of [88]:-

 Additions  of  rare  earth  elements,  other  reactive  metals,  or

dispersions of stable oxides.

 Yttrium (Y) and hafnium (Hf) improve the adherence of the oxide

scale to the substrate by reducing the amount of the oxide that spalls

off during a thermal cycle.

 Addition elements such as Al and Cr, their oxides Al2O3 and Cr2O3

are generally regarded as the best  protective oxides under various

environment.

 Addition of noble elements such as platinum (Pt), it also improves

the adherence of oxide scale, but the needing of much amount from

this  expensive  noble  element,  make  its  using  in  limitation

application.   

2.9 The Particle Swarm Algorithm

2.9.1 .Introduction 
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           Maximizing earns or minimizing losses has always been a concern in

engineering problems. For diverse fields of knowledge, the complexity of

optimization problems increases as science and technology develop. Often,

examples  of  engineering  problems  that  might  require  an  optimization

approach are in energy conversion and distribution, in mechanical design, in

logistics, and in the reload of nuclear reactors. To maximize or minimize a

function in order to find the optimum, there are several approaches that one

could perform. In spite of a wide range of optimization algorithms that could

be used, there is not a main one that is considered to be the best for any case.

One optimization method that is suitable for a problem might not be so for

another one; it depends on several features, for example, whether the

function is differentiable and its concavity (convex or concave). In order to

solve a problem, one must understand different optimization methods so this

person is able to select the algorithm that best fits on the features’ problem.

The particle  swarm optimization (PSO) algorithm,  proposed by Kennedy

and  Eberhart  [89],  is  a  metaheuristic  algorithm based  on the  concept  of

swarm  intelligence  capable  of  solving  complex  mathematics  problems

existing in engineering [90]. It  is  of great importance noting that dealing

with  PSO has  some  advantage  swhen  compared  with  other  optimization

algorithms, once it has fewer parameters to adjust, and the ones that must be

set are widely discussed in the literature [91].

         

2.9.2 Overview Particle Swarm Optimization

    In the early of 1990s, several studies regarding the social behavior of

animal  groups  were  developed.  These  studies  showed that  some animals
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belonging to  a  certain  group,  that  is,  birds  and fishes,  are  able  to  share

information among their group , and such capability confers these animals a

great  survival  advantage  [92].  Inspired  by  these  works,  Kennedy  and

Eberhart  proposed  in  1995  the  PSO  algorithm  [89],  a  metaheuristic

algorithm that is appropriate to optimize nonlinear continuous functions. The

author derived the algorithm inspired by the concept of swarm intelligence,

often seen in animal groups, such as flocks and shoals. In order to explain

how the PSO had inspired the formulation of an optimization algorithm to

solve complex mathematical  problems, a discussion on the behavior of  a

flock is presented. A swarm of birds flying over a place must find a point to

land and, in this case, the definition of which point the whole swarm should

land  is  a  complex  problem,  since  it  depends  on  several  issues,  that  is,

maximizing the availability of food and minimizing the risk of existence of

predators. In this context, one can understand the movement of the birds as a

choreography; the birds synchronically move for a period until the best place

to land is defined and all the flock lands at once.

    In  the  given  example,  the  movement  of  the  flock  only  happens  as

described once all the swarm members are able to share information among

themselves;  otherwise,  each animal would most  likely land at  a different

point and at a different time. The studies regarding the social behavior of

animals from the early 1990s stated before in this text pointed out that all

birds of a swarm searching for a good point to land are able to know the best

point until it is found by one of the swarm’s members. By means of that,

each member of the swarm balances its individual and its swarm knowledge

experience, known as social knowledge. One may notice that the criteria
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to assess whether a point is good or not in this case is the survival conditions

found at a possible landing point, such as those mentioned earlier in this

text.

The problem to find the best point to land described features an optimization

problem. The flock must identify the best point, for example, the latitude and

the longitude, in order to maximize the survival conditions of its members.

To  do  so,  each  bird  flies  searching  and  assessing  different  points  using

several  surviving  criteria  at  the  same  time.  Each  one  of  those  has  the

advantage to know where the best location point is found until known by the

whole  swarm.  Kennedy  and  Eberhart  inspired  by  the  social  behavior  of

birds,  which  grants  them  great  surviving  advantages  when  solving  the

problem of finding a safe point to land, proposed an algorithm called PSO

that could mimic this behavior. The inertial version, also known as classical

version,  of  the  algorithm  was  proposed  in  1995  [89].  Since  then,  other

versions have been proposed as variations of the classical formulation, that

is, the linear-decreasing inertia weight [93], the constriction factor

weight [94],  besides hybrid models [95] or even quantum inspired approach

optimization techniques that can be applied to PSO [96]. This chapter will

only present the inertial model of PSO, as it is the state-of-the-art algorithm,

and  to  understand  better  the  derivations  of  PSO,  one  should  firstly

understand its classical version.

The goal of an optimization problem is to determine a variable represented

by a vector X = [x1x2x3 …xn ]that minimizes or maximizes depending on the

proposed optimization formulation of the function f(X). The variable vector

X is known as position vector; this vector represents a variable model and it

is n dimensions vector, where n represents the number of variables that may

be determined in a problem, that is,  the latitude and the longitude in the
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problem of determining a point to land by a flock. On the other hand, the

function  f(X)  is  called  fitness  function  or  objective  function,  which is  a

function that may assess how good or bad a position X is, that is, how good

a certain landing point a bird thinks it is after this animal finds it, and such

evaluation in this case is performed through several survival criteria.

Considering a swarm with P particles, there is a position vector

 Xt
i   = [xi1xi2xi3 …xin]T and a velocity vector Vt

i = [ vi1vi2vi3 …vin]T at  a  t

iteration for each one of the i particle that composes it. These vectors are

updated through the dimension j according to the following equations:

   Vt+1
ij

 = ω Vt
ij + c1 r1 (pbestij – Xt

ij) + c2 r2 (gbestj – Xt
ij)        (2-10)

and

Xt+1
ij = Xt

ij + Vt+1
ij                                                     (2-11)

where i = 1,2,…,P and j = 1,2,…,n.

Eq. (1)  denotes that  there  are  three different  contributions to  a  particle’s

movement in an iteration, so there are three terms in it that are going to be

further discussed. Meanwhile, Eq. (2) updates the particle’s positions. The

parameter w is the inertia weight constant, and for the classical PSO version,

it is a positive constant value. This parameter is important for balancing the

global search, also known as exploration (when higher values are set), and

local search, known as exploitation (when lower values are set). In terms of

this parameter, one may notice that it is one of the main differences between

classical version of PSO and other versions derived from it.
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Lastly, Figure 1 shows the PSO algorithm flowchart, and one may notice

that  the  optimization  logic  in  it  searches  for  minimums and  all  position

vectors are assessed by the function f(X), known as fitness function. Besides

that, Figures 2 and 3 present the update in a particle’s velocity and in its

position at a t iteration, regarding a bi-dimensional problem with variables x1

and x2.

                             Figure (2.16): The PSO algorithm[94].
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Figure (2.12): The velocity vector at a t iteration as being composed by two components 
regarding a bi-dimensional problem[92].

    
Figure (2.13): The position vector being updated at a t iteration as being composed by 
two components regarding a bi-dimensional problem[92].

2.9.3 Recent applications and challenges

     PSO can be applied to many types of problems in the most diverse areas

of science. As an example, PSO has been used in healthcare in diagnosing

problems of a type of leukemia through microscopic imaging [97]. In the

economic sciences, PSO has been used to test restricted and unrestricted risk

investment  portfolios  to  achieve  optimal  risk  portfolios  [98].  In  the

engineering field, the applications are as diverse as possible. Optimization

problems involving PSO can be found in the literature in order to increase

the heat  transfer of systems [99] or even in algorithms to predict the heat

transfer  coefficient  [100].  In  the  field  of  thermodynamics,  one  can  find
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papers involving the optimization of thermal systems such as diesel engine–

organic Rankine cycle [101], hybrid diesel-ORC/photovoltaic system [102],

and integrated solar combined cycle power plants (ISCCs) [103].

PSO has also been used for geometric optimization problems in order to find

the best  system configurations that best  fit  the design constraints.  In this

context, we can mention studies involving optical-geometric optimization of

solar concentrators [104] and geometric optimization of radiative enclosures

that  satisfy  temperature  distribution  and  heat  flow  [105].  After  having

numerous versions of PSO algorithm such as those mentioned in the first

section, PSO is able to deal with a broad range of problems, from problems

with  a  few  numbers  of  goals  and  continuum  variables  to  others  with

challenging  multipurpose  problems with  many  discreet  and/or  continuum

variables. Besides its potential, the user must be aware that the PSO will

only  achieve  appreciated  results  if  one  implements  an objective  function

capable of reflecting all goals at once. To derive such a function may be a

challenging task that should require a good understanding of the physical

problem to be solved and the ability to abstract ideas into a mathematical

equation as well. The problems presented in the fourth section of this work

provide  examples  of  objective  functions  capable  of  playing  this  role.

Another challenge for one using PSO is how to handle the bounds of the

search domain whenever a particle moves beyond it [106]. 
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2.10 Literature Review

2:10:1 Recent Studies Related to Copper-Zinc alloys:

      Jamal Al-Deen 1998: studied the addition of (Ge, Te, and Al) to (70/30)

brass alloy for improvement erosion-corrosion resistance, it was found that

the erosion rate increase with increasing sand concentration but the erosion

efficiency decreases.  The  maximum erosion  rate  was  found  at  (20o)  and

decreases with increasing the angle up to (90o), at the (53μm) sand particle

size and concentration of (0.1%). Erosion rate at 52oC was smaller than that

at  13oC.  The  optimization  sequence  of  elements  which  led  to  the

improvement of erosion resistance at room temperature (13oC) (Te, Al, and

Ge) i.e. Te is the best and so on, and that at 52oC was (Ge,Te, and Al) [107]. 

      Gaoyong, et.al 2011: studied the corrosion behaviors of Al-brass in

stagnant  and  flowing  marine  water  as  a  function  of  combinative  rare

earths  (Ce  and  La)  addition  were  investigated  by  electrochemical

techniques,  X-ray diffraction  (XRD) and scanning  electron microscopy

(SEM). It was demonstrated that RE elements could make the corrosion

product layer more protective and strengthen the cohesion between the

film  and  matrix  in  stagnant  seawater.  The  electrochemical  impedance

spectroscopy  (EIS)  and  scanning  electron  microscopy  (SEM)  analysis

confirmed that a duplex layer, which was mainly composed of an inner

Al2O3 with trace amounts of RE compounds and an outer basic chloride of

copper or zinc layer was formed on RE-contained Al-brass surface and

that the inner layer was responsible for the good corrosion resistance of

the alloy. While only a porous and non-protective corrosion product layer

was formed on the Al-brass alloy without RE addition, which made small
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values of the corrosion resistance. Additionally, in flowing marine water

with  velocity  about  2  m/s,  pitting  corrosion  occurred  on  the  Al-brass

surface and RE addition could availably decrease pitting sensitivity of the

alloy [108].

      Haleem,  et.al 2011:  have studied the adding of Aluminum  to brass

alloy  (α)  for  improving  the  oxidation  resistance.  In  this  work,  pure

Aluminum (1- 2% wt.) has been added to brass alloy (α). These alloys have

been  prepared by melting and casting in a metallic mold. Tests of cyclic

oxidation  have  been  conducted  on  the  alpha  brass  alloy  including

Aluminum and no including, at a wide range of temperatures (500 – 900)°C

in still air for (52 hours) at (4 hours) cycle. The oxidation kinetics follows

breakaway  behavior  for  alpha  brass  alloy  at  800oC  and  900°C.  This

indicates that  the oxidation behavior of this alloy is non-protective.  The

phases  presents  on  the  cyclic  oxidation  of  alpha  brass  alloy  including

Aluminum addition as revealed by X-Ray Diffraction (XRD) analysis are:

Cu2O,  CuO,  and  ZnO.  Alpha  brass  alloy  (α)   alloys  containing  Al

demonstrates high oxidation resistance. This is attributed to the formation

of protective alumina (Al2O3). Oxide morphology was examined using light

optical microscope (LOM) [109].

2:10:2 Recent Studies Related to Copper-Nickel alloys:

     Badawy, et.al. 2014: described copper alloys are important materials for

many industrial applications. The addition ofAl, Ni and Zn to Cu either as

single alloying element in binary alloys like brasses and bronzes or the well-

known  Cu-Ni  alloys  or  as  couples  in  ternary  alloys  leads  to  specific

properties important for different applications.. It is important to compare

the corrosion behavior and the stability of each alloy in these media. For this
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reason they have used Cu-10Al-10Ni, Cu-10Al-10Zn and Cu-10Ni-10Zn, in

which the ratio of Cu is kept constant and the two alloying elements of equal

percentage[110]. 

      Nady, et.al. 2016: studied copper-based alloys are widely used in the

consumer electronics industry for components such as connector contacts,

shielding gaskets, and terminals. Nickel silver is a general term for alloys

that contain copper, nickel, and zinc. Nickel silver first became popular as a

base metal  for  silver-plated cutlery and other silverware,  notably electro-

plated nickel silver, jewelery and coins. The electrochemical stability of Cu–

10Ni–10Zn alloy was compared with that of pure copper and two of copper

ternary  alloys,  namely  Cu–10Al–10Zn  and  Cu–10Al–10Ni  in  synthetic

sweat solution, Hank’s solution and in Ringer physiological solution[111]. 

     Shi, el.at. 2017 : studied corrosion behaviors of pure Cu and Cu-Ni-Zn

alloy were investigated  in  3.5% NaCl  solution and artificial  seawater  by

electrochemical impedance spectroscopy and potentiodynamic polarization

technologies,  and  the  corrosion  morphologies  were  observed  by  field

emission scanning electron microscopy. The results revealed that Cu-Ni-Zn

alloy possessed better corrosion resistance than that of pure Cu in both 3.5%

NaCl solution and artificial seawater. The corrosion morphology displayed

the  corrosion  product  films  on  Cu-Ni-Zn  alloy  were  more  compact  and

uniform than that on the pure Cu in both 3.5% NaCl and artificial seawater

media[112].

       Tandon,  et.  al.  2017: studied Cu-10Ni  alloy  has  an  outstanding

resistance to corrosion in seawater due to formation of protective Cu2O film.

However,  in presence  of  S2 − ions,  it  suffers  accelerated corrosion.  The
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present paper investigates the corrosion behaviour of Cu-10Ni, Cu-10Ni-6Zn

and  Cu-10Ni-12Zn  alloys  using  weight  loss,  electrochemical  impedance

spectroscopy and potentiodynamic polarization technique. The experiments

were performed in clean seawater and sulphide contaminate  seawater. The

Cu-10Ni-6Zn  and  Cu-10Ni-12Zn  alloys  were  found  to  exhibit  lower

corrosion  rat   than  Cu-10Ni  alloy  in  clean  and  sulphide  contaminated

seawater. Lower corrosion rate of Zn containing alloys in clean seawater is

attributed to the incorporation of Zn2+ ions in Cu2O lattice. Lower corrosion

rate of Zn containing alloys sulphide contaminated seawater is attributed to

formation of ZnS in the film[1113]. 

  2:10:3 Recent Studies Related to particle swarm 

      Pol,  et.al.  2007: described particle  swarm optimization  (PSO)  has

undergone many changes since its introduction in 1995. As researchers have

learned about the technique, they have derived new versions, developed new

applications, and published theoretical studies of the effects of the various

parameters and aspects of the algorithm [114].

    Wang, et. al. 2013: studied three different variations of PSO algorithms,

i.e. Canonical, Gaussian Bare -bone and Lévy Bare-bone PSO, are tested to

optimize  the  ultimate  oil  recovery  of  a  large  heavy  oil  reservoir.  The

performance  of  these  algorithms was  compared  in  terms  of  convergence

behaviour and the final optimization results. It is found that, in general, all

three types of PSO methods are able to improve the objective function. The

best objective function is found by using the Canonical PSO, while the other

two methods give similar results. The Gaussian Bare -bone PSO may picks

positions that are far away from the optimal solution. The Lévy Bare-bone
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PSO  has  similar  convergence  behavior  as  the  Canonical  PSO.  For  the

specific optimization problem investigated in this study, it is found that the

temperature of the injection steam, CO2 composition in the injection gas, and

the gas injection rates have bigger impact on the objective function, while

steam injection rate and the liquid production rate ha ve less impact on the

objective function[115].

    Alam  2016: discussed  an  algorithm  for  classical  particle  swarm

optimization (PSO).  Also,  its  codes in MATLAB environment have been

included. The effectiveness of the algorithm has been analyzed with the help

of an example of three variable optimization problem. Also, the convergence

characteristic of the algorithm has been discussed[116].

     Aje.  et. al. 2020: Studied particle Swarm Optimization (PSO) is one of

the  concepts  of  swarm intelligence inspired  by studies  in  neurosciences,

cognitive psychology,  social ethology and  behavioral sciences, introduced

in  the  domain  of  computing and  artificial   intelligence  as  an  innovative

collective and distributed intelligent paradigm for solving problems, mostly

in the domain  of optimization,  without centralized control or the provision

of a global model.  The PSO method has roots in genetic  algorithms  and

evolution  strategies  and  shares  many  similarities  with  evolutionary

computing   such   as   random  generation  of  populations  at  system

initialization  or updating  generations at optima search. This paper  presents

an  extensive  literature  review on the concept  of  PSO, its  application to

different systems including electric power systems,  modifications  of  the

basic  PSO  to improve  its  premature convergence,  and  its combination

with  other  intelligent  algorithms to improve search capacity and reduce the

time spent to come out of local optimums[117].
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   PartExperimental 

3.1 Introduction  

             A general overview of the experimental work steps is given in this 

chapter and also includes all the circumstances under which the study 

took place. It takes up the specifics of the experimental component by 

describing the main materials, instruments used and measurements in the 

current work, and all physical, chemical and mechanical test of base alloy 

 (Cu-Ni), nickel and free nickel samples  including: chemical composition 

analysis (XRF), optical microscope analysis, scanning electron 

microscope (SEM), energy dispersive spectroscopy (EDS) and X-ray 

diffraction (X-ray diffraction) (XRD. Chemical tests include open circuit 

potential, potentiostatic polarization, simple immersion and erosion-

corrosion. Wear rate tests have been studied in addition to evaluating 

specific mechanical properties such as micro-hardness. Thermal shock 

and oxidation test was also conducted for all samples.                           

 

3.2 Experiments Program of Present Study: 

       Figure (3.1) displays the experimental program of the present study.  
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Figure (3.1): Shows the Block Diagram of the Experimental Procedures. 

 Recycled Cu, Recycled Fe, Recycled Al, 

Zn, Sn, Y, Ge. 
Chemical Analysis 

 

A1(The base alloy is  

from the South 

Baghdad station.  

Ni Alloys Preparation 

(A2,A3,A4,A5) 

By  

Gravity Casting Technique 

Homogenizing Treatment for 

6 hours at (330˚C) 

 

Homogenizing Treatment for 

7 hours at (850˚C). 

 
 

Tests and Inspection 

1-Erosion/Corrosion 

2- Simple immersion  

3-Open Circuit 

Potential (OCP) 

4- Polarization Test  

Oxidation  Corrosion 

Test 

Mechanical 

Tests 

Thermal shock 
Microstructure  

Characterization  

Hardness 

(HV)   

SEM 

XRD 

EDS 

Free Ni Alloys Preparation 

(A6,A7,A8,A9) 

By  

Gravity Casting Technique 



   Experimental Part Chapter Three  
  

33 
 

3.3Preparation of  Recycled Materials:  

 Preparation of the main metals included in the preparation of alloys in 

this study, the recycling technique was used for the purpose of preparing 

the main metals used in the manufacture of these alloys, namely (copper, 

iron, aluminum), where soft drink bottles were collected as a source for 

preparing the aluminum element and the spent cupper-coils  as a source 

for preparing copper and iron scrap as a source for preparing iron shows 

in figures (3.2, 3.3, and 3.4), where those consumables were cleaned, 

washed and dried and then weighed, and the prepared weights were: 250 

g of aluminum, 250 g of iron and 1 kg of copper .These materials were 

cut into small pieces using a cutter and melted in a ceramic crucible, it 

has a capacity of 1 kg and using an electric furnace. Borax was used to 

purify metals from slag and impurities suspended in them. This 

suspended slag was pulled from the surface of the molten before the 

casting process, which was done in pre-heated metal molds with a range 

of 200-300 C°, and after cooling, aluminum and copper were obtained. , 

iron and its purity reached 93.44%, 96.5%, 95.6%, respectively. Table 

(3.1) shows the chemical composition of the metals used in preparing the 

alloys under study.                                                                                              

  Table (3.1) shows the purity of the used materials 

Purity Material 

96.5 copper 

99.99 zinc 

94.86 aluminum 

99.99 nickel 

99.99 Tin 

93.40 Iron 

99.99 Germanium 

99.99 Yttrium 
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Figure(3.2); Aluminum soft drinks cans that prepared. 

 

 

Figure(3.3): Copper coils scrap  that prepared. 

 

Fig.(3.4):  Iron scrap  that prepared. 
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3.4 Preparation of Specimens  

3.4.1 Melting and Casting  

       In order to prepare the samples (A2, A3, A4, A5, A6, A7, A8and A9), 

melting and casting processes have been used. Using electric  furnace as 

showed in Figure (3.5).                                                                                 

                 

 

     The melting temperature of copper (Cu) is 1083°C, zinc (Zn) is 

419.6°C, aluminum (Al) is 660
o
C, tin (Sn) is 231.9

o
C, germanium (Ge) 

is 938.2
o
C,yterium is 1526 C°,  nickel is 1455 C°, and Iron is 1538 C° . 

The melted alloy (mixture) was mixed with a homogeneous melting 

alloy using a ceramic rod. 

      The metals are  poured into the cylindrical metallic mold (with 30, 22, 

and 150mm) outer diameter, inner diameter, and height respectively, The 

die was heated and graphite was used as lubricant before casting process, 

they were added in small quantities to ensure sample eject from the die. 

 

Figure (3.5): The electric furnace used for Casting. 
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        To avoid  thermal shock, the mold should be preheated at 

approximately, then cooled gradually, then the molten metal was poured 

into a metal mold and allowed to solidify to room temperature. Copper 

and aluminum foil paper were used during the melting process to 

preserve the proportion of alloying elements (Zn, Al,  Sn, Ni, Y, Fe and 

Ge) added to copper, and borax was added to the surface of the liquid 

metal during melting to prevent zinc evaporation, while argon gas 

atmosphere was used in the electric  furnace during melting to prevent 

material oxidation.  

3.4.2 Heat Treatment  

        The homogeneous process is carried out at a temperature (850 C°) to 

homogenize the composition in order to ensure that the elements and 

inclusions are regularly distributed in the alloy. Residence in time is 

(7hrs.) The alloys would obtain homogeneous ductility and mechanical 

properties through this process for (A2, A3, A4 and A5) at this 

temperature, and leave them cooling slowly in the furnace. While the 

ingots (A6, A7, A8, and A9) were annealed for 6 h at 550 °C to solve the 

cast structure. Figure (3.6) The electric heat treatment furnace, shown, 

was used. 

 

Figure (3.6) The electric heat treatment furnace. 
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3.4.3 Preparation of Specimens 

       The samples were cut by a turning machine to prepare the specimens 

(A1, A2, A3, A4, A5, A6, A7, A8 and A9) into disks shape (22 diameter, 

5mm thickness). The samples were prepared in accordance with normal 

metallographic methods and conducted on a cross-section of the sample. 

On the successively finer grades of emery sheets, rough polishing was 

done. Different silicon carbide papers range from silicon carbide grid 

papers (80, 120, 180, 220, 400, 600, 800, 1000, 1200, 2000, 2500, and 

3000). By using diamond past, polishing was done by the polishing 

cloths. 

     Diamond polishing with a particle size of 1μm was carried out. In 

order to facilitate hand grinding, water was used as a coolant and 

lubricant. They washed these samples with distilled water and alcohol. 

The samples are kept in polyethylene bags after drying in hot air.  

3.4.2 Analysis of Chemical Composition    

      X-ray fluorescence (XRF) was examined for chemical composition 

analysis of alloys (A1, A2, A3, A4, A5, A6, A7, A8 and A9) using metal 

analysis by SPECTROMAX (Germany), as shown in Figure (3.7). This 

inspection (Razi Metallurgical Research Centre/Iran) has been completed. 

 

 

 

 

 

 

Figure (3.7): SPECTROMAX Analyzer Device. 
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3.5 The Tests                                                               

3.5.1 Hardness Test  

      According to ASTM E92-17, the micro-hardness test was carried out 

using the Digital Vickers hardness tester type (HVS-1000) presented at 

the Metals Laboratory at the College of Materials Engineering at the 

University of Babylon. The Vickers rigidity tester is shown in Fig (3.8). It 

was used with a square-based diamond pyramid to measure the sample 

hardness (A1, , A2, A3,A4, A5,A6,A7,A8 & A9) at a load of 500 grams 

and to hold for 15 seconds. 

     Three readings were taken for each sample and the average value was 

used. By the following equation below, the Vickers hardness was 

determined: 

        
 

  
             

 

 

 Where:  

(HV): Vickers Hardness (kgf/mm
2
).  

(P): Applied load (Kg).  

(d): The average diameter of the indentation (mm). 
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Figure (3.8): Micro-Hardness ((HV) Measuring. 

 

3.5.2 Dry Sliding Wear Test 

 

     Using (pin-on-disc) MT 4003 version 10, concept using (950 r.p.m) 

and constant radius (6.5mm) with a different sliding distance, the dry 

sliding wear is investigated and the loads are loaded (20N). The specimen 

is weighed using a sensitive balance (±0.0001 g) before starting the test. 

The specimen test is weighted after a period of time (5, 10, 15, 20, 25 and 

30 min.) and the volume loss is calculated according to the equation (3.2). 

 

    The test method is covered in accordance with (ASTM G9). The wear 

device used in this work was located in the laboratories University of 

Technology, Department of Materials, as shown in Figure (3.9). 

 

                
              

               ⁄
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Figure (3.9): Pin-on-Disc Wear Instrument. 

 

3.6 Density Measurement    

    Using the responsive balance (±0.0001 g) to measure the alloy and the 

electronic weight meter to measure the density in a realistic way in order 

to determine the density of the alloys. 'Mastu HaKu HGH PRECISION 

DENSITY TESTER GP-120S' was used to measure the density of the 

specimen, as shown in Figure (3.10). 

The measurement of density was based on the Archimedes way, based on 

a measured specimen weight in the air and then in the water. The reading 

is based on the linear potentiometer Where (±0.02) is used to calculate 

sample dimensions for the size calculation density equation (3.3). 
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Where: 

(ρ) refer to the alloy density (g/cm
3
). 

(wWater) refer to alloy weight in the water (g). 

(wAir) refers to alloy net weight in the air (g). 

 (ρWater) refer to density of water (g/cm
3
). 

 

 

 

Figure(3.10): Density measurement instrument. 

3.7 Oxidation Tests 

3.7.1 Cyclic Oxidation 

        In order to study the oxidation resistance of the specimens, cyclic 

oxidation was carried out at high temperatures in the furnace. The oxidation 

resistance assessments of the specimens were conducted by heating the 

specimens in a furnace at test temperatures and weighing them every 5 hours. 
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The specimens were weighed accurately and then put into a ceramic 

crucible. In a furnace with a temperature range of (250-850)oC in air at (1 

atm.) pressure, cyclic oxidation tests were carried out. Heating in the 

furnace for (5 hours) at the test temperature and cooling inside the 

furnace are included in each heating cycle. Specimens of changes in 

weight were measured before and after each oxidation cycle. Usually, at 

least 10 weight measurements have been made. 

3.7.2 Thermal Shock Test      

      The testing was carried for all samples that were placed in an 

electrical furnace with a temperature range (50-850) C° for (30 min.), 

then quenched in water, and continued to heat by increasing the 

temperature for each time by (50C°) and using the same time period and 

cooling them with tap water until a temperature of 850 0C is reached. 

The weight variation was calculated according to the unit area (w/A) and 

several records were taken and the changing relationship between the 

weight of the unit area and the temperature was recorded. 

 

3.8 Corrosion Test 

3.8.1 Simple Immersion Method  

     The test was carried out by immersing the samples (A1, A2, 

A3, A4, A6, A7, A8 and A9) in salt water (sea water) (3.5% 

NaCl), as shown in Figure (3.10). Each of the weight changes 

has been cached (3 days). 
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                 Fig. (3.11): Sample Immersion Inside Containers of Sea Water. 

 

   All samples were weighted with a sensitive weighting balance 

with an accuracy (±0.0001 g) prior to the immersion process and 

surface areas were measured for each sample. Samples were 

taken out after each immersion process to clean them by 

distilling water, drying with warm air, and then weighing them. 

The change of weight was measured and reported for each 

experiment. 

The rate of corrosion was defined by the following 

relationship[46]: 
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               (
  

        
)  

                     

                 
        

 

3.8.2 Open Circuit Potential Test (O.C.P) 

      Open-Circuit Potential (O.C.P) The potential of an electrode 

determined with respect to a reference electrode in the absence of current 

is also known as equilibrium potential (under open-circuit conditions).It 

is simply a valuable technique which determines the potential difference 

between a reference electrode and the work (specimen). For a specimen 

in the corrosion solution, the O.C.P. (voltage versus time) was recorded 

every five minutes. Open circuit potential (O.C.P) was calculated as a 

function of time before steady-state potential.  

At a scan rate of 0.4 mV/s from an open circuit potential of (200 mV) 

below the open circuit potential, the polarization curves were 

potentiostatcally determined and the scan was continued up to (200 mV) 

above the open circuit potential. 

In Fig.(3.12), in which a schematic drawing explains the experimental 

situation, the experimental structure for the calculation of open circuit 

potential is shown. 
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Figure (3.12): Open Circuit Potential Measurement. 

 

3.8.3 Polarization Test 

      Another corrosion measurement method used to observe anodic and 

cathodic behaviors is the potentiostatic technique (i.e. monitoring the 

corrosion reactions on specimen of desired metal). The corrosion current 

and corrosion potential are calculated using this process. The 

"polarization" was carried out in an electrochemical corrosion cell that 

includes a working electrode, a platinum electrode as a counter electrode 

and (SCE) saturated calomel .electrode .has (241) mV,  the process has 

been programmed in the computer to draw potential (mV) and log current 

(μA) to obtain corrosion current density by an intersection of the tangents 

to the two polarization curves to determine .the potential .of the electrode. 

This test was conducted in the Metallurgical Department of the 

University of Babylon - College of Materials Engineering. Both corrosion 

potential and corrosion current density were measured using Tafel 

extrapolation. The electrochemical method used is shown in Figure 

(3.13). 



   Experimental Part Chapter Three  
  

55 
 

 

     For the determination of corrosion rate by current density in 

the solution on the alloy during electrochemical reactions, the 

general equation applied is: 

 

                    
              

   
           

 

     
    
 

 

Where:  

0.13 = metric and time conversion factor.  

iCor= corrosion current density, μA/ cm².  

ICor= total anodic current, μA   

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

A= exposed specimen area, cm²   

𝜌= density of alloy (g/cm³)   

mpy = Corrosion rate (mils per year).   

 

 

 

 

 

 

 

Figure (3.13): The Electrochemical System. 



   Experimental Part Chapter Three  
  

55 
 

3.8.4 Erosion/Corrosion Test 

      Because of the collision or gases and liquid impact, erosion is a 

mechanical mechanism such as removing part of the material from the 

surfaces. During this study, the erosion-corrosion apparatus was designed 

to rely on ASTM (G 73), as shown in Figure (3.14). The erosion-

corrosion system consists of the motor (Q max 53 l/min, H max = 38m, 

HP = 1hp, 2850 rpm, scale 1in-1in), the granite tank, the tubes on the 

specimen to drop the water by nozzle.Temperature (25-30oC) tested by 

all alloys, anywhere salt solution (sea water) induces erosion-corrosion 

and falls from the nozzle at angle=90 ° (the impact angle between the line 

of water and surface of specimen). 

     The nozzle has a diameter of (2mm) and is mounted at a fixed distance 

of (10 mm) from the specimen. The change in weight can be determined 

and then the erosion rate according to the equation (3.3) is obtained as 

follows. 

                    

                    

                          (       )    
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                     Figure (3.14): erosion-Corrosion Apparatus Depend on (G73) ASTM. 

3.9.X-Ray Diffraction (XRD) 

     For X-Ray diffraction study, specimens with a diameter of (20mm) 

and a thickness of (5mm) were prepared. (Lab. Razi Metallurgy Research 

Center/Iran) checked the study. The measurement conditions are (target: 

Cu, wave length 1.54060, voltage and current 30 KV and 15 mA 

respectively, scanning velocity 2 deg/min, scanning range 2 degrees = 0 

to 100 degrees). In order to determine the phases produced after heat 

treatment, the X-Ray Diffraction was used and then compared with the 

standard charts. Figure (3.15) illustrates the XRD unit. 

 

                                    Figure(3.15) : The XRD Device. 
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3.10 Scanning Electron Microscopy 

 A scanning electron microscope SEM has been used to obtain a surface 

composition and its topography, it is considered one of the most widely 

used surface analysis techniques in that a large amount of levels and 

component is noted, where the specimen is imaged through a high pack 

of electrons. In (Lab. Razi Metallurgical Research Center/Iran), this 

testing was done using the SEM model (TESCAN S8000, USA) as 

shown in Figure (3.16). 

 

 

 

 

 

 

Figure (3.16): Scanning Electron Microscopy Device (SEM). 

3.11 Atomic Absorption Spectroscopy (AAS) Test 

In the simple immersion test, Figure (3.10) and after the samples 

have been removed, washed and cleaned from the corrosive 

solution (salt solution), the solution in which the samples are 

submerged is tested to detect the concentration (Zn++)  and (Ni) in 

the test solution . 

This testing was carried with instrument type AA (Atomic 

Absorption Spectrophotometers), model AA7000-Serious, Rom 

version 1.01, lamb mode BGC-D2, SHIMADZU, as shown in 

Figure (3.17). 
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Figure (3.17): Atomic Absorption Spectroscopy Device (AAS). 
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                        Chapter   Four 

                          Results & Discussion 

 

4.1 Introduction 
 

This chapter deals with the section of experimental results that have 

been already obtained during practical work and discusses these results in 

several respects, these research results evaluated corrosion behavior using 

simple immersion test, erosion-corrosion, polarization curves, open circuit 

potential and calculated the corrosion rate at room temperature, 

microstructure examination, mechanical properties tests involving(hardness 

and wet sliding wear tests).  Imaging topography of the specimens surface 

after corrosion by using scanning electron microscopy (SEM), XRD, and 

EDS. 

 

4.2 Chemical Composition  

        Table (4.1) shows chemical composition of alloys used in this study. 

This inspection has been completed in (Razi Metallurgical Research 

Center/Iran). 
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        Table (4.1) shows chemical composition of alloys used in this study. 

 

 

4.3 X-Ray Diffraction Analysis  

    By the XRD pattern of alloy A1:(Cu-10%Ni) shown in Figure (4.1), it is 

found that the phases existing were α-Cu, Ni, Cu3.8Ni. Figures (4.2, 4.3, 

4.4, and 4.5) show the results of XRD analysis for all free nickel specimens, 

where the results of  XRD analysis for all samples ,  specimen  reveal to 

exist  peaks represent  phases (α, Cu3Zn) , (CuZn), (Cu5Zn8) and aluminum 

copper, intermetallic  (Al2Cu)  phase (tetragonal crystal system) was showed 

also as Figure (4.2). 

 

 

Fe% Y% Ge% Sn% Al% Ni% Zn% 

 

Cu% Alloy 

Samples 

- - - - - 9.72 - Bal. A1 

- - - - 3.05 - 27.4 Bal. A2 

- - - 2.67 3.10 - 27.92 Bal. A3 

- - 0.3 - 3.6 - 29.21 Bal. A4 

- 0.23 - - 3.5 - 28.7 Bal. A5 

- - - - 10.66 8.21 - Bal. A6 

2.36 - - - 10.58 8.34 - Bal. A7 

- - - - - 8.53 9.55 Bal. A8 

2.52 - - - - 8.28 10.12 Bal. A9 
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Figure  (4.1): X-Ray diffraction analysis for A1, base alloy. 

 

 

                           Figure (4.2): X-Ray diffraction analysis for A2 
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                            Figure (4.3): X-Ray diffraction analysis for A3 

 

 

 
 

                                Figure (4.4): X-Ray diffraction analysis for A4. 
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                                    Figure (4.5): X-Ray diffraction analysis for A5. 

 

  

        In samples A6 and A7, it is found that the hominization  heat treatment 

leads to precipitation in the intermetallic compound Al,γ2 AlCu3 and α 

phase. As for the other phases that can be formed between copper, 

aluminum, nickel, iron, which certainly have a great influence on the alloy's 

properties which did not appear in the x-ray diffraction pattern may be in 

proportions outside the limits of the XRD detection. 

But the results of XRD analysis for A8 and A9 specimens reveal to exist 

peaks represent phases are  (α-Cu) and (NiZn) Figures (4.8) and (4.9 ) . 
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                                Figure (4.6): X-Ray diffraction analysis for A6. 

 

 

 
 

                                      Figure (4.7): X-Ray diffraction analysis for A7. 
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                                  Figure  (4.8): X-Ray diffraction analysis for A8. 

 

 

 
 

                    Figure (4.9): X-Ray diffraction analysis for A9. 
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4.4 Vickers Hardness  

     The hardness was calculated in the current study by Vickers micro-

hardness method . The hardness of  base alloy(cu-Ni) A1  is  ( 105.324 Hv ). 

Sample A1 has the lowest hardness value compared other samples, and this 

is expected because the relationship between copper and nickel is complete 

solubility and at any percentage of them are completely dissolving each 

other 

   Table (4-2)  shows  the hardness values for nickel-free alloys have 

increased.  The hardness of the sample (A2) has been improved by (55.4%) 

and the hardness of the sample (A3) increased by (88.45%) relative to base 

alloy(A1). (A4) and (A5)  hardness have  improved by (89.27%) and 

(61.6%), respectively. The addition of Ge and Y has the same effect as the 

previous results as it is well known that the addition of germanium will be 

deposited freely, thereby, helping to refine the grains and thus, increasing 

hardness compared to alloys A1 this is in agreement with[118]. 

Table (4.2): Shown the Hardness of all Examined Specimens. 

Improving (%)  
 

Vickers hardness 

(HV) g/mm2  

 

Alloy Specimens  
 

- 105.324 A1 

55.4 163.74 A2 

88.45 198.585 A3 

89.27 199.35 A4 

61.6 170.23 A5 

97.98 208.525 A6 

117.84 229.445 A7 

4.677 110.245 A8 

18.22 124.515 A9 
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      According to Table (4.2), it was given the hardness values of each 

individual samples with Nickel, and we note that alloys A6, A7 have the 

highest hardness values compared to the other alloys. The solid solubility of 

aluminum in Cu-Ni alloy is lower, and nickel–aluminum intermetallic 

compounds compound (Ni3Al, NiAl or NiAl3) are produced in Cu-Ni-A1 

alloy , which has obvious precipitation hardening effect. From this, it is 

speculated that, in this study, solid solution hardening and precipitation 

hardening of aluminum are the reasons for enhancing the hardness.  

A8 and A9  hardness have  improved by (4. 7%) and (18.22%), respectively. 

Add zinc alloys make more ductility this is in agreement with[119]. 

4.5Dry Sliding Wear Test 

       This  test method  describes a laboratory procedure for determining the 

wear of materials during sliding using a pin-on-disk apparatus. Wear results 

are usually obtained by conducting a test for a selected sliding distance and 

for selected values of load and speed.  

The plots of cumulative wear rate  (cm
3
/cm) versus  sliding time (min.) for 

A1, base alloys (Cu-Ni) and the other alloys free  nickel (A2, A3, A4, and 

A5) under loads (20N) with different times (10, 15, 20, 25, and 30 minutes). 

Volume loss versus time at different normal forces have been calculated as 

in equation (6) according to ASTM G9. 

    Figure (4.10) shows the relationship between wear rate and time for free-

nickel alloys. It is very clear that the wear rate of these alloys are  lower than 

that of the base alloy. There are two important points can be gotten: 

 Firstly, Figure (4.20) and Table (4.3), show a great enhancing in wear rate 

behavior, for specimens A2, A3, A4, and A5 improving in wear rate was 
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equal to (57.2, 58.67, 23.98, 59.90)% respectively, with respect to reference 

sample.    

Secondly, sample A5 shows higher improving in wear rate comparing with 

A2, A3, and A4, this is attributed to finger microstructure, so has higher 

hardness this is in agreement with[120]. 

Table (4.3): Shows Improving in Wear Rate at (Load 20N & Speed 250rpm) for 

free nickel alloys. 

Sample Wear rate(cm
3
/cm)×10

-4
  

at steady state 

Improving (%) 

A1(Cu-Ni) 8.88 - 

A2(Cu-Zn-Al) 3.8 57.2 

A3(Cu-Zn-Al-Sn) 3.67 58.67 

A4(Cu-Zn-Al-Ge) 6.75 23.98 

A5(Cu-Zn-Al-Y) 3.56 59.90 
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Figure (4.10): Wear behavior of free nickel Specimens at vertical load was 

(20N) and speed (250 rpm). 

 

Figure (4.11) shows the relationship between the wear rate and time of 

nickel-containing alloys. It is very clear that the wear rate of these alloys are  

lower than that of the reference alloy.There are two significant points that 

can be obtained: 

To begin, Figure  (4.11) and Table 4.3 show a significant improvement in 

wear rate behavior, with specimens A6, A7, A8, and A9 improving by 57.2, 

58.67, 23.98, and 59.90 percent, respectively, when compared to the 

reference sample.Second, as compared to samples A8 and A9,  sample A6 

shows a higher improvement in wear rate, which can be attributed to the 

finger microstructure, which has a higher hardness this is in agreement 

with[121] . 
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Table (4.4): Shows Improving in Wear Rate at (Load 20N & Speed 250rpm) for 

with nickel alloys. 

Sample Wear rate(cm
3
/cm)×10

-4
  

at steady state 

Improving (%) 

A1(Cu-Ni) 8.88 - 

A6(Cu-Ni-Al) 3.25 63.4 

A7(Cu-Ni-Al-Fe) 2.65 70.15 

A8(Cu-Ni-Zn) 4.9 44.8 

A9(Cu-Ni-Zn-Fe) 3.8 57.2 

 

 

Figure (4.11): Wear behavior of  specimens containing  nickel at vertical 

load was (20N) and Speed (250 rpm). 

         Whereas Figures (4.12, 4.13, 4.14) which depicts topographic broken  

surfaces after sliding wear, it is clear that sliding wear area, and  grooves, 
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can be clearly seen on the wear tracks in base alloy, while decrease in other  

specimens, which results from the penetration of the strong abrasive ball on 

the surface alloys. 

 

Figure (4.12): Topographic of worn surfaces for A1( Cu-Ni) alloy. 

 

 

Figure (4.13): Topographic of worn surfaces aor all free nickel alloys. 
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Figure (4.14): Topographic of worn surfaces for all alloys containing  nickel. 

 

4.6 Corrosion Tests 

4.6.1Simple Immersion Test 

      To investigate the corrosion rate of specimens  based on astm G3. After 

3 days of immersion at room temperature, the specimens were fully 

immersed in salt solution (3.5 percent NaCl) and taken out to examine the 

loss in mass. 

       In case of dezincification of brass, zinc preferentially leached out of the 

copper-zinc alloy, leaving behind a copper-rich surface layer that is porous 

and brittle, due to different metals and alloys have electrochemical potential 

or (corrosion potential) in the same electrolyte.   
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Corrosion rate can be calculated according the following relationship: 

                
  

       
  

                     

                                     
  ……(4.1) 

      According to Figure (4.15), which represents the corrosion rate of free 

nickel  Specimens,  sample A4 shows lower corrosion rate after more than 

90 days, then sample A2,A3,and A5, this is due to ability of these alloys to 

build a protective layers such as (Al2O3, ZnO, Ge2O, & Y2O3) which 

improving the corrosion rate for specimens A2, A3,A4 & A5 where (46.8, 

46, & 31.2 ) respectively, with respect to reference sample A1this agree with 

[122]. 

 

 

Figure (4.15): Curves  of  simple immersion test for free nickel specimens in salt solution  

for immersion period (90 days). 
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While the Figure (4.16)  which represents the corrosion rate of free 

nickel  Specimens,  sample A7 shows lower corrosion rate after more 

than 90 days, then sample A6,A8,and A9, this is due to ability of these 

alloys to build a protective layers such as (NiO3, AL2O3, & ZnO) 

which improving the corrosion rate for specimens A6, A7,A8 & A9 

where (46.8, 46, & 31.2 ) respectively, with respect to reference sample 

A1 this agree with [123]. 

Figure (4.16): Curves  of  simple immersion test for specimens containing nickel in 

salt solution  for immersion period (90 days). 
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4.6.2 Atomic Absorption Spectrophotometer Test: 

This test has been conducted to detect  the  concentration  of  Zn
++

  and Ni
++

 

in the (immersion solution test), to determine the solubility of  Zn
++

 and Ni
++ 

in  test  solution. Table (4.5) shows the release of zinc in brine for nickel-

free alloys, while table (4.6) shows the release of nickel for nickel-free 

alloys. 

Table (4.5): Shows  concentration  of  Zinc Ion (Zn
++

 ) in Salt Solutions (3.5% 

NaCl) for all free nickel  Alloys   

 

Table (4.6): Shows  concentration  of  Zinc Ion (Zn
++

 ) in Salt Solutions (3.5% 

NaCl) for all containing  nickel  Alloys.   

Immersion Solution  

Test Sample  

Zn: Flame Cont Actual Conc. 

Concentration of Zn ions/ppm 

                    A2 5.377 

A3 4.979 

A4 2.994 

A5 3.574 

Immersion Solution  

Test Sample  

Ni: Flame Cont Actual Conc. 

Concentration of Ni ions/ppm 

                    A1 3.029 

A6 .9331 

A7 0.4383 

A8 1.354 

A9 1.349 
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4.6.3 Erosion /Corrosion Test 

    This test is a good measure of a metal's or alloy's resistance to erosion rate 

in a given setting. It's also a good indication of the adhesion of the oxides 

growing on the alloy's surface and their ability to repair itself. It's also a 

measure of the protective layer's ability to remain effective, coherent, and 

adhered to the alloy surface amid the movement of the liquid jetting and the 

possibility of the layer drifting. 

    It is clear that the curves representing the action of alloys exposed to salt 

solution jetting have fluctuated; the explanation for this fluctuation is 

repeated building and fracturing of the protective surface layer. As this 

coating forms on the surface of the alloy, the erosion rate decreases, while 

when it is broken down, the erosion rate increases. The impact force and the 

value of adhesion it has on the surface of alloys determine how quickly the 

protective surface layer breaks down. 

      A dark gray film of CuO was applied to brass in sodium chloride 

solution. Brass had more resistance due to the dark gray film's greater 

stability or protectiveness. 

   Just one face of the specimen will be impinged during the examination, 

leaving all other surfaces of the specimen unaffected by the environment. 

    According to Figure (4.17) which represent the erosion rate (mg/hr) and 

verses time (hrs.) for free nickel  alloys( A2, A3, A4, & A5)  compare to 

base alloy(A1)  , there is a significant improvement in erosion-corrosion 

behavior, with weight loss per unit hour improving reach to (10.7, 57.14, 

89.28 and 67.85) for A2, A3,A4 and A5  specimens, respectively this agree 

with [118]. 
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   While Figure (4.18) represent erosion rate of  the specimens with nickel, 

there are a great improving in erosion- corrosion behavior, there are an 

enhancement in weight lose per unit hour improving reach to (82.14, 92.85, 

21.42 & 50) for B1, B2, & B3 specimens respectively, with respect to base 

alloy Tables (4.8- 4.9) & Figures (4.19-4.20), this is due to two factors: first, 

high hardness; second, protective oxide layers formed on the surface; XRD 

and EDS show the presence of oxides with high properties capable of 

protecting the surface from corrosion and oxidation this agree with [124]. 

 

Figure (4.17): Erosion rate versus time for free nickel alloys. 
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Figure (4.18): Erosion rate versus time for alloys containing nickel. 

      Table (4.7): Shows improving in erosive rate at steady state for free 

nickel alloys. 

Sample Erosive Rate(mg/hr.)  

at steady state 

Improving (%) 

A1(Cu-Ni) 2.8 - 

A2(Cu-Zn-Al) 2.5 10.7 

A3(Cu-Zn-Al-Sn) 1.2 57.14 

A4(Cu-Zn-Al-Ge) 0.3 89.28 

A5(Cu-Zn-Al-Y) 0.9 67.85 
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Figure (4.19): Comparative in corrosion rate for free nickel alloys  with 

respect to base alloy. 

Table (4.8): Shows improving in erosive rate at steady state for containing 

nickel alloys. 

Sample Erosive Rate(mg/hr.)  

at steady state 

Improving (%) 

A1(Cu-Ni) 2.8 - 

A6(Cu-Ni-Al) 0.5 82.14 

A7(Cu-Ni-Al-Fe) 0.2 92.85 

A8(Cu-Ni-Zn 2.2 21.42 

A9(Cu-Ni-Zn-Fe) 1.4 50 

 



Chapter   Four      Results & Discussion 

94 
 

 

Figure (4.20): Comparative in corrosion rate for alloys containing nickel  

with respect to base alloy. 

4.6.3.1  X-Ray Diffraction Analysis Sample A1 After Erosion-

Corrosion Test. 

       The results of  XRD analysis for A1, (base alloy with Cu- Ni) specimen  

reveal to exist  peaks represent  the main peaks NiO, Cu2O and α-Cu, this 

alloy had appeared the highest  loss weight rate during is exposing to 

impingement of  water jetting (salt solution) comparing with other alloys,  

this has been due to the protective layer formed on the surface of the sample 

is weak, non-adherent and are subject to flake, Figure (4.21).  
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               Figure (4.21): X-Ray diffraction analysis for sample A1. 

4.6.3.2  X-Ray Diffraction Analysis for free Nickel  Samples 

(After Erosion-Corrosion Test. 

     This test was conducted in the corrosive environment (laboratory-

prepared seawater) specification. For samples A2,A3, A4, A5 we note that 

the weight loss of sample A2 is the biggest compared with A3,A4 and  A5 in 

the steady state. This is expected because the aluminum oxide layer is weak 

in the sample (A2). The addition of elements such as tin, germanium and 

yttrium makes the aluminum oxide layer stronger and more adhesion, so the 

corrosion rate in these samples (A3,A4, and A5) is less than the samples 

(A2) ,  this has been attributed to exist protective layer of aluminum oxide 

on the surface of  alloy and this oxide reduces selective leaching, beside the 

existence of  Tin oxide, germanium oxide and yttrium oxide  which 

improves the oxide plasticity and adhesion was noticed, Figures (4.22, 

4.23,4.24, and 4.25). 
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   Figure (4.22): X-Ray diffraction analysis for sample A2. 

  Figure (4.23): X-Ray diffraction analysis for sample A3. 
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    Figure (4.24): X-Ray diffraction analysis for sample A4. 

               Figure (4.25): X-Ray diffraction analysis for sample A5. 
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4.6.3.3  X-Ray Diffraction Analysis For Samples Containing 

Nickel  (After Erosion-Corrosion Test). 

      The compositions of erosion-corrosion product films on samples 

(A6&A7) appear to be similar, some characteristic peaks in sample A6 are 

marked to indicate the existence of Cu2O, α-Cu, NiO, Al2O3 while 

diffraction pattern characterized the corrosion products formed on the 

surface of sample A7. It shows the characteristic peaks  and Fe2O3of Cu2O, 

α-Cu, Al2O3 and Fe2O3. Although there is a difference in the erosion-

corrosion rate of the samples used, they all have good resistance to erosion-

corrosion because the formation of Al2O3 greatly protects the surface 

against corrosion. 

    The diffraction pattern belongs to the corrosion products formed on the 

surface of samples A8 & A9 as a result of exposure to sea water which 

reveals the presence of Cu2O, α-Cu, NiO, ZnO, and Fe2O3, show in Figures 

(4.26-4.29). 

Figure (4.26): X-Ray diffraction analysis for sample A6. 
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                  Figure (4.27): X-Ray diffraction analysis for sample A7. 

 

Figure (4.28): X-Ray diffraction analysis for sample A8. 
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Figure (4.29): X-Ray diffraction analysis for sample A9. 

4.6.4 Open Circuit Potential (O.C.P) 

     A method for deciding whether the corrosion system is active or passive, 

as well as a formation on the free corrosion potential, which can be used to 

apply electrochemical protection methods. The open circuit potential of the 

working electrode was calculated as a function of time before beginning 

polarization until saturation and semi-stability were achieved. In the 

seawater medium, open circuit potential (OCP) measurements were taken. 

After immersing the working electrode in the test solution, the corrosion 

potential E(V vs. Ag/AgCl) was monitored until the potential stabilized. 

Figure( 4.30) & Figure( 4.31 ) display plot curves of potential versus 

immersion time, which clearly show that the potential drops to a fairly 

steady value and that the curves' directions generally decrease with time. 
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   These figures show that voltage is decreasing due to the formation of 

stable oxide films on specimen surfaces, and that at the corrosion potential 

(Ecorr), the anodic and cathodic rates are exactly equal; hence, there is no 

applied current density. 

     It is very noticed that sample A1 is recorded more active than the other 

specimens, this behavior is expected, because reference sample free  from 

any protective layers (against corrosion), unlike specimens that  alloying 

elements were added (Al, Sn, Ge, Y, Zn and Fe), they appear more noble 

because protective layers sch as Al2O3, ZnO, Ge2O, Y2O3 and  Fe2O3 which 

increase the potential in opposite direction. 

 

Figure (4.30): Open circuit potential curve for sample A1,in salt solution.  
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Figure (4.31): Open circuit potential curve for samples containing nickel  ,in salt 

solution.   

4.6.5 Potentionstatic Polarization Test  

  Tafel extrapolation, which is used to estimate corrosion current, was 

used to investigate the corrosion behavior of specimens. A saturated calomel 

electrode was used to test the potentials (SCE). As a counter-electrode, a 

platinum wire was used. The working electrodes are made up of cylindrical 

components. The open circuit potential (OCP) was measured for at least 30 

minutes before each experiment. The linear potential sweep was performed 

at a (250) mV potential window around the measured OCP, from the 

cathodic to the anodic side, at scan rates of 1 mVs-1, to obtain polarization 

curves potentiodinamically. 

According to Table (4.6), the improvement in corrosion rate was greater in 

sample A5(99.92%) than in the reference sample. This expected for  

several reasons: first, the non porous protective layer of Al2O3 and Y2O3, 



Chapter   Four      Results & Discussion 

103 
 

as well as the adhesive, prevent any leaching of Zn2+; second, germanium 

particles precipitate as free particles on the grain boundary of (α) grains, 

obstructing any diffusion; third, germanium particles precipitate as free 

particles on the grain boundary of (A4) grains, This topic also refers to 

samples A2, A3, and A4. 

Table (4.9): Corrosion Parameters for Polarization of Specimens in Salt Solution 

environment. 

Specimens Dens

ity 

(g/c

m
3
) 

Exposed 

Surface Area 

(cm
2
) 

Equival

ent 

Weight 

(E.W.) 

Ecor    

(mV) 

Current 

Density, 

icor 

(µA/cm
2

) 

Corrosio

n Rate 

(CR) 

mm/yr 

Improvi

ng (%) 

A1(Cu-Ni) 8.77 4.15 29.87 -710.7 8.022 186. 9 × 

10 -3 

- 

A2(Cu-Zn-Al) 7.82 4.15 29.81 -447.6 7.5 91.4 × 10 

-3 

15 

A3(Cu-Zn-Al-

Sn) 

7.96 4.10 29.79 -651.5 1.45 17.3× 10 

-3 

 

7..9 

A4(Cu-Zn-Al-

Ge) 

7.98 4.10 30.78 -1028.3 0.0113 6.439 × 

10 -3 

 

7..1 

A5(Cu-Zn-Al-

Y) 

7.74 4.15 30.24 -856 0.1176 .14128*1

0
-3

 

77.79 
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Figure (4.32): Comparative in corrosion rate with respect to base alloy(A1). 

From Table (4.6), improving in corrosion rate was greater in sample 

A8, it was (99.3) with respect to reference sample, It seems that the 

presence of Ni and Zn together with Cu decreases the corrosion rate of 

the alloy. Generally, oxides of Ni, Zn and other corrosion products form 

a compact layer, which is tightly bound to the alloy substrate and 

improves its corrosion resistance. 

    Within ternary alloys, a further passivation process is carried out in 

neutral solutions where the surface dissolution of Al produces a layer of 

al-oxide [125] as follows: 

Al+4Cl−→AlCl4+3e−                                                                      (4.2)                    

AlCl4−+3H2O → Al2O3 + 6H+ + 8Cl                                              (4.3) 

Al2O3 is subject to continual dissolving in chloride solutions and the process 

of corrosion takes place as follows[126]: 
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Al3+(inAl2O3.nH2Ocrystallattice) + Cl−→ Al(OH)2Cl +2H
+
             (4.4)                                                                                      

or  

Al3+(inAl2O3.nH2Ocrystalttice) +2Cl−→Al(OH)2Cl2− +2H
+
         (4.5)                                                                              

 Progress of these processes in some places leads to barrier film dilution. The 

process of hydrolysis creates acidity at local levels and rapid corrosion of 

recession [119]. In the Zn containing alloys a further passivation process 

occurs as a result of the creation, through dezinification, of Zn-oxide films 

[127,128]: 

Zn+H2O→ZnO+2H
+
+2e

− 
                                                                       (4.6)                                                                                        

       The dissolved nickel ions from the alloy dissolution are integrated into 

the Cu2O crystal mesh, which in the presence of Ni has been formed as a 

barrier layer. In addition to the segregation of Ni into the Cu2O layer, solid 

state reactions and mobile vacancies interact to loose the ionic 

conductivity and to enhance the electronic conductance and, so, raise the 

resistance to the corrosion of alloys[129] 
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Table (4.10): Corrosion Parameters for Polarization of Specimens in Salt Solution 

environment. 

Specimens Density 

(g/cm
3
) 

Exposed 

Surface 

Area 

(cm
2
) 

Ecor    

(mV) 

Current 

Density, 

icor 

(µA/cm
2

) 

Corrosion 

Rate (CR) 

mm/yr(× 

10
-3

) 

Improving 

(%) 

A1(Cu-Ni) 8.77 4.15 -710.7 29.87  186.9 - 

A6(Cu-Ni-

Al) 

7.2 4.15 -982 24.07 1.258 99.3 

A7(Cu-Ni-

Al-Fe) 

7.099 4.11 -1046.7 23.35 0.00405 99.99 

A8(Cu-Ni-

Zn 

8.6 4.15 -897.5 30.79 0.30607 99.83 

A9(Cu-Ni-

Zn-Fe) 

8.3 4.15 -925.4 29.62 5.8191 96.8 

 

 

 Figure (4.33): Comparative in Corrosion rate with respect to base alloy(A1). 

 



Chapter   Four      Results & Discussion 

107 
 

4.7Oxidation Test  

4.7.1 Cyclic oxidation 

 All alloys (A1, A2, A3, A4, A6, A7, A8, and A9) are subjected to 

cyclic oxidation tests at high temperatures and in an air environment. The 

resistance of the protective oxide layer was measured by heating the 

specimens in the furnace at the test temperature and weighing them every 5 

hours. After allowing the samples to cool in the furnace, they were cleaned 

to extract the spalled oxide, and the weight change per unit surface area was 

calculated using the Martinengo et al. process. [130]. 

 The oxidation behavior of reference sample A1 is shown in 

Figure(4.34)for various temperatures (450, 550, 650, 750, and 850) C°. This 

behavior is expected (stratified) due to the existence of the oxide film that 

forms on the alloy surface, which is porous, dense, and non-adhesive, as 

verified by XRD and EDS.  

Figure(4.34): Effect temperatures of oxidation on specific weight change for A1, 

base alloy (Cu- Ni), at different temp. after  50 hrs. at 5 hrs. cycle. 
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There are two important points to note about free nickel specimens A2, A3, 

A4 and A5. First, the behavior of these specimens was different; this is due 

to protective layers that form on the alloy surface; these layers have a great 

ability to protect and prevent any Cu++ and Zn++ from diffusing through 

these layers; both XRD and EDS findings indicated the existence of Al2O3, 

ZnO, Ge2O, and Y2O3. Secondly, in all oxidation temperatures studies, B3 

serves as a best alloy in oxidation resistance, then B2 and B1 Figures(4.35, 

4.36, 4.37, & 4.38). 

Figure (4.35): Effect of temperature of oxidation on specific weight change for 

alloys (A2, A3, A4 and A5) at 450
o
C for 50 hrs. at 5 hrs. cycle. 

 

 

 



Chapter   Four      Results & Discussion 

109 
 

Figure (4.36): Effect of temperature of oxidation on specific weight change for 

alloys (A2, A3, A4 and A5) at 550
o
C for 50 hrs. at 5 hrs. cycle. 

 

Figure (4.37): Effect of temperature of oxidation on specific weight change for 

alloys (A2, A3, A4 and A5) at 650
o
C for 50 hrs. at 5 hrs. cycle. 
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Figure(4.38): Effect of temperature of oxidation on specific weight change for 

alloys (A2, A3, A4 and A5) at 750
o
C for 50 hrs. at 5 hrs. cycle. 

 

Figure (4.39): Effect of temperature of oxidation on specific weight change for 

alloys (A2, A3, A4 and A5) at 850
o
C for 50 hrs. at 5 hrs. cycle. 
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In comparison to other alloys, the alloy A4  oxidation resistance improves as 

temperatures rise from (450 – 850) C°. This best behavior is due to the 

alloying element (Ge), which acts as an appropriate element against 

corrosion. 

     While the figures (4.40-4.44) represent the comparison of the sample 

(A1) with the samples containing nickel (A6, A7, A8, and  A9). Sample A1: 

(Cu-Ni) has the highest weight gain, which according to research is likely 

due to Cu
+2

 in Cu2O as seen in XRD study, which increases the amount of 

voids that influence the diffusion process and increases the oxidation rate 

[131].The oxidation rate of this sample is higher than the oxidation rate of 

other samples, this means that the layer is thick and, when exposed to a 

cyclic oxidation, it suffers a little spalling. Samples A6 α A7: (Cu-Ni-Al)  

α(Cu-Ni-Al-Fe) have low weight gain with compared with other  samples ; 

this is expected due to aluminum, which has the ability to protect itself by 

creating a stable layer from aluminum oxide (Al2O3) as found in XRD 

pattern of cyclic oxidation test at 450℃.  

    However, it is brittle and it is not very adhesive due to which cracking and 

fracture occurs in the oxide layer when the sample is exposed to a cyclic 

oxidation. Then, it begins to build a protective layer again and thus, over 

time, the intensity of the process will increase when the temperature rises to 

850℃ as shown in Figure (4.40) as the cyclic oxidation effect of 800℃ can 

be more severe than 450℃, it can be explained by the fact that thick oxide 

layers are more susceptible to breakage due to the many defects and to the 

value of high thermal stress placed on the oxide layer these result are in 

good agreement with those given by[132]. 
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The weight gain of alloy A7 decreasing is clearly due to alloying elements 

Fe, and this indicates the importance of adding some elements to improve 

the general characteristics of the alloy including cyclic oxidation resistance 

as shown in the Figure (4.41) the tendency to reduce the weight gain after 

the samples were subjected to periodic oxidation at 450℃ and 850℃, note 

that the weight gain and the building of the protective layer for these alloys 

is much lower than the alloys of A1, A8 and A9 which contain elements that 

together affect the formation of a protective layer with the best possible 

adhesion. 

 

Figure (4.40): Effect of temperature of oxidation on specific weight change for 

alloys (A1, A6, A7, A8 and A9) at 450
o
C for 50 hrs. at 5 hrs. cycle. 
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Figure (4.41): Effect of temperature of oxidation on specific weight change for 

alloys (A1, A6, A7, A8 and A9) at 550
o
C for 50 hrs. at 5 hrs. cycle. 

 

 Figure (4.42): Effect of temperature of oxidation on specific weight change for 

alloys (A1, A6, A7, A8 and A9) at 650
o
C for 50 hrs. at 5 hrs. cycle. 
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Figure (4.43): Effect of temperature of oxidation on specific weight change for 

alloys (A1, A6, A7, A8 and A9) at 750
o
C for 50 hrs. at 5 hrs. cycle. 

 

 

 

 Figure (4.44): Effect of temperature of oxidation on specific weight change for 

alloys (A1, A6, A7, A8 and A9) at 850
o
C for 50 hrs. at 5 hrs. cycle. 
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4.7.1.1 X-Ray Diffraction Analysis Patterns for A1, After 

Oxidation Process 

      The results of  XRD analysis for A1(Cu-Ni) specimen  reveal to exist  

peaks represent  the main oxides  NiO, Cu2O and α-Cu, this alloy had 

appeared the higher loss weight rate during is exposing to high temperatures 

than other alloys,  this has been attributed that,  cupronickel oxidizes and 

grow a double scale consisting of outermost  CuO and innermost mainly 

alloy oxide, and  it  has  an  oxide consisting  Cu2O matrix with NiO  

particles, which form a continuous outermost film, Figure (4.45). 

 

 

Figure (4.45): X-Ray diffraction analysis for A1. 
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4.7.1.2 X-Ray Diffraction Analysis Patterns For Free Nickel 

Samples After Oxidation Process 

    The results of  XRD analysis for A2, A3, A4, and A5 specimens  reveal to 

exist  peaks represent  the main oxides Al2O3 , SnO, GeO2 , and Y2O3 , 

these alloys had appeared the least specific change weight during oxidation 

process compared  to A1, this has been explained, that existence Aluminum 

oxide, it is the one and alone protective oxide layer in alloys that content Al, 

but it is exposed for cracking and spalling, due to its  brittle and weak 

adhesion, so  that  the  plasticity, adhesion and resistance for thermal shock 

and oxidation of that oxide have been improved by addition the tin, 

germanium, and yttrium elements. The surface chemical analysis has 

appeared existence the Sn, Ge,and Y within the scale is formed on surface of 

alloys Figures (4.46, 4.47, 4.48, and 4.49). 

 

                Figure (4.46): X-Ray diffraction analysis for A2. 
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Figure (4.47): X-Ray diffraction analysis for A3. 

 

 

Figure (4.48): X-Ray diffraction analysis for A4. 
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Figure (4.49): X-Ray diffraction analysis for A5. 

 

4.7.1.3 X-Ray Diffraction Analysis Patterns For Samples  

Containing Nickel After Oxidation Process 

    In XRD pattern for samples A6& A7at 850℃ which has been showed  in 

figsures (4.50) and (4.51)  it is found α -Cu, Al2O3 peaks while some 

intermetallic compound. 

While in the XRD pattern of samples A8 & A9, representing α - Cu, ZnO, 

CuO peaks. Therefore, Fe2O3 exists in XRD pattern for sample A9 

Fig.(4.52) & (4.53).  
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Figure (4.50): X-Ray diffraction analysis for A6. 

 

 

                                         Figure (4.51): X-Ray diffraction analysis for A7. 
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                Figure (4.52): X-Ray diffraction analysis for A8. 

 

Figure (4.53): X-Ray diffraction analysis for A9. 
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4.7.2 Thermal Shock   

      Thermal shock is the term used to describe the thermal stresses that the 

body is exposed, due to sudden change in temperature. This test is 

considered as a criterion  for the extent of adhesion force of  oxide layer on 

base metal, and a measure for  the extent of spalling  or cracking  of that 

oxide layer. The fact, if  that  the  oxidation rate is lower does not 

necessarily mean that the growing oxide layer is the best,  and to be so it 

must resist cracking  and  spalling by the impact of thermal stresses, in other 

meaning that it must have a good plasticity and adhesion. 

 

      The effect of thermal  shock on the oxidation  behavior  has been studied 

for all samples that were placed in an electrical furnace with a temperature 

range (50-850) C° for (30 min.), then quenched in water, and continued to 

heat by increasing the temperature for each time by (50C°) and using the 

same time period and cooling them with tap water until a temperature of 850 

0C is reached. 

According to Figures (4.54& 4.55) which show  the effect of thermal shock 

on the oxide layer formed on surface of  A1, base alloy (Cu-Ni), which is 

very clearly suffering from large cracking and spelling, this is evident by the 

significant  decreasing  in the weight of the sample compared with other 

specimens specially in high temperatures, this is expected due to absence of 

protective layers. On the other hand, the change in weight of A2, A3, A4 & 

A5 decreases comparing with base alloy, but the change in weight for base 

alloy increases with time, (stratified) while for other specimens fixed 
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approximately at long time ,this is due to build protective layer of Al2O3, 

ZnO, Ge2O, and Y2O3. 

 

Figure (4.54): Effect of  thermal stresses on oxide surface structure of alloys  (A1, 

A2, A3,A4and A5), after sudden cooling down in water at different temperatures 

range (50, 100, 150, to 850
o
C) at constant time (30 min.). 
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Figure (4.55): Effect of  thermal stresses on oxide surface structure of alloys  (A1, 

A6, A7,A8and A9), after sudden cooling down in water at different temperatures 

range (50, 100, 150, to 850
o
C) at constant time (30 min.). 

 

 

4.8Scanning Electron Microscope(SEM). 

4.8.1 Scanning Electron Microscope for all Alloys after Simple- 

Corrosion Test. 

Scanning electron microscope (SEM) has been employed  to observe the 

corroded surfaces of alloys. The morphology of the A1 alloy (Cu-Ni) 

specimen  is  shown in Figure (4.56) shows, the surface of  alloy appeared 

porous layer  and corrosion products, due to breakdown of passivity and 

onset of pitting corrosion are of considerable practical significance in order 
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to determine the corrosion resistance of the material in aggressive 

environments, corrosion products are analyzed by EDS microanalyses 

shown in below  Figure (4.56). 

 

 

Figure (4.56): SEM image, EDS analysis for alloy A1 after simple immersion. 

 

    While, scanning electron microscope (SEM) has been employed  to 

observe the corroded surfaces of free nickel alloys specimens( A2, A3, A4, 

and A5). Al, Sn, Ge, and Y addition, it is demonstrated that Sn,Ge, and Y 

elements could make corrosion products layer higher protective & strength 

the adhesion between the matrix and scale and inhibits zinc ions from 

coming down in aggressive environment during exposing to sea water test 

leading increase in corrosion resistance Figure (4.57) to Fig.(4.60).  
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Figure (4.57): SEM image, EDS analysis for alloy A2 after simple immersion. 

 

 

Figure (4.58): SEM image, EDS analysis for alloy A3 after simple immersion. 
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Figure (4.59): SEM image, EDS analysis for alloy A4 after simple immersion. 

 

 

Figure (4.60): SEM image, EDS analysis for alloy A5 after simple immersion. 
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SEM and EDS observation has been done for  alloys specimens A6& A7 

after simple emersion test, showed in Figure (4.61) & Figure (4.62). The 

corrosion rate of copper alloy after addition of aluminum is lower than that 

of the copper alloy without aluminum. It can be determined that the addition 

of aluminum has a positive effect on the corrosion resistance of the alloy, 

this is due to perception of nickel- aluminum intermetallic compound   

Ni3Al, with a body centered cubic structure.  

While, Figure (4.63) and Figure (4.64) observed SEM and EDS for alloys 

specimens A8& A9 after simple emersion test,  It is evident that the films 

cover entire surface area and are made up of layer of rice grain like crystals 

and clusters of small grainy deposits. In addition, there are few patches of 

compact deposits in the film formed on Zn test containing alloys. 

 

 

Figure (4.61): SEM image, EDS analysis for alloy A6 after simple immersion. 
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Figure (4.62): SEM image, EDS analysis for alloy A7 after simple immersion. 

 

 

Figure (4.63): SEM image, EDS analysis for alloy A8 after simple immersion. 
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Figure (4.64): SEM image, EDS analysis for alloy A9 after simple immersion. 

4.8.2 Scanning Electron Microscope for Alloys after Erosion-

Corrosion Test. 

       Scanning electron microscope (SEM) has been employed  to observe the 

corroded surfaces of alloys. The morphology of the all alloys specimens are  

shown in Figure (4.65) to Figure (4.73), the surface of  alloy appeared 

corrosion products. The corrosion behaviors have obtained by the erosion-

corrosion (salt solution) test have  revealed the corrosion mechanism that 

chloride ions attacked the surface of alloy to enhance dissolubility, thus 

hindering  the  formation of protective films and leading to the corrosion 

process.
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Figure (4.65): SEM image, EDS analysis for alloy A1 after erosion corrosion. 

 

 

Figure (4.66): SEM image, EDS analysis for alloy A2 after erosion corrosion. 
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Figure (4.67): SEM image, EDS analysis for alloy A3 after erosion corrosion. 

 

  

Figure (4.68): SEM image, EDS analysis for alloy A4 after erosion corrosion. 
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Figure (4.69): SEM image, EDS analysis for alloy A5 after erosion corrosion. 

 

 

   

Figure (4.70): SEM image, EDS analysis for alloy A6 after erosion corrosion. 
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Figure (4.71): SEM image, EDS analysis for alloy A7 after erosion corrosion. 

   

Figure (4.72): A .SEM image, B.EDS analysis for alloy A8after erosion corrosion. 
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Figure (4.73): SEM image, EDS analysis for alloy A9 after erosion corrosion. 

 

4.8.3 SEM Images for Alloys after Oxidation Test. 

      Scanning electron microscope (SEM) and EDS has been employed  to 

observe the oxidized surfaces of alloys. The morphology of the A1(Cu-Ni) 

specimen is  shown in Figure (4.74) shows, the surface of  alloy appeared 

fractures in the oxide layer formed on the surface of alloy, this attributed that 

rate of oxidation increases with increase temperature and time which leads 

increasing the thickness of oxide which will become stratified, due to change 

in nature and composition of it, and this increase make oxide layer more 

exposing to fracture caused of existence high thermal stresses and much 

defects such as voids and  cracks. 
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Figure (4.74): SEM image, EDS analysis for alloy A1 after Oxidation process. 

    While when Aluminum element has been added (A2) will decrease rate of 

oxidation, where  the  formed Al2O3 layer  provides  enough protective, but 

when tin, germanium, and yttrium are added will provide more protective to 

alloys(A3,A4,and A5), this attributed to fact that the germanium improves 

plasticity and adhesion of oxide layer with surface of alloy Figure (4.75) to 

Figure (4.78). 
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Figure (4.75): SEM image, EDS analysis for alloy A2 after Oxidation process. 

 

 

Figure (4.76): SEM image, EDS analysis for alloy A3 after Oxidation process. 
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Figure (4.77): SEM image, EDS analysis for alloy A4 after Oxidation process. 

 

 

Figure (4.78): A .SEM image, B.EDS analysis for alloy A5 after Oxidation process. 
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SEM and EDS observation has been done for  alloys specimens A6, A7, A7, 

and A8  after oxidation test, showed in Fig.(4.79) to fig.(4.82).Addition Al, 

Zn, and  Fe will provide more protective to alloys, due to the effect of these 

elements in building the protective oxide layer and improving the adhesives 

of it. 

 

Figure (4.79): SEM image, EDS analysis for alloy A6 after Oxidation process. 
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Figure (4.79): SEM image, EDS analysis for alloy A7 after Oxidation process. 

 

 

Figure (4.80): SEM image, EDS analysis for alloy A8 after Oxidation process. 
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Figure (4.81): SEM image, EDS analysis for alloy A9 after Oxidation process. 
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Chapter Five 

Optimization 

 

  5.1 Introduction 

      Particle swarm optimization has been a common heuristic methodology 

in the community of optimization, with numerous scholars investigating 

principles, problems, and algorithm implementations. No clear definition of 

exactly what is included in modern technical implementations has existed 

yet despite this consideration.. A standard here is intended to extend the 

original algorithm uncomplicated, while taking note of current advances that 

can be predicted to increase performance with standard measurements. The 

standard algorithm is designed both for use as a basis for testing 

performance of technological upgrades and for representing the PSO for the 

wider optimization community. 

PSO is a heuristic Mehta method that Kennedy and Eberhart proposed 

initially. The program simulates the behavior of birds in search of a suitable 

site and flying together in multi-dimensional spaces, adapting their motions 

and distances for better searching. PSO is a genetic algorithm-like 

evolutionary computation approach (GA). Swars known as particles are 

randomly initialized and are then optimally searched by generations to 

update. PSO is called cognitive, and social, two methods. PSO has two 

techniques. The method imitates a particle that flies in the search area to 

optimize it globally. Each particle has its own speed and position that is 

altered in the beginning. Each particle must retain its best location known as 

the local best position and the best position known as the world's best among 

all the particles. 
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5.2 Representation of Solution  

     The particles s are makeup of real values (representing the values of the 

sample  properties that be obtained by the laboratory tests) by using visual 

basic language. The size of a particles equal N swarm  while first particle 

equal one that represent the Density properties, second particle  equal one 

that represents the  Micro-Hardness properties, third particle equal twenty 

eight that represents  Simple emersion corrosion  properties, fourth particle 

thirty one  equal  that represents the Erosion Corrosion ratio %, fifth particle  

equal thirteen that represents the Open Circuit Potential (O.C.P), sixth 

particle equal one that represents the Potentionstatic Polarization, Seventh 

particle equal one that represents Dry Sliding Wear, eighth  particle equal 

forty nine that represents Cyclic oxidation, ninth  particle equal seventeen 

that represents Thermal Shock . 

Features that used in  Particle swarm optimization  algorithm. 

 

Density feature means the following:  

F₁ = Drying density value at  room  temperature. 

 

Micro-Hardness feature means the following:  

F2 = Vickers hardness value at load 500 g (10N)  and dwelling time 10 s. 

 

Simple emersion corrosion  feature means the following:  

F3= corrosion rate * 10
-4

  after 3 days. 

F4= corrosion rate * 10
-4

  after 9 days. 

F5= corrosion rate * 10
-4

  after 12 days. 
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F6= corrosion rate * 10
-4

  after 15 days. 

F7= corrosion rate* 10
-4

  after 18 days. 

F8= corrosion rate* 10
-4

  after 21 days. 

F9= corrosion rate * 10
-4

  after 24 days. 

F10= corrosion rate* 10
-4

  after 27 days. 

F11= corrosion rate* 10
-4

  after 30 days. 

F12= corrosion rate * 10
-4

 after 33 days. 

F13= corrosion rate* 10
-4

  after 36 days. 

F14= corrosion rate* 10
-4

  after 39 days. 

F15= corrosion rate* 10
-4

  after 42 days. 

F16= corrosion rate * 10
-4

 after 45 days. 

F17= corrosion rate* 10
-4

  after 48 days. 

F18= corrosion rate * 10
-4

 after 51 days. 

F19= corrosion rate * 10
-4

 after 54 days. 

F20= corrosion rate* 10
-4

  after 57 days. 

F21= corrosion rate* 10
-4

  after 60 days. 

F22= corrosion rate * 10
-4

 after 63 days. 

F23= corrosion rate * 10
-4

 after 66 days. 

F24= corrosion rate * 10
-4

 after 69 days. 

F25= corrosion rate * 10
-4

 after 72 days. 

F26= corrosion rate* 10
-4

  after 75 days. 

F27= corrosion rate * 10
-4

 after 78 days. 

F28= corrosion rate* 10
-4

  after 81 days. 

F29= corrosion rate* 10
-4

  after 84 days. 

F30= corrosion rate * 10
-4

 after 87 days. 

Erosion /Corrosion Test feature means the following:    

F31= Erosion Rate after 1 hour. 
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F32= Erosion Rate after 2 hour. 

F33= Erosion Rate after 3 hour. 

F34= Erosion Rate after 4 hour. 

F35= Erosion Rate after 5 hour. 

F36= Erosion Rate after 6 hour. 

F37= Erosion Rate after 7 hour. 

F38= Erosion Rate after 8 hour. 

F39= Erosion Rate after 9 hour. 

F40= Erosion Rate after 10 hour. 

F41= Erosion Rate after 11 hour. 

F42= Erosion Rate after 12 hour. 

F43= Erosion Rate after 13 hour. 

F44= Erosion Rate after 14 hour. 

F45= Erosion Rate after 15 hour. 

F46= Erosion Rate after 16 hour. 

F47= Erosion Rate after 17 hour. 

F48= Erosion Rate after 18 hour. 

F49= Erosion Rate after 19 hour. 

Open Circuit Potential (O.C.P) feature means the following: 

F50= Open Circuit Potential after 5 minute. 

F51= Open Circuit Potential after 10 minute. 

F52= Open Circuit Potential after 15 minute. 

F53= Open Circuit Potential after 20 minute. 

F54= Open Circuit Potential after 25 minute. 

F55= Open Circuit Potential after 30 minute. 

F56= Open Circuit Potential after 35 minute. 

F57= Open Circuit Potential after 40 minute. 
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F58= Open Circuit Potential after 45 minute. 

F59= Open Circuit Potential after 50 minute. 

F60= Open Circuit Potential after 55 minute. 

  Potentionstatic Polarization feature means the following: 

F61= Corrosion Rate (CR) mm/yr. 

 

 

Dry Sliding Wear feature means the following: 

F62= Wear rate(m3/m)*10
-4 

under 10 N after 5 minute. 

F63= Wear rate(m3/m)*10
-4

 under 10 N after 10 minute. 

F64= Wear rate(m3/m)*10
-4

 under 10 N after 15 minute. 

F65= Wear rate(m3/m)*10
-4

 under 10 N after 20 minute. 

F66= Wear rate(m3/m)*10
-4 

under 10 N after 25 minute. 

F67= Wear rate(m3/m)*10
-4

 under 10 N after 30 minute. 

Cyclic oxidation at 450 c° feature means the following: 

F68= Specific Weight Change *10
-2 

after 5 hour. 

F69= Specific Weight Change*10
-2

 after 10 hour. 

F70= Specific Weight Change*10
-2

after 15 hour. 

F71= Specific Weight Change *10
-2

after 20 hour. 

F72= Specific Weight Change *10
-2

after 25 hour. 

F73= Specific Weight Change*10
-2

 after 30 hour. 

F74= Specific Weight Change*10
-2

 after 35 hour. 

F75= Specific Weight Change*10
-2

 after 40 hour. 

F76= Specific Weight Change *10
-2

after 45 hour. 
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F77= Specific Weight Change *10
-2

after 50 hour. 

Cyclic oxidation at 550 c° feature means the following: 

F78= Specific Weight Change*10
-2

 after 5 hour. 

F79= Specific Weight Change *10
-2

after 10 hour. 

F80= Specific Weight Change *10
-2

after 15 hour. 

F81= Specific Weight Change*10
-2

 after 20 hour. 

F82= Specific Weight Change *10
-2

after 25 hour. 

F83= Specific Weight Change*10
-2

 after 30 hour. 

F84= Specific Weight Change*10
-2

 after 35 hour. 

F85= Specific Weight Change*10
-2

 after 40 hour. 

F86= Specific Weight Change*10
-2

 after 45 hour. 

F87= Specific Weight Change*10
-2

 after 50 hour. 

  Cyclic oxidation at 650 c° feature means the following: 

F88=Specific Weight Change *10
-2

after 5 hour. 

F89= Specific Weight Change *10
-2

after 10 hour. 

F90= Specific Weight Change*10
-2

 after 15 hour. 

F91= Specific Weight Change *10
-2

after 20 hour. 

F92= Specific Weight Change *10
-2

after 25 hour. 

F93= Specific Weight Change *10
-2

after 30 hour. 

F94= Specific Weight Change*10
-2

 after 35 hour. 

F95= Specific Weight Change *10
-2

after 40 hour. 

F96= Specific Weight Change *10
-2

after 45 hour. 

F97= Specific Weight Change *10
-2

after 50 hour. 

Cyclic oxidation at 750 c° feature means the following: 
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F98=Specific Weight Change*10
-2

 after 5 hour. 

F99= Specific Weight Change*10
-2

 after 10 hour. 

F100= Specific Weight Change*10
-2

 after 15 hour. 

F101= Specific Weight Change after 20 hour. 

F102= Specific Weight Change *10
-2

after 25 hour. 

F103= Specific Weight Change *10
-2

after 30 hour. 

F104= Specific Weight Change *10
-2

after 35 hour. 

F105= Specific Weight Change*10
-2

 after 40 hour. 

F106= Specific Weight Change *10
-2

after 45 hour. 

F107= Specific Weight Change *10
-2

after 50 hour. 

 

 

Cyclic oxidation at 850 c° feature means the following: 

F108=Specific Weight Change *10
-2

after 5 hour. 

F109= Specific Weight Change *10
-2

after 10 hour. 

F110= Specific Weight Change *10
-2

after 15 hour. 

F111= Specific Weight Change *10
-2

after 20 hour. 

F112= Specific Weight Change *10
-2

after 25 hour. 

F113= Specific Weight Change *10
-2

after 30 hour. 

F114= Specific Weight Change*10
-2

 after 35 hour. 

F115= Specific Weight Change *10
-2

after 40 hour. 

F116= Specific Weight Change *10
-2

after 45 hour. 

F117= Specific Weight Change*10
-2

 after 50 hour. 
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Thermal Shock At Constant Time30 minutes Each Cycle (50oC)  

feature means the following: 

F118= The change in weight (mg/mm
2
) *10

-4
at 50 c°. 

F119= The change in weight (mg/mm
2
) *10

-4
at 100 c°. 

F120= The change in weight (mg/mm
2
) *10

-4
at 150 c°. 

F121= The change in weight (mg/mm
2
) *10

-4
at 200 c°. 

F122= The change in weight (mg/mm
2
) *10

-4
at 250 c°. 

F123= The change in weight (mg/mm
2
) *10

-4
 at 300 c°. 

F124= The change in weight (mg/mm
2
) *10

-4
at 350 c°. 

F125= The change in weight (mg/mm
2
) *10

-4
at 400 c°. 

F126= The change in weight (mg/mm
2
) *10

-4
at 450 c°. 

F127= The change in weight (mg/mm
2
) *10

-4
 at 500 c°. 

F128= The change in weight (mg/mm
2
) *10

-4
at 550 c°. 

F129= The change in weight (mg/mm
2
) *10

-4
at 600 c°. 

F130= The change in weight (mg/mm
2
) *10

-4
at 650 c°. 

F131= The change in weight (mg/mm
2
) *10

-4
at 700 c°. 

F132= The change in weight (mg/mm
2
) *10

-4
at 750 c°. 

F133= The change in weight (mg/mm
2
) *10

-4
at 800 c°. 

The proportions of  element in the alloys feature means the 

following: 

F133= Copper Ratio  %                                                      

F134= Nickel Ratio    

F135=Zinc Ratio %                                                             

F136=Aluminum Ratio %                                                 

F137=Tin Ratio %                                                              

F138= Germanium Ratio %                                            

F139=Yttrium ratio  %                                                    

F140=Iron Ratio %        
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5.3 Implementation 

    The particle swarm operators are used in the particle swarm algorithm 

optimization procedure according to the flowchart given in Fig.5.2. It is not 

necessary to employ all of these operators in a particle swarm algorithm 

because each operates independently of the other, the choice or design of 

operators depends on the problem and the representation scheme employed.  

If we have the following unconstrained question: 

 

f (X) 

X
1 
≤ X ≤ X

u
 

Since X
1 

 and X
u 

 they represent the upper and lower limits of the X vector, 

respectively, the steps of the PSO algorithm can be implemented as follow: 

1- Suppose that the size of the swarm (the number of particles in the 

swarm) is denoted by the symbol N, to reduce the number of 

evaluations of the target function required to find the solution, the size 

of the swarm must be small, and in this case finding the optimal 

solution takes longer, and the size of the swarm is usually between 20 

And 30 particles as a compromise. 

2- Generating the elementary population of X in the range [Xl, Xu] 

randomly such as  X1, X2, …….., XN, then for the purpose of 

convenience  the position of the particle j  and its velocity in repetition  i 

are represented Xj and Vj(i) respectively, Therefore, the particles 

generated at the beginning are denoted by X1(0), X2(0), …….., XN(0). If 

the vectors  Xj(0), j= (1, 2,….., N) are called particles or particles  

coordinate vectors, 
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 then the objective function corresponding to the particles is calculated as 

f[X1(0)], f[X2(0)], f[XN(0)]. 

3- Finding the velocity of the particles, since all the particles move to the 

optimum point using their velocity, and in the beginning the velocity of 

all the particles is zero and we set the repetition counter i=0. 

4- In iteration i, we find the following two important and used parameters 

of the particle j:  

a- Best local particle position. 

b- Find the velocity of the particle j in repetition  i as follows: 

Vj(i)= Vj(i-1)+ c1r1[Pbest – Xj(i-1)] +c2r2[Gbest – Xj(i-1)]   , j=1, 2, 

…,N  ….(1) 

 

 As that: 

Vj: Represents the particle's speed in iteration. 

c1, c2: The acceleration coefficients usually take the value 2 . 

r1, r2: They represent random values that lie within the range (0,1). 

Pbest: It represents the best position for the current particle of the swarm. 

Gbest :It represents the best particle position within the whole swarm. 

 

We find the position or coordinate of the particle in the repetition in the 

following: 

Xj(i)= Xj(i-1) + Vj(i)           , j=1,2,…………,N           ……………….(2) 
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Then the objective function corresponding to the particles is calculated  

f[X1(i)], f[X2(i)], …………….f[XN(i)]. 

5- The convergence of the current solution is examined, and if the locations 

of all the particles are close to the same set of values, then this means that 

the convergence has occurred, but if the convergence criterion is not 

achieved, the fourth step is repeated by updating the iteration counter to be  

i= i+1  and calculating new values for Pbest and Gbest. The iterative process 

continues until all the particles approach the same optimal solution. 
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Figure (5.1): Flowchart of the particle swarm optimization algorithm 
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5.4 Results and Discussion  

     This study provides method to reach to the optimum sample using the 

Particle swarm optimization method, which is represented by the statistical 

parameters and genetic algorithms, where the use of data obtained from 

experiments to determine the optimum properties of samples (i.e. in this 

research eight of the properties of samples  have been identified), 

accordingly, the database was built to describe samples is depending on their 

properties. Results showed Particle swarm optimization algorithm  Figs.(5-

3)-(5.17). 

 

Step1 load the alloys database that contain the (75) alloys and (147) features 

(represented mechanical properties such as density test, hardness  test , 

Simple emersion corrosion  test, Erosion Corrosion test,  Open Circuit 

Potential (O.C.P) test, Potentionstatic Polarization test, Dry Sliding 

Wear test,  Cyclic oxidation test,Thermal Shock test  with (F1,F2,F3-

F10,F11-F18,F19-F26 ……… and F147) respectively. 

 

Step 2 convert the values of above database to the values in the range [0,1]. 

 

Step 3 in this work, we apply the particle swarm optimization to find the 

optimal sample by using  global optimization. 

 

Particle swarm optimization algorithm is applied to find the best values of 

the final results of alloys features. Before this, we need to determine some of 

parameters related to PSO such as (Swarm size= 75 particles, Acceleration 

factoeor / alpha= 2,  Acceleration factoeor / beta= 2, First number parameter 
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/E1 within [0,1]= 0.1,  S number parameter /E2 within [0,1]= 0.7, Maximum 

iteration size =75, Iteria weight w_min. within[0,1]=0.3, Iteria weight 

w_max. within[0,1]=0.9.  

Using Visual Basic, the algorithm steps described in the previous paragraph 

were implemented. The PSO algorithm was initialized with a set of random 

elements, and then searched for the best solution by updating these 

generations. In each iteration, each of the elements within the set is updated 

by following the optimal values of these elements. Which is represented by 

finding the value of Pbest (the best position of the current particle in the 

swarm) and Gbest(the best position of the particle within the whole swarm), 

and after finding the values, the elements adjust their speed and position 

according to the equation. The figures (5.2 to 5.17)show the results of 

implementing this algorithm. 
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 Figure (5.2): Load the samples database. 

 

 

 

 Figure (5.3): Transformation of alloys database. 
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Figure (5.4):  Results of PSO  for density test. 

 

 Figure (5.5): Results of PSO  for Vickers hardness test 
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                                            Figure (5.6): Results of PSO  for simple emersion test 

 

 

 Figure (5.7):Results of PSO  for erosion test 
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Figure (5.8): Results of PSO  for open circut test 

 

 

Figure (5.9): Results of PSO  for Tafel polarization test 
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Figure (5.10 ): Results of PSO  for Wear test 

 

                               Figure (5.11): Results of PSO  for oxidation  test 
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                           Figure (5.12):  Results of PSO  for oxidation  test 

 

                        Figure (5.13):  Results of PSO  for oxidation  test 
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                                 Figure (5.14):  Results of PSO  for oxidation  test 

 

 

                        Fig.5.15 Results of PSO  for oxidation  test 
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                                    Figure (5.16): Results of PSO  for Thermal Shock test. 

 

Figure (5.17): Results of PSO  for the proportions of  element in the alloys 
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                            Chapter Six 

            Conclusions & Recommendations 

6.1 Conclusions 

 
The based on the results obtained from the current work  can be 

concluded: 

 

1-The oxide of A1, base alloy (Cu-Ni) suffers the cracking and spalling 

with increase temperature . 

2- When grain size is decreased, the oxidation rate will decrease because 

grain size is decreased. 

3- The oxide of the growth generated on an alloy surface, except for a base 

alloy suffering from the deterioration could develop itself after oxidation 

and thermal shocks at high temperature. 

4-The thin layer of oxides is more resistant than thick layer to the oxidation 

and thermal shocks. 

5- The addition of a tin element (Sn) increases alloy hardness, slows the rate 

of oxidation and delays the beginning of the steady-state area. This is 

because of the alloy's increased resistance to selective liquidation and 

hardness. 

6-Oxidation erosion-corrosion, sliding dry wear comes from added 

germanium element to strengthen the resistence against heat shocks (Ge). 

The improvement of oxide plasticity and adhesion is related to this. 

10. The addition of yttrium and germanium to Alloy A1 is a qualitative leap 

in protecting the oxide layer from cracking and cracking when exposed to 
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thermal shock, whether at high or low temperatures, as well as increasing the 

alloy's resistance to corrosion and erosion. 

8. The addition of elements such as aluminum, zinc and iron contributed to 

making the alloys mechanical, corrosive, microscopic and oxidative 

properties better compared to the base alloy due to the presence of a metal 

such as aluminum, which works to form a strong, adhesive protective layer 

that protects the alloy. 

 

9.The particle swarm algorithm is given already the optimal solution of any 

problem by generation an integrated population individual as well as 

enabling to determine the properties with more accuracy and generality. 

 

10.Through the optimization results that were obtained by using the particles 

swarm algorithm, the sample results are identical to the results of the A4 

alloy. 
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6.2 Recommendation for Future Work 

   It is recommended that further research should be undertaken in the 

following points. 

1- In order to record weight changes of alloy specimens, the oxidation tests 

must be monitored in detail. As a result, a micro-balance with a hook for 

weighing the specimens inside the furnace is required. Using ultrasonic or 

electromagnetic vibrations, solidify molten metal. 

2- A set of oxidation tests can be used to assess oxidation resistance of 

alloys in various oxidized situations. 

3-Another method can be used to prepare alloys instead of the casting 

process, such as powder metallurgy 

4-Use a water purification plant used in electric power plants in Iraq. 

5-Use another method of swarm algorithm techniques such as bee swarm or 

fish swarm algorithm to find the optimal solution. 

6-It is possible to use a program other than Visual Basic to create the 

algorithm, such as Matlab, Minitab and Python. 
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Appendices 

 

Fig. (1): Polarization Curve for A1, Base Alloy (Cu-Ni) in Salt Solution 

 

 

                  Fig. (2): Polarization Curve for A2 in Salt Solution 

 



 

                   Fig. (3): Polarization Curve for A3 in Salt Solution 

 

                    

                     Fig. (4): Polarization Curve for A4 in Salt Solution. 

 



 

Fig. (5): Polarization Curve for A5 in Salt Solution. 

 

 Fig. (6): Polarization Curve for A6 in Salt Solution. 

 



 

Fig. (7): Polarization Curve for A7 in Salt Solution. 

 

 Fig.(8): Polarization Curve for A8in Salt Solution. 

 



 

Fig. (8): Polarization Curve for A8in Salt Solution. 

 

 

  

 



 

 

 

 



 

  

 

 

  



 

 

  



 

 

 

 

  



 

 

 

 



 

 

 

 



 



 الملخص

إعبدح انزذٔٚش ْٕ انعبيم الأكضش أًْٛخ فٙ ظًبٌ اعزًشاس رقذو يعظى انعُبصش انًعذَٛخ           

ٔانزطٕس ، لا عًٛب إعبدح رذٔٚش كم يٍ انُحبط ٔالانًُٕٛو ٔانحذٚذ. فٙ أَٜخ الأخٛشح ، كبَذ إعبدح 

هٗ اعزخذاو يزضاٚذ عرذٔٚش الأنًُٕٛو ٔانُحبط ٔانحذٚذ يحٕس يعظى الأثحبس حٛش ٕٚجذ غهت 

. ًٚكٍ رحٕٚم الأنٕيُٕٛو انًعبد رذٔٚشِ ئخنهحذ يٍ الاَجعبصبد فٙ انجٛ رنك ُبعخ انخعشاء ٔانص

ٔانُحبط ٔانحذٚذ إنٗ أشكبل يخزهفخ لاعزخذايٓب فٙ أغشاض يخزهفخ ، يضم اعزخذايٓب فٙ رحعٛش 

 .اَبثٛت انًجبدل انحشاس٘ ٙخ فانغجبئك انًغزخذي

٪ َٛكم( انًغزخذيخ فٙ 09-٪ َحبط 09انشئٛغٛخ انًغزخذيخ فٙ ْزا انجحش ْٙ عجٛكخ ) انغجٛكخ      

يحطخ رٕنٛذ انكٓشثبء )يحطخ جُٕة ثغذاد(. حٛش رى رحعٛش َٕعٍٛ يٍ انغجبئك: أٔلاً إصانخ انُٛكم 

 :حٛش رى اعزجذانّ ثعُبصش أخشٖ. ْزِ انغجبئك ْٙ ثصٕسح َٓبئٛخ  يٍ عجٛكخ الاعبط

 A2 (69.33٪ Cu + 27.4٪ Zn + 3.05٪ Al)  ،A3 (66.01٪ Cu-27.94٪ Zn-3.10٪ 

Al-2.67٪ Sn)  ،A4 (66.46٪ Cu-29.21٪ Zn-3.60٪ Al -0.3٪ Ge)  ٔ  A5 (6.28٪ 

.)Cu-28.7٪ Zn-3.50٪ Al-0.23٪ Y 

صبَٛبً ، انغجبئك انزٙ رى رقهٛم َغجخ انُٛكم فٛٓب يٍ عجٛكخ الاعبط ٔاعزجذال انُٛكم ثعُبصش أخشٖ.   

 :ْزِ انغجبئك ْٙ

 A6 (79.44٪ Cu-8.21٪ Ni-10.66٪ Al)  ،A7 (78.38٪ Cu-8.34٪ Ni-10.58٪ Al-

2.33٪ Fe)  ،A8 (80.26٪ Cu-8.53٪ Ni-9.55٪ Zn   ٔ ) A9 (78.76 ٪ 8..8-َحبط  ٪

٪ حذٚذ(.2..-٪ صَك .09.0َٛكم   

رى اعزخذاو انغجبكخ ثبنقٕانت انًعذَٛخ انزقهٛذٚخ  ٔانًعبنجخ انحشاسٚخ ، ٔرى إجشاء انصت ثطشٚقخ    

رعًٍ رجبَظ انذقبئق نزحغٍٛ انخٕاص ، ٔقذ رى إجشاء عذد يٍ الاخزجبساد ، ثًب فٙ رنك اخزجبس 

،   RT  ،250C°  ،C°059  ،C°059الأكغذح ٔانصذيخ انحشاسٚخ فٙ دسجبد حشاسح عبنٛخ )

C°559   ،C°259   ،C°059   ٔC°859  انًٛكبَٛكٙ ٔانجهٗ  انصلادح(. ثبلإظبفخ إنٗ اخزجبس

 ٔانغًش انجغٛػ ٔاخزجبس انزبفم. ثبنزعشٚخٔانزآكم 



( ٔانغجبئك راد انخصبئص A4انغجٛكخ راد انخصبئص الأفعم ثٍٛ انغجبئك انخبنٛخ يٍ انُٛكم ْٙ )

 (.A7الأفعم ثٍٛ انغجبئك انزٙ رى رقهٛم َغجخ انُٛكم فٛٓب ْٙ )

أٌ رحغٍٛ يقبٔيخ  أظٓشد انُزبئج رفٕقبً يهحٕظبً نغجبئك انُٛكم انحشح فٙ اخزجبساد يخزهفخ ، أ٘

انزآكم فٙ يحهٕل انًهح )اخزجبس انغًش انجغٛػ( ، عهٗ عجٛم انًضبل ، أدٖ اَخفبض يعذل انزآكم فٙ 

٪(. ثًُٛب اَخفط يعذل رآكم 0.09.( ، نزصم إنٗ )A1( ، يقبسَخً ثبنغجٛكخ الأعبعٛخ )A4انغجٛكخ )

 .53.8٪ (A7عذل رآكم انغجٛكخ )انغجٛكخ انًحزٕٚخ عهٗ انُٛكم يقبسَخ ثبنغجٛكخ انقبعذٚخ ، ثهغ ي

( A1( يقبسَخ ثبنغجٛكخ الأعبعٛخ )A4( ٔ )A5يٍ َبحٛخ أخشٖ ، أدٖ رقهٛم انكضبفخ انحبنٛخ نهغجبئك )

٪( عهٗ انزٕانٙ ، يع انزحغٍ فٙ َغجخ .00.0٪( ٔ )02.5إنٗ رحغٍٛ انٕصٕل إنٗ انزشرٛت )

 ٪(.00.00( ثهغذ )A1بعذٚخ )( يقبسَخ ثبنغجٛكخ انقA7الاَخفبض فٙ كضبفخ رٛبس انغجٛكخ )

٪ ، ثًُٛب 00.90دسجخ يئٕٚخ  859عُذ  A4 نـ انزحغٍ فٙ يقبٔيخ الاكغذح فٙ اخزجبس الأكغذح ، كبٌ 

 .٪0..0.دسجخ يئٕٚخ كبٌ  859عُذ  (A7) نـفٙ يقبٔيخ الاكغذح انزحغٍ 

انُٛكم أصُبء الاخزجبساد  انحبٔٚخ عهٗ انُٛكم  ٔانغجبئك  انخبنٛخ يٍ  ثًُٛب كبٌ انزحغٍ فٙ عجبئك    

 (A1) الاعبطيقبسَخ ثغجٛكخ  A4 ٔ A7 انًٛكبَٛكٛخ ، عهٗ عجٛم انًضبل صٚبدح صلاثخ انغجبئك

انزحغٍ فٛٗ يقبٔيخ انزؤكم ٪( عهٗ انزٕانٙ ، ثبلإظبفخ إنٗ رنك  00.08٪( ٔ )..80ثزشرٛت )

عُذ )انحًم  انجهٗيقبٔيخ  ٪( عهٗ انزٕانٙ. إنٗ جبَت انزحغٍ ف85ٙ..0٪( ٔ )8..80ثهغ ) ثبنزعشٚخ

 ٪( عهٗ انزٕانٙ.09.05٪( ٔ )..50دٔسح فٙ انذقٛقخ( ثهغ ) 59.َٕٛرٍ ٔانغشعخ  9.

نهعضٕس عهٗ أفعم عُٛخ يٍ حٛش انخصبئص يٍ خلال انزعبيم يع يفٕٓو  الايضهٛخٚزى اعزخذاو يفٕٓو 

 0زًبد عهٗ َزبئج ثبنععُٛخ  05خٕاسصيٛبد عشة انجغًٛبد . رى رصًٛى انجشَبيج ثبلاعزًبد عهٗ 

. نقذ اعزخذو يجذأ الاخزٛبس كذانخ نصلاحٛخ أفعم لأٌ انعلاقخ ثٍٛ ْزا انًقٛبط عُٛبد يخزجشٚخ 

رقبسة خصبئص  PSOٔانغهطخ ْٙ علاقخ عكغٛخ. ثعذ رنك ، كبَذ انعُٛبد انًضهٗ انُبرجخ عٍ 

 .A4 (Cu-Ni-Al-Ge)انعُٛخ 
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	2.2.1 The Process of Metal Recycling
	1. Collection and sorting
	2. Crushing and Shredding
	Scrap metal processing plants first crush the metal in compactors so it can be handled on conveyor belts easier. Hammer mills then shred the metal into pieces the size of your hand.
	3. Separation
	4. Melting and Purification
	The next step is to melt the different scrap metals in large furnaces. Each metal has a specially designed furnace depending on its properties. The furnaces have fuel-efficient regenerative burners to reduce the amount of energy used and the impact on the environment. They are also equipped with jet stirrers, ensuring an even temperature and composition by promoting metal circulation within the furnaces. The stirring process ensures the highest quality end product.

	2.3.Copper and Copper-Base Alloys
	2.3.1 Properties and Uses of Copper
	A very large part of the world's production of metallic copper is used in the unalloyed form, mainly in the electrical industries. Copper has a very high specific conductivity, in this respect, second only to silver, to which it is but little inferior. When relative costs are considered, copper is naturally the metal used for industrial purposes demanding high electrical conductivity[22].
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	2.3.3.The Brasses Alloys:
	The brasses comprise the useful alloys of copper and zinc containing up to 45% zinc, and constitute one of the most important groups of non-ferrous engineering alloys. As shown by the constitutional diagram Fig.(2.1), copper will dissolve up to 32.5% zinc at the solidus temperature of 902°C, the proportion increasing to 39.0% at 454°C. With extremely slow rates of cooling, which allow the alloy to reach structural equilibrium, the solubility of zinc in copper will again decrease to 35.2% at 250°C. Diffusion is very sluggish, however, at temperatures below 450°C, and with ordinary industrial rates of cooling the amount of zinc which can remain in solid solution in copper at room temperature is about 39%. The solid solution so formed is represented by the symbol (). Since this solid solution is of the disordered type, it is prone to the phenomenon of coring, though this is not extensive, indicated by the narrow range between liquids and solidus. If the amount of zinc is increased beyond 39% an intermediate phase, , equivalent to CuZn, will appear in the microstructure of the slowly cooled brass. [24,25]. Fig. (2.3) shows copper-zinc partial phase diagram.
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